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Abstract

The fundamental understanding of the battier layer (Op) growth in TiO2 nanotubes (N'T’s) is here
established and compared with the classical metal oxidation theory from Mott and Cabrera. The role
of ®}, in the anodization of TiO2 N'T's under different applied potentials and times was analyzed using
scanning transmission electron microscopy (STEM). Contrary to the well-known case of anodic
aluminum oxide, we found that Op of TiO2 N'T's progtessively grows over time due to the nonsteady
anodization regime. We then establish a relation between the phenomenological growth of the barrier
layer with time and applied voltage, Ob (V) using the high-field Mott and Cabrera conduction theory.
The developed model was found to be in excellent agreement with the experimental data from both
STEM and anodization cutves. On the basis of these results, the relationship between 8p and the

anodization time and potential can now be quantitatively understood.

Theory of the oxidation of metals goes back to the late 1940s, when Mott and Cabrera discussed
the growth of oxide thin films formed by anodic oxidation under an applied electric field.! In the
Mott—Cabrera picture, the oxide growth of Tiand other valve metals (Al, Hf, Ta, W, etc.) is governed
by the high-field conduction mechanism.] ™2 Under higher fields,

the entry of a cation across the metal/oxide interface into the oxide is the oxide growth rate-

determining step. Thus, during oxidation, both the rate of oxidation and the rate-limiting process

depend on the thickness of the oxide.l According to the underlying theory, the growth kinetics of the
passive film is described by the relation between current density (j) and the electric field strength
(E = V/3b, where V is the applied potential and Op the oxide thickness)

j=ae .. (1)

Under this approach, the electrochemical oxidation of metals can lead to (i) stable continuous oxide
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films, if the oxide is insoluble to the electrolyte, or (ii) nanoporous oxide films if the oxide is faitly

soluble in the presence of an acidic electrolyte.4 Indeed, in past decades, Al and Ti electrochemical
anodization together with other valve metals (Hf, Ta, W, etc.) has been widely studied because highly
regular hexagonal arrangements of pores or nanotubes can be obtained. Both anodic aluminum oxide

(AAO) nanoporous and anodic TiO2 nanotubes (NTs) have stimulated considerable scientific

and technological interest with extensive use in practical nanostructures.” 2 In particular, the
distinct properties of anodic TiO2 NTs make it highly attractable for a wide range of applications,

mainly in renewal energy sources such as H2 generation by water photoelectrolysis and dye-sensitized

solar cells (DSCs).%’

Because Zwilling et al. first introduced the anodic oxidation of Ti using fluoride-based
10

electrolytes, ~ anodization parameters such as electrolyte composition, applied potential, time,
temperature, and Ti surface roughness were found to significantly influence the growth and
morphology of TiO2 NTs. This influence is seen in the crucial geometrical features of N'Ts: length,
porosity, pore diameter, interpore distance, wall thickness, barrier layer thickness, array organization,

and smoothness, 11722

In the anodization the growth of the bartier layer thickness (Op) at the NTs bottom is governed

by the high-field conduction mechanism. ! ™2 While the highly studied AAO presents a steady-state
anodization that results in a constant oxide Op at the potre bottom (time independent),z3 24 TiO2
NTs present a nonsteady-state anodization that leads to the progressive increase of Op over

time and limits the growth of NTs (because the ion diffusion path in the batrier extensively

increases) 9,12,22,25=217

However, it is usually stated that the final 8} value of both anodic oxides, for long anodizations, is

not considerably changed with time, but depends linearly (and exclusively) on the applied potential
o, = kV 2)

where k is a proportionality constant, equal to 1.3 and 2.2 nm/ V for AAO and TiO2 NTs,

respectively.21’24’28 However, other Ob(V) dependencies were described.?? Schultze et al. also
reported that k in TiO2 NTs depends slightly on the experimental conditions, particulatly the

anodization time.
Following the metal oxidation theory of Cabrera and Mott,l the oxide initially grows very rapidly

because the strong electric field (E > 100 v/ cm) highly enhances ionic transport. However, as the
oxidation proceeds, the increasing thickness of the oxide will slow ionic diffusion (longer pathway for

ions to cross) and thus the oxide growth rate is limited. This gives rise to the logarithmic law

L o A— B
ay, (3)

where A and B are material- and temperature-dependent constants.



