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Multilayer anodic TiO, nanotubes are first fabricated in HBF4-containing electrolyte by a one-step
galvanostatic anodization. These nanotubes demonstrate unique A-shaped sidewalls, which are different
from the traditional V-shaped nanotubes formed in NH4F-containing electrolyte. Further, the formation
mechanism of the multilayer TiO, nanotubes is proposed. During the anodizing process, the total
anodizing current could be separated into ionic current and electronic current. The oxygen bubbles,
induced by the electronic current, play a significant role in shaping the nanotube architectures. The
bottoms of TiO, nanotubes could be broadened under the pressure of oxygen bubbles. Thus the wall at
the bottom of the nanotube becomes thinner. When the pressure of oxygen bubbles reaches a certain

value, it will break the sidewalls of the nanotubes, resulting in the formation of the A-shaped sidewalls of
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Accepted 26th June 2017 TiO, nanotubes. However, in NH4F-containing electrolyte, the oxygen bubbles escape from the top of
nanotubes, and then the V-shaped sidewall thickness profiles of TiO, nanotubes are formed. Owing to

DOI: 10.1039/c7ra05624a the inflating effect of oxygen bubbles on the nanotube walls, the whole TiO, nanotube layer is finally
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Introduction

In recent years, anodic TiO, nanotubes have received increasing
attention due to their various applications.* The most widely
used electrolytes are F~-containing electrolytes.®® Macak et al.”
indicated that the formation of a soluble complex [TiF¢]*~ gives
rise to oxide dissolution during formation of anodic TiO,
nanotubes. The growth of anodic TiO, nanotubes is considered
to be as a result of the equilibrium between oxide formation and
oxide dissolution. The corresponding theory is called field-
assisted dissolution mechanism.””

However, the F~ ion is highly aggressive and restricts the
length of TiO, nanotubes to a few micrometers.'™"" Further-
more, the field-assisted dissolution mechanism, which is based
on the dissolution effect of F~ ions, is doubted because
researchers have found that anodic TiO, nanotubes could be
formed in F-free electrolytes, such as sulfuric acid (H,SO,)
electrolyte,' silver nitrate (AgNO;) electrolyte®® and nitric acid
(HNO;) electrolyte.* In 2015, Hebert et al.** also indicated that
oxide dissolution rates are in fact very small during anodization.
In 2012, Yang et al.***® elucidated the variation of the anodizing
current versus time based on an electronic current and oxygen
bubble model. They indicated that the total anodizing current
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divided into nanotube multilayers in HBF4-containing electrolyte.

consists of ionic current and electronic current during anod-
ization of Ti."**® Ionic current is used to form oxide while the
electronic current gives rise to the evolution of oxygen bubbles.
Oxygen bubbles act as moulds during oxide growth.'**® There-
fore, newly formed oxide flows around these oxygen bubbles
and forms anodic TiO, nanotubes.’*™ Otherwise, the intro-
duction of new electrolyte is helpful for exploiting new archi-
tectures and understanding the formation mechanism of
anodic TiO, nanotubes. Although anodic TiO, nanotubes have
been obtained in HBF,-containing electrolyte, none novel
architecture of anodic TiO, nanotube has been reported. There
are few papers reporting forming mechanism of anodic TiO,
nanotubes in HBF,-containing electrolyte.”®

Anodic TiO, nanotubes are usually obtained under poten-
tiostatic conditions. Anodizing voltage is generally considered
as one of the key influence factors of tube diameter, interpore
spacing and barrier layer thickness.>** Galvanostatic anod-
ization is not commonly employed for several reasons
including: (a) galvanostatic anodization demands a more
accurate control of all experimental factors (area, temperature,
hydrodynamics) than potentiostatic anodization,* (b) voltage
may change with time and fluctuate, and thus it is difficult to
control tube diameter,> (c) oxide layer is easy to breakdown at
high anodizing current. However, Zhang et al.>® indicated that
constant current condition is good for quantitative studies of
forming mechanism of anodic TiO, nanotubes. They put
forward an equation between nanotube length and anodizing
current.>®