Several kinetic models of oxide growth for TiO2 NTs have been reported, mostly concerning the

influence of the anodization voltage,20’21’29 but limited data were reported on the evolution of Oh
with time, and no model incorporating both anodization potential and time is available in the
literature.

In this work we studied the effect of the anodization potential and time on the growth rate of the

TiO2 NTs barrier layer. We performed a systematic study on the electrochemical anodization of

Ti under a wide range of applied potentials (20—80 V; at fixed anodization time) and time (0.5—72
h; at constant potential). A relation between the Ob experimental data and the classical theoretical
model of Cabrera and Mott is here established; we propose an equation ruling the growth of Op
depending both on V and time [Ob(V,1)]. Our relation gives crucial information on the oxide growth
phenomena occurring at the bottom of the N'T's and allows us to predict the O state at any anodization
moment. By reaching a more concrete relationship than eq 2, we here provide a detailed description
of k (usually described as a material constant).

The main mechanisms responsible for the NT's formation in Tianodization processes are (a) electric-
field-assisted oxidation at the metal/oxide interface, forming a TiO2 layer, (b) field- assisted
dissolution of the oxide layer (at the oxide/electrolyte interface), and (c) oxide chemical dissolution.

While processes (a) and (b) occur at the bottom of the NTs, process (c) occurs at both, NTs top and

bottom. 121425, Differently from the Al valve metal anodization case, where a steady-state
process is achieved, in the case of Ti anodization the NT parameters, mainly the length, are severely

influenced by the additional chemical dissolution processes that occur at the NTs top and

bottom. 12 In a steady-state anodization, the equilibrium between oxidation and dissolution
processes at the pore bottom leads to a constant Op, while a nonsteady-state with higher oxidation

than dissolution rates results in the progtessive Oh increase.22

Figures 1 and 2 show scanning transmission electron microscopy (STEM) images of the NT's
barrier layer for 3 h anodizations under different V and for different anodization times under 60 V,
respectively. In general, the NTs present similar morphologies, with a smooth structure and well-
defined bottoms, charactetistic of anodizations in ethylene-glycol-based electrolytes.9’30 Only the 80
V sample presents a different NT morphology, typical of hard anodization conditions with very
irregular shape, no smooth walls, and with ridges along them (Figure 1e). The STEM images allowed
us to extract the Op values of both sets of samples. These measurements were carefully performed

on the NTs bottom because the wall thickness varies along its length. In fact, the chemical

dissolution process results in thinner NT walls and larger inner diameters at the NT tops (V-shape

rnorphology).31 733 The expected linear dependence on V is observed, with 8 = 1.24V + 10.3 for

an anodization time of 3 h (Figure 3a). Indeed, the charge transfer during the anodization increases

with increasing potential, enhancing oxidation over dissolution and resulting in a O} increase. Notice

that even for the lowest potential (20 V; with 8 = 34.39 nm) we are in the strong-field regime with
E = (V/dp) = 5.81 x 100 V/cm, above the minimum field condition (E > 100 V/cm) assumed in

the high- field conducting oxidation th601fy.1 The results obtained with different anodization times
(under V = 60 V) are presented in Figure 3b. Unlike AAO, where O depends only on the applied

potential,24’34 in anodic titanium oxide, O} increases with time. In fact, we see an initially rapid



growth of Op (up to 3 h), followed by a slower growth, because the increase in Op decreases
the ionic flow. Nevertheless, Op is still growing at 72 h, not reaching a stationary state as usually
predicted. The Op growth with time, follows the logarithm relation 8 = 74.4 + 5.42 In(t — 0.43).
This progtessive increase in O} indicates a nonsteady anodization evolution during the oxidation/
dissolution processes (oxidation rate is higher than the dissolution) at the bottom of the NTs.
Time is thus a crucial factor that cannot be neglected when modeling the growth of anodic b, as

occurred up to now.