This journal is © The Royal Society of Chemistry 2017
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Multilayer TiO, nanotubes have been prepared in F -con-
taining electrolyte by several groups. There are bamboo-type
nanotubes,* Y-branched nanotubes?® and reverse Y-branched
nanotubes.?”** These nanotubes have unique performances,
such as improvement of dye loading ability for dye-sensitized
solar cells.*® However, multilayer TiO, nanotubes formed in
HBF,-containing electrolyte have not been reported. In the
present work, we compare anodic TiO, nanotubes formed in
different electrolytes. Novel multilayer TiO, nanotubes were
formed in HBF,-containing electrolyte, while a nanotube single
layer was formed in NH,F-containing electrolyte. Moreover,
TiO, nanotubes formed in HBF,-containing electrolyte show an
A-shaped sidewall thickness profile, while nanotubes formed in
HBF,-containing electrolyte show a V-shaped thickness profile.
The A-shaped sidewall thickness profile is hardly to be
explained by tradition field-assisted dissolution mechanism.
Thus we proposed a new forming mechanism of the multilayer
TiO, nanotubes from the perspective of electronic current. The
present results may facilitate the development of new electro-
lytes for preparing anodic TiO, nanotubes with various archi-
tectures, and also promote the understanding of the forming
mechanism.

Experimental details

TiO, nanotubes were formed by anodizing of Ti foils. Prior to
the anodization, the commercial titanium foils (100 pm thick,
purity 99.5%, Shanghai Shangmu Technology Co. Ltd.) were
polished in a mixture solution of HF (=40%), HNO; (65-68%)
and deionized water (1 : 1 : 2 in volume) for about 10 s, followed
by dipping them into deionized water, and dried in the air. The
polished Ti foils were then anodized in a two electrodes cell. A
current density of 10 mA cm™ > was applied between a Ti anode
and a Pt cathode. Anodizing experiments were carried out at
room temperature (~20 °C) for 15 minutes with stirring of the
electrolyte. After anodizations, samples were rinsed with water
and dried in air.

The anodization was carried out in ethylene glycol electrolyte
with 0.015 M (1.18 wt%) HBF, and 2 wt% H,O (called HBF,-
containing electrolyte). For comparison, anodization of Ti foil
in NH,F-containing electrolyte was studied. NH,F-Containing
electrolyte was ethylene glycol solution containing 0.06 M
NH,F and 2 wt% H,O. Hence, the concentrations of fluorine in
two electrolytes are equal.

The voltage-time curves were recorded automatically by
a computer system. Morphologies of both samples were char-
acterized by field-emission SEM (FESEM, Hitachi S-4800 II and
Zeiss Supra 55). Nanotube lengths and diameters were all
measured directly on the FESEM.

Results and discussion

Multilayer TiO, nanotubes formed in HBF,-containing
electrolyte

Fig. 1 shows the multilayer TiO, nanotubes formed in HBF,-
containing electrolyte, which are composed of eight TiO,
nanotube layers (Fig. 1a). Neighboring nanotubes in all layers
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Fig.1 (a) Cross-sectional FESEM images of multilayer TiO, nanotubes
formed in HBF4-containing electrolyte. Top view FESEM images of (b1)
the first TiO, nanotube layer, (c1) one of middle TiO, nanotube layers
and (d1) bottom TiO, nanotube layer. Cross-sectional FESEM images
of (b2) the first TiO, nanotube layer, (c2) one of middle TiO, nanotube
layers and (d2) bottom TiO, nanotube layer. Schematic diagram of
cross-section of TiO, nanotubes in (b3) the first TiO, nanotube layer,
(c3) one of middle TiO, nanotube layers and (d3) bottom TiO, nano-
tube layer.

are separated by gaps (Fig. 1b1-d1). The thickness of each layer
is about 360 nm (Fig. 1b2-d2). The outer diameters of nano-
tubes in the first layer are approximately 90 nm (Fig. 1b2) while
outer diameters of nanotubes in middle layer and bottom layer
are approximately 72 nm (Fig. 1c2) and 80 nm (Fig. 1d2),
respectively. Nanotubes in the first layer and middle layer have
through-holes (Fig. 1b2 and c2), while nanotubes in the bottom
layer are sealed at bottom by the underlying barrier layer
(Fig. d2). In the first layer and middle layer, nanotube walls at
the bottom are extremely thin (Fig. 1b2 and c2). Therefore, inner
diameters are close to outer diameters at the bottom of nano-
tubes in the first layer and middle layer. However, inner diam-
eters at the top of nanotubes in the first layer, middle layer and
bottom layer are only a few nano meters (Fig. 1b1-d1). Gaps
between nanotubes are larger at the top than that at the bottom
in first layer, middle layer and bottom layer.