In the Mott—Cabrera model, the rate-limiting step is the entry of cations (in our case Ti4+) into
the oxide from the metal. During oxidation, both the rate of oxidation and the rate- limiting process
depend on the oxide thickness, giving the characteristic logarithmic growth law. In other words, the
potentiostatic film growth is self-limiting as E is lowered with increasing film thickness. In this high-
field conduction theory, the growth kinetics of the oxide film is described by j and related to the
voltage drop across the oxide barrier by eq 1. The growth of dp is accompanied by an exponential

decrease in j as E across the oxide continuously decreases.! When E is strong (>106 V/cm), the rate

of oxidation is determined only by the rate at which ions leave the metal. In the case of an electrolyte-

assisted oxidation (with 02~ anions), the growth rate of the anodic oxide film is given by

da

dr.. — yedni/Os — o PE "
with
w= N'Que /T (s)
and
5, =2V _ gy
kgT (6)

where Wis the activation energy for an ion to be removed from the metal surface (it then moves

by field-assisted into an interstitial position of the oxide (W ~ ¢V; see below)), N’ is the number
of ions at the metal interface per sutrface area (surface density of mobile defects; set to 1/ az, where a

is the inter atomic distance of the oxide), Q is the oxide volume per defect (set to a3), and V(~ 1012

s_l) is the atomic frequency vibration of the oxide; we thus have N'Qv =~ 1011 nm/s. a’ is the

hopping distance (relevant activation distance near the metal/oxide interface); ¢ = Ze is on the order
of the effective defectcharge (with Z and e as the cation and electron charges, respectively); kB is the
Boltzmann constant; and T the temperature (kBT = 0.025 ¢V at room temperature). Finally, u is the
velocity at which the cation thermally escapes from the potential barrier to an interstitial position, that
is, in the absence of E.l One assumes that the oxide growth is dominated by cation injection at

defective sites that correspond to low-energy spots at the metal interface and is thus dominated by V.

Equation 4 is valid only for 8 << b1 and shows that the growth rate is very large for small 8p. A

consequence of eq 4 is that for constant Vand low T (kBT << W), u is negligibly small and the oxide



grows up to a certain limiting thickness (ObI). For practical purposes, it is defined as Op[, the oxide
thickness that makes the growth rate (ddb/df) = 1070 nm/s (about one atomic layer added in 10
s). With this condition and N'Qv = 1011 nm/s inserted in eq 4 one has exp((0b1/0bL) — (W/kBT))

=10~ 17, Using now eq 6, Ob], can be estimated!

a'V
a':.\[, = =

- = ¥ 'E_.’
W — 39k, T b (7)
For higher temperatures (above W/39kB) there is no limiting thickness and the initial rapid growth

rate turns into a parabolic growth law. ! Thus, growth is self-limiting as E is lowered with increasing

Op. For Op < db1, the integration of eq 4, neglecting terms higher than 8h/db1, leads to

By, [ 8y ut ]
IR
Oy Fyr. (8)

One notices that the Oh1/0b], ratio is independent of V, g, and a', so that we can obtain W (using eqs
6and 7) as

From eq 8 we obtain the logarithmic growth law

L o A— B
8y, (10)
with
A= ln[ g "’] « L
ufl BV (11)
and
_ L
PV (12)

Thus the ruling oxide growth equation as a function of V and t is given by

1 _ ln[fj.l-t.r]L B L]n(t}
5,(V, 1) up |pv v (13)



The A and B parameters can be estimated using theoretical material-temperature-dependent

quantities: #, ®b1, and Op[.. In the case of AAO (oxidation rate = dissolution rate; E and Op constant),
all parameters are known and one has: a = 0.4785 nm, v = 1012 s_l, W=1.8¢eV,a =0.35nm, and kBT

=0.025 eV, ! givingu=2.57x 10720 nm s~ 1,8 = 42V B = 420m V). For V=60V, we obtain 81 = 2250
nm; OpL, = 1.27V = 76.4 nm. Replacing 1, Op1, and Op]., in egs 11 and 12, we obtain the theoretical estimations
(for 60 V): AT =0.01823 am ™! and BT =3.97 x 1074 am ™ L.

In the case of TiO2 NTs formation by Ti anodization, the relevant oxide thickness growth is the
NTs bottom barrier layer. Its growth rate is also limited by the migration of ionic species under the
effect of a high applied electric field, where the movement of the Ti/TiO2 interface involves the
transport of metal cations (T' i4+) in the direction of the electrolyte and the oxygen ions (and probably

some incorporated anions) in the direction of the metal. 202! Under the high field model, ®h depends
on E (and V) according to eq 1, fostering faster ionic transport with higher potentials (interface

reaction becomes rate-determining), as already discussed. In the AAO case the limiting O} value is

reached when the oxide formation rate is equal to the dissolution rate,21’23 while in TiO2 NTs it

increases with time. In the latter case, the lack of equilibrium between the dissolution and oxidation

processes during the anodization turns time as a parameter to consicler.22

Schultze et al. reported that the TiO2 barrier layer growth has a rate parameter (dOb/d V) with values

between 1.3and 3.3 nm - V1 (depending on the anodization conditions) and the native oxide layer

stands in the range 8p0 = 1.3-5.4 am.> In this context, our Ob (V) experimental values, obtained

from the STEM images of the 3 h anodized samples, showed that the linear fit (using the traditional

eq 2) leads to a constant growth rate of k = 1.24 nm V=1 with an intercept at V = 0 of 8p0 = 10.3 nm,
which is too large to be attributed to the stable native oxide layer. Therefore, by using the experimental
data, we aim to fit the full equation behind b (V/,t) that comprehensibly describes the detailed growth
dependencies.

Figure 4 shows the experimental data, considering 1/8} for a constant potential (V = 60 V) with
different anodization times. We can use the high-field Cabrera and Mott logatithmic growth law model
(eq 10) to obtain the A (eq 11) and B (eq 12) experimental parameters. Plotting the experimental data
as 1/0p versus In(f) (inset of Figure 4), we obtain a linear fit described by the equation

1
— = 0.0128 — 596 % 10 % In(t — 0.43)
dylt) (14)

One notices that the obtained A and B values are on the same order of magnitude with the estimated

ones for the case of AAO (AT = 0.0182 nm_l, and BT = 397 x 1074 nm_1). Introducing

the obtained parameters A and B in eqs 11 and 12, respectively, we have

0.0128 = [In(cV)] X —
BV (15)

506 x 107 = —
BV (16)



where ¢ is the (B"2/up) ratio. Because V = 60 V, we obtain B = 27.98 am V™! and ¢ = 3.534 x

10" hv—L Considering eq 13 in the form of eq 2 and the calculated A and B constants, we can

model a relation between Op and V, £ as

5.(V. f) = 27.98 -
' In(3.53 x 10'V) — In(t — 0.43) (17)

Equation 17 describes the batrier layer thickness increase with V and ¢, giving the k corresponding

dependency, k = (27.98/(In [(3.53 X 107V) — In (t — 0.43)])) nm V™1 1f we consider the same

anodization time (f = 3 h) and different anodization potentials, 20 and 60 V, we obtain k = 1.43 and
1.36 nm V™1, respectively. If we now consider the same potential (60 V) but different anodization

times, = 3 and 72 h, we obtain k = 1.36 and 1.63 nm V"~ 1, respectively. Thus, k stands as a variable
parameter and not as a material constant as considered for AAO?H28 nd TiO2 NTs?! templates.

Note that the obtained k is in the range of the reported ones (1.3—3.3 nm V™ 1).3

Figure 5 displays the O values for different potentials extracted from the experimental STEM
images, calculated using the j(f) curves and eq 17 from our model (with = 27.98 nm V_l, c=3.534

x 10’ h-V~ land t =3 h). The calculated db(V,f) (eq 17) is remarkably close to the expetimental

data, with only a small deviation at low V values. Notice that eq 17 predicts a zero Op if no voltage

is applied, discarding the presence of the thin native oxide layer present on the surface of the Ti
metal.