Fig. 2 demonstrates the difference between nanotubes ob-
tained in NH,F-containing electrolyte and HBF,-containing
electrolyte. Nanotubes formed in HBF,-containing electrolyte
show an A-shaped sidewall thickness profile, while nanotubes
formed in NH,F-containing electrolyte show a V-shaped side-
wall thickness profile. In traditional NH,F-containing electro-
Iyte, ordered TiO, nanotubes can be formed and the top
nanotube surface is a porous plane. As Kowalski et al.** indi-
cated, the dissolution of oxide would form gaps between pores.
However, there are no gaps between pores on the top surface
(Fig. 2a). Therefore, the oxide dissolution on the surface is
negligible. This result is consistent with the previously reported
work by Capraz et al' The cross-sectional SEM images of
nanotubes formed in NH,F-containing electrolyte show
perfectly straight and densely packed arrays of TiO, nanotubes
and the nanotubes are vertically aligned to the Ti substrate.

RSC Adv., 2017, 7, 33526-33531 | 33527
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Fig. 2 (a) and (b) FESEM images of the V-shaped TiO, nanotubes
formed in NH4F-containing electrolyte. (c) and (d) FESEM images of
the A-shaped TiO, nanotubes formed in HBF4-containing electrolyte.

Their outer diameters are approximately 160 nm (Fig. 2b). The
inner diameter of the nanotubes is larger on the top (~60 nm,
Fig. 2a) than that at the bottom (~45 nm, Fig. 2b). Thus, TiO,
nanotubes formed in NH,F-containing electrolyte show a V-
shaped structure®*** in their thickness (Fig. 2b), in agreement
with previous reports.>**> For TiO, nanotubes formed in HBF,-
containing electrolyte, the inner diameter on the top is much
smaller than that at the bottom as shown in Fig. 2¢ and d. As
a result, TiO, nanotubes formed in HBF,-containing electrolyte
show an A-shaped structure.

Forming mechanism of multilayer anodic TiO, nanotubes

Researchers have presented several growth mechanisms for
anodic TiO, nanotubes.”>**** Among these mechanisms, the
generally accepted mechanism is field-assisted dissolution
mechanism. According to field-assisted dissolution mecha-
nism, growth of TiO, nanotubes can be ascribed to the dynamic
equilibrium between growth (eqn (1)-(3)) and dissolution
processes (eqn (4)) of oxide.>*?>3538

Ti** + 2H,0 — TiO, + 4H" (1)

Ti** + 207~ — TiO, (2)

Ti** + 4OH™ — TiO, + 2H,0 3)
TiO, + 6F~ + 4H" — [TiF¢>~ + 2H,0 (4)

Based on the traditional field-assisted dissolution mecha-
nism, the inner diameter of nanotube mainly depends on the
exposure to electrolyte due to the presence of chemical disso-
lution.**** Long time exposition to fluorine containing electro-
lyte results in continuous thinning of the tube walls. TiO,
nanotubes on the top are easier to be exposed to the electrolyte
for longer time than those at the bottom. Thus, nanotube wall
near the top ought to be thinner than that near the bottom and
TiO, nanotubes formed in NH,F-containing electrolyte show
a V-shaped structure. In other words, A-shape profile (Fig. 1b3-
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d3) could not be formed by chemical dissolution of formed
TiO,. Hence, the A-shaped sidewall thickness profile of nano-
tubes formed in HBF,-containing electrolyte could hardly be
explained by traditional field-assisted dissolution mechanism.