Despite this, the final dp(V,f) is in good agreement with the Ti anodization experimental results in

the considered working range, indicating the validity of the developed model.

From the obtained results we can now extract phenomeno- logical constants, ' and W. In fact,

from eq 6 with B = 27.98 nm V1 we obtain the hopping distance, a’ = 0.1749 nm. From the ratio ¢
= (B'z/uB), replacing B by eq 6, B by eq 7, and u by eq 5, using the constant values (@' = 0.1749 nm,

¢ = 3534 x 10/ h'V_l) and solving the equation as a function of W, we obtain W = 0.98 eV.
Additionally, taking into account egs 6 and 7 for V = 60 V, one finds b1 = 1679 nm (which satisfies

the condition imposed by the model, d1 > Ob) and the limiting thickness, OpI, = 8394 nm. A
representative value of OpJ, should be obtained, in principle, under steady-state conditions, which is
not the case of Ti anodization. Notice that using the ratio Ob1/0bL. in eq 9 we also obtain W = 0.98
eV, supporting the previous calculation.

During anodization, the evolution of the current density (j) with time is a direct indication of the
oxide growth state, that is, N'T's formation and growth. The 3 h anodization cutves for the first set of

samples featuring under V (from 20 to 80 V) are shown in Figure 6a. The time evolution of Op, during



the anodization (Figure 6b) can be directly extracted from the j(f) curves because one can rewtite eq

1 as
T
5, =t .
ln('—}
@ (18)
a—= h‘rlqj.)i_‘[_l:‘:..kﬁlrl {19‘]
and
kT (20)

where @ = 4.2 x 1072 mA cm ™2 (using W = 0.98 eV) and B =27.98 nm V™! for TiO2 in the
present anodization conditions. Using eq 18, the Ob(f) values during the anodization for each
potential are obtained (inset of Figure 6b). The Ti anodizations from 20 to 60 V present the typical
initial current density transients for anodic NTs oxide (Figute 6): the sharp initial j decrease
corresponds to the rapid (and continuous) oxide barrier formation, followed by alower rate j decrease
thatmarks the beginning of pore nucleation on the oxide topographic minima due to the field-assisted
dissolution, until j minimum (jmin) is reached (maximum ). Afterward, the pore formation atises,
which is translated by a Opb slight decrease until a minimum is seen (corresponding to jmax)-
From this point onward the NTs start to grow, but O} continues to slowly increase (inset of Figure

6b) as the anodization proceeds due to the out-balanced oxidation/dissolution processes

characteristic of the Ti nonsteady-state anodization.2? This is related to gradual failure of F~ ions
(ctucial for the dissolution process) at the electrolyte/TiO2 interface, which ate difficult to replace by

new ones, giving the high viscosity of the electrolyte and the increasing N'T's length (diffusion-limited

process).30 Therefore, the oxidation process is faster than the dissolution, resulting in the slowly Op

increase (and j decrease) with time (Figure 621,b).22

We notice that ] increases with the applied potential in agreement with eq 1 because higher

potentials induce larger driving forces for ionic migration.l’12’15 The ionic current is directly related
with the applied potential responsible for the field-enhanced oxidation and dissolution and thus to
the processes responsible for oxide formation, pore nucleation and pore growth. Thus, increasing the
electric field leads to higher growth rates. Up to 60 V one finds that pore nucleation jmin and jmax are
steadily being reached sooner because 60 V is the most favorable regime for pore growth.

The j(f) curves at higher potentals (70 and 80 V), besides being irregular with an oscillatory
tendency, show a noticeable decrease over the whole anodization period with the absence of the
nucleation stage, jmin and jmax. These j(t) curves show the typical hard-anodization behavior,
being indicative of much strong oxidation than dissolution throughout the anodization
process.ls’?)s’36 With these conditions, the intense and much higher currents, resulting from a
stronger ionic flow, lead to a more rapid increase of Op over time, extending the ionic diffusion path
and preventing a balanced steady-state anodization. The nonhomogeneous field distribution over

the sample due to the typical topography of a Ti foil should originate different anodization growth



rates, with the macroscopic j(f) curve being the reflection of all anodization zones.22 Finally, we were

able to additionally calculate Oh (V) using the anodization curves (Figure 5 red squates). To this end,

Ob(V) was obtained using eq 18 (with a = 4.2 x 1077 mA 'cm_z, B =27.98 nm 'V_l) and the
final j(f) value (jfinal) for each V anodization curves. Such values are in excellent agreement with
the STEM data and the deduced model curve, reinforcing the validity of our calculations.

Up to now, TiO2 NT reports have considered that, as in AAO, O is constant with time. Our results
show that because the oxidation and dissolution processes are not in equilibrium during the
anodization of Ti, Op increases with time, and a more realistic and complete expression for Ob was
obtained. We then established a relationship between Op and the applied voltage and time [Ob(V,1)].
This implies that the growth constant k (until now considered only matetial-dependent) is also
governed by the V and t anodization parameters. The theoretical model is in excellent agreement
with the experimental data and can be used to predict the Op outcome for different anodization

voltages and time.

EXPERIMENTAL SECTION
The electrochemical anodization of 1 X 1 cm? Ti foils (99.99+% high-purity from AlfaAesar, 0.127

mm) was performed. Prior to the anodization, the samples were ultrasonically cleaned sequentially
with ethanol and deionized water (3 min). The Ti foil anodizations were performed using a
homemade setup, consisting of a two-electrode anodization cell, with a platinum mesh used as the

cathode and the Ti foil sample in contact with a copper cap used as the anode (anodization area of

0.196 crn2). Anodizations were performed using a DC power supply Keithley model 2004
Sourcemeter, monitored and controlled by a LabView application. The electrolyte used was an

ethylene glycol solution containing NH4F (0.3 wt %) and H2O (2 wt %), at room temperature, with

magnetic stirring.9’22 Two sets of anodized samples were prepared: (i) TiO2 NTs with applied
potentials ranging from 20 to 80 V (for 3 h) and (ii) TiO2 NT's with anodization times ranging from
0.5 to 72 h (at an applied potential of 60 V). After the anodization, each sample was sequentially
rinsed in ethanol, deionized water, and dried with a nitrogen stream. The TiO2 NT template was then
mechanically detached from the Ti foil, and their morphology was characterized by STEM technique

(FEI Quanta 400FEG field emission scanning electron microscopy). This allowed us to determine

Op at the bottom of the N'Ts using Image] open- soutce software.>’
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Figure 1. STEM images of TiO2 NT bottoms and respective measurements of the barrier layer
thickness (Ob) of samples anodized for 3 h under different potentials: (a) 20, (b) 40, (c) 60; (d) 70, and
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Figure 2. STEM images of TiO2 NT bottoms and tespective measurements of the barrier layer
thickness (Ob) of samples anodized under 60 V and different anodization time: (a) 1, (b) 5, (c) 10,
(d) 24, and (e) 72 h.
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Figure 3. Evolution of barrier layer thickness (8b) in TiO2 nanotubes as a function of (a) potential

(V; with constant anodization time of + = 3 h), showing a linear dependency on V (correlation

parameter estimated from the linear regressionisk = 1.24 nm V™ 1), and (b) anodization time (f; with

a constant anodization potential of V' = 60 V), showing a logarithmic growth with £.
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Figure 4. Inverse of O as a function of anodization time (f) for V=60V and corresponding fit

with the high-field Cabrera and Mott logarithmic growth law model (eq 10). Inset shows the linear

fit of 1/0p versus ln (f).
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Figure 5. Bartier layer thickness (Opb) values for different potentials obtained from the STEM

measurements, from the model (eq 17) and from the j(f) cutves.
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Figure 6. (a) Current density j(f) anodization curves. (b) TiO2 battier layer thickness Ob(f); curves

during anodization time, for samples anodized with a potential range from 20 to 80 V. The first 8
min are presented (normalization of the O} transient period to compare with j(f) transient period).

The insets represent the complete anodization time (3 h).
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