Moreover, the chemical dissolution of nanotube walls is
continuous. If the multilayer TiO, nanotubes are formed by
field-assisted dissolution process, what is the reason for peri-
odically dissolution of oxide between layers? Taveira et al.*®
obtained two-layer TiO, nanotubes on titanium under galva-
nostatic condition. They suggested that big voltage oscillations
triggered a detachment of the upper layer from the lower one.*
The reason for voltage oscillations is still unclear. But there was
no distinct voltage oscillation during the anodization in HBF,-
containing electrolyte, therefore, the multilayer TiO, nanotubes
were not formed by voltage oscillations.

As indicated above, the formation of nanotubes with A-shape
profile in HBF,-containing electrolyte cannot be attributed to
field-assisted dissolution effect of F~. Although the BF,~ could
decompose to BF; and F~ under high electric field (eqn (5)),*
field-assisted dissolution effect is not crucial for the formation
of multilayer TiO, nanotubes.

BF47 - BF3 + F~ [5)

According to previous works, the formation of TiO, nanotube
is attributed to the flow of formed oxide around oxygen bubbles.
Total anodizing current is composed of ionic current and elec-
tronic current.'®***** Jonic current is used to form oxide while
electronic current is used to form oxygen bubbles.'®'***
Nanotubes are formed by the combined effect of oxide forma-
tion and oxygen bubble expansion.*®**0-*

Fig. 3 shows the measured voltage-time curves in HBF,-
containing electrolyte and NH,F-containing electrolyte at same
anodizing current. However, the equilibrium voltage in HBF,-
containing electrolyte is approximately twice as high as that in
NH,F-containing electrolyte. Voltage oscillations during anod-
ization in HBF,-containing electrolyte are more obvious than
that in NH,F-containing electrolyte.

Fig. 4 depicts the growth phases of multilayer TiO, nano-
tubes schematically. At the beginning of stage I, oxide is formed
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Fig. 3 Voltage—-time curves during Ti anodizations in (a) HBF4-con-
taining electrolyte and (b) NH4F-containing electrolyte.
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Fig.4 Schematic diagrams showing three growth stages of multilayer
anodic TiO, nanotubes formed in HBF4-containing electrolyte.

at electrolyte/metal interface (Fig. 4a). Anions migrate from
electrolyte/oxide interface to oxide/metal interface, while
cations migrate in the opposite direction. The total anodic
current is ionic current which is induced by the migration of
cations and anions in stage I. Owing to the oxidation reaction of
cations and anions (eqn (1)-(3)), oxide grows at both interfaces
(Fig. 4a). Therefore, all the anodic current is used to form oxide
layer. Thickness of the oxide layer increases quickly and is
directly proportional to the anodizing time. Resistance of the
oxide layer is also directly proportional to the anodizing time.
Therefore, the anodic potential is also directly proportional to
the anodizing time at the beginning of stage I (Fig. 3). It is well
known that the oxide layer could not be thickened infinitely.
When the thickness of oxide layer reaches a critical value, the
increase rate of the anodic potential will start to decline.

Since the thickness of oxide layer no longer increases, ionic
current density should decrease. However, total anodic current
density is constant. Where is the reduced portion of ionic
current density? Cao et al.** and Anitha et al.** considered the
dissolution current density as the reduced part of ionic current
density. However, Prakasam et al*® indicated that chemical
dissolution of oxide at the pore bottom does not contribute to
the anodic current density. Thompson et al.*” also thought that
the dissolution reaction of the oxide is chemical in nature and
does not contribute to anodic current. In fact, electronic current
arises from dielectric breakdown of oxide. Electronic current
density (j.) increases exponentially with the increase of oxide
thickness (eqn (6)).*®

Je = Jeo % exp(8d) (6)

where, j. is electronic current density, je, is initial electronic
current density, 6 is the impact ionization coefficient and d is
oxide thickness.

Electronic current gives rise to oxygen bubbles in oxide (eqn
(7) and Fig. 4b).

207 = 0,1 + 4e” )

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Because of the pressure from electrolyte and formed oxide,
oxygen bubbles can not escape from barrier layer into electro-
lyte immediately after they are formed (Fig. 4b).

As the electronic current increases with the oxide thickness,
oxygen bubbles grow bigger and bigger in barrier layer (Fig. 4c).
Newly formed oxide would flow upwards around oxygen
bubbles.'***3438 The flow is suggested to be driven by the
stresses caused by film growth and electric field." In other
words, the stresses are attributed to the electrostriction and
volume change associated with oxidation of titanium."® Finally,
the pressure in oxygen bubbles becomes bigger than the pres-
sure of electrolyte and the formed oxide. Thus, oxygen bubbles
start to escape (Fig. 4d).

It should be noted that the escape ways of oxygen bubbles in
two electrolytes are different. In NH,F-containing electrolyte,
oxygen bubbles penetrate barrier layer and move upwards in
nanotubes (Fig. 5a). However, in HBF,-containing electrolyte,
oxygen bubbles break TiO, nanotube sidewalls and move
upwards in gaps between nanotubes (Fig. 5b). Difference
between the two escape ways of oxygen bubbles could be
attributed to the difference between magnitudes of ionic
current and electronic current in two electrolytes. It is well
known that at the inflection point (U;) in stage I (Fig. 3a and b),
thickness of barrier layer would reach a critical value (d.).*®
Thickness of barrier layer would roughly keep constant during
later anodization. Total anodizing current densities in two
electrolytes are the same. Resistances of barrier layer in two
electrolytes are proportional to thickness of barrier layer (d).
The increase of potential in stage I is ascribed to the growth of
barrier layer thickness under galvanostatic condition. There-
fore, d. is linearly proportional to the anodic potential at the
inflection point (U;). U; in HBF,-containing electrolyte (126.56 V)
is higher than that in NH,F-containing electrolyte (66.00 V). The
value of d. in HBF,-containing electrolyte is nearly twice as big
as that in NH,F-containing electrolyte. After the inflection
point, electronic current density exponentially increases (eqn
(6)).***** In HBF,-containing electrolyte, thicker barrier layer
presses oxygen bubbles against Ti substrates and nanotube
walls. The growing oxygen bubbles are flattened by this pres-
sure. As a consequence, the pressure in oxygen bubbles leads to
thinner nanotube walls (Fig. 4c). Thus, oxygen bubbles will blow
up from nanotube walls in HBF,-containing electrolyte (Fig. 5b).
Blowing up effect should account for the extremely thin nano-
tube walls at the bottom of nanotubes (Fig. 1b2 and c2).
However, because barrier layer in NH,F-containing electrolyte is

NH:F-containing electrolyte

HBF.-containing electrolyte

Fig. 5 Schematic diagrams showing the escape ways of oxygen
bubbles in (a) NH4F-containing electrolyte and (b) HBF4-containing
electrolyte.
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about half of that in HBF,-containing electrolyte, oxygen
bubbles in NH,F-containing electrolyte would blow up from
their upper oxide layer (Fig. 5a).

We name the pressure in oxygen bubble when it escapes
from oxide as escaping pressure. Because of the thicker barrier
layer, escaping pressure in oxygen bubble in HBF,-containing
electrolyte is higher than that in NH,F-containing electrolyte.
Therefore, diameters of escaped oxygen bubbles in HBF,-con-
taining electrolyte are bigger than in that NH,F-containing
electrolyte. In HBF,-containing electrolyte, the inner diame-
ters at the bottom of nanotubes in first and middle layer are
close to the outer diameters (90 nm in Fig. 1b2, 72 nm in
Fig. 1c2). However, the inner bottom diameter of TiO, nano-
tubes formed in NH,F-containing electrolyte is 45 nm (inset of
Fig. 2b). Yu et al.*® suggested that the inner bottom diameter of
TiO, nanotubes is close related to the diameter of escaped
oxygen bubbles. Thus, the escaped oxygen bubbles in HBF,-
containing electrolyte are bigger than those in NH,F-containing
electrolyte. In the following anodization process, escape of
bigger oxygen bubbles results in much larger potential oscilla-
tions in HBF,-containing electrolyte than that in NH,F-
containing electrolyte.

After oxygen bubbles escape from barrier layer, electrolyte
enters the pores left by oxygen bubbles, which leads to the
decrease of potential (stage II, Fig. 4d). Taveira et al.® suggested
that an easy access of electrolyte was formed on the broken area
of nanotubes, which led to the decrease of potential. When all of
the TiO, nanotube walls are broken by oxygen bubbles, anod-
izing potential is lowest, and anodization reaches stage III. New
oxygen bubbles will be formed by electronic current during
subsequent anodization (Fig. 4e).

In stage III, the anodic potential and thickness of barrier
layer both kept roughly constant. Oxygen bubbles were formed
continuously and then blow up in barrier layer. Oxide flows
upwards around oxygen bubbles, and therefore nanotubes are
formed. In HBF,-containing electrolyte, oxygen bubbles grow
and broaden the bottom of anodic TiO, nanotubes. Then
oxygen bubbles blow up through the sidewalls of nanotubes
(Fig. 4d and 5b). Accordingly, the A-shaped sidewall thickness
profiles of TiO, nanotubes are formed. And at the same time,
the extremely thin sidewall at the nanotube bottoms would be
damaged by the released oxygen bubbles, thus resulting in an
individual layer of TiO, nanotubes (Fig. 4e). In NH,F-containing
electrolyte, oxygen bubbles move upwards in nanotubes. Due to
the lower pressure of electrolyte on the top of nanotubes, oxygen
bubbles expand the inner diameters at the top of nanotubes.
Owing to the movement and expansion of oxygen bubbles, V-
shaped TiO, nanotubes are finally formed in NH,F-containing
electrolyte (Fig. 5a). In HBF,-containing electrolyte, oxygen
bubbles moved upwards in gaps between TiO, nanotubes and
separated neighbouring TiO, nanotubes. Thus TiO, nanotubes
were spaced in top image in HBF,-containing electrolyte
(Fig. 1b1). However, oxygen bubbles moved upwards inside TiO,
nanotubes, and as a result, TiO, nanotubes were not spaced in
top image in NH,F-containing electrolyte (Fig. 2a).

It should be noted that the oxide layer on the top of anodic
TiO, nanotubes will be dissolved by HBF,-containing electrolyte
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(Fig. 4f). Therefore, we obtained the final anodic TiO, nano-
tubes with through holes on the top (Fig. 1b).

Due to the damage of nanotube walls by oxygen bubbles, the
whole TiO, nanotube layer is divided to nanotube multilayers
(Fig. 4f). Nevertheless, oxygen bubbles do not blow up exactly at
the same time because the surface of Ti substrate is of great
unevenness. As a consequence, anodic potential-time curve was
not regularly pulsating during anodizing in HBF,-containing
electrolyte. The oxygen bubbles’ blowing up effect is the reason
for the division of TiO, nanotube layer and the oscillation of
anodizing potential.

In summary, electrochemical reactions of anodizations in
HBF,-containing electrolyte and NH,F-containing electrolyte
are similar. Different magnitudes of ionic current and elec-
tronic current in two electrolytes result in different volumes of
escaped oxygen bubbles and different escape ways of oxygen
bubbles, thus different architectures of TiO, nanotubes are
formed. Due to the damage of nanotube walls by oxygen
bubbles, the TiO, nanotube layer is divided to multilayers in
HBF,-containing electrolyte.

Conclusions

When the anodization of titanium was performed in HBF,-
containing electrolyte, multilayer anodic TiO, nanotubes were
obtained. Nanotubes in the middle layers show a unique A-
shaped sidewall thickness profile. Formation mechanism of
the multilayer anodic TiO, nanotubes and A-shaped sidewall
thickness profile could not be explained by traditional field-
assisted dissolution mechanism. And then a possible forma-
tion mechanism of the multilayer anodic TiO, nanotubes is
proposed. Migration of ions forms ionic current and produces
oxide. Oxygen bubbles, which arise from the electronic current,
act as moulds during oxide growth. Oxide flows around oxygen
bubbles and forms nanotubes. Unlike the formation of nano-
tubes in NH,F-containing electrolyte where oxygen bubbles
escape from barrier layer and move upwards in nanotubes, in
HBF,-containing electrolyte, oxygen bubbles break nanotube
walls and move upwards in gaps between nanotubes. Therefore,
the unique escape way of oxygen bubbles formed the A-shaped
sidewall thickness profile and homogeneous nanotube multi-
layers in the HBF,-containing electrolyte.
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