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generation and nanotube growth during
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Nowadays the formation mechanism of anodic TiO, nanotubes has attracted extensive attention. Field-
assisted dissolution (TiO, + 6F~ + 4H' — [TiFg]>~ + 2H,0) has been considered as the causal link to the
formation and growth of nanotubes. But it is hard for this theory to explain three stages of the current—
time curve. Here, the anodization of titanium was studied by adding different concentrations of HzPO,4
(0%, 4 wt%, 6 wt%, 8 wt%, and 10 wt%) in ethylene glycol containing the same concentration of NH4F
(0.5 wt%). The results prove that under the action of the same concentration of NH4F, the growth rate of
nanotubes decreases obviously with the increase of HzsPO,4 concentration, and the second stage of the
current—time curve is also prolonged simultaneously. These experimental facts cannot be interpreted by
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1. Introduction

In recent years, anodic TiO, nanotubes and porous anodic oxides
have been widely applied in solar cells, supercapacitors and
various sensors.”® However, the formation mechanism of such
porous structures and nanotube structures remains highly
controversial. Taking the formation mechanism of anodic TiO,
nanotubes as an example, according to the traditional theory, the
field-assisted dissolution reaction (TiO, + 6F~ + 4H" — [TiFs*~ +
2H,0) involving F~ ions has always been considered as the root
cause of the formation and growth of nanotubes.®*® Schmuki
et al.* believed that there should be a balance between oxide
growth and dissolution during anodization. However, these theo-
ries cannot clarify the three stages of the current-time curve during
anodization.""” Thompson et al.'® concluded that the above field-
assisted dissolution reaction does not contribute to the current
variation of anodization. They pointed out that the growth rate of
oxide is much higher than the rate of oxide dissolution, and it is
impossible to keep a balance between oxide growth and dissolu-
tion during anodization.”® This view is also proved by other
groups.’®** Moreover, Skeldon et al®* demonstrated that the
dissolution rate of alumina is only about 1 nm min~", which is
much smaller than the growth rate of porous alumina of about 150
nm min "> Macak et al.® also demonstrated that the growth rate
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the electronic current theory are ably used to explain these facts reasonably for the first time.

of anodic TiO, nanotubes is much higher than 150 nm min™".

Shen et al.*® also obtained TiO, nanotubes in sodium nitrate or
potassium nitrate electrolyte without fluoride ions. Thus it can be
concluded that the dissolution reaction involving fluoride ions is
not the real cause of the formation of TiO, nanotubes.

In order to explore the physical significance of the current-
time curve during anodization of titanium which proceeds in an
electrolyte containing NH,F and reveals the real cause of the
formation of TiO, nanotubes, the anodization process of tita-
nium in a mixed electrolyte containing 0.5 wt% NH,F and
different proportions of H;PO, was comparatively studied. The
results show that the current-time curves with three stages are
obvious in pure NH,F electrolyte without H;PO,, and the growth
rate of nanotubes is the fastest. With the increase of H3;PO,
concentration in electrolyte, three stages of the current-time
curve disappear, and the growth rate of nanotubes declines
gradually. No nanotubes were even present in EG electrolyte
involving 0.5 wt% NH,F and 10 wt% H3PO,. This fact proves
that the growth rate of the nanotubes is not directly related to
the concentration of F~ ions, whose real role is to cause the
generation of electronic current and the release of oxygen gas,
while the phosphoric anion layer formed as a hindering layer
will prevent the generation of electronic current. To the best of
our knowledge, this view has not been reported yet."**>*

2. Experimental details
2.1 Pretreatment

The anodized substrate was a commercial titanium sheet
(purity, 99.99%) with a thickness of 0.2 mm. The whole titanium
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foil was cut into small sheets of 1 cm x 6 cm, and then the
rough cutting edge was polished with sandpaper until smooth.
The titanium sheet was picked up with tweezers and immersed
in a polishing solution containing HF (40.0%, analytical purity),
HNO; (66.0%, analytical purity) and deionized water (1 : 1 : 2 by
volume) for polishing for 15 seconds. After that, the titanium
strips were put into deionized water and rinsed until there was
no ion residue on the surface. Then the titanium sheet was
removed from the deionized water and dried naturally in air.
The titanium sheet was wrapped with insulating tape to ensure
that the exposed area of the titanium sheet immersed in the
electrolyte is 1 ecm x 2 cm on one side (4 cm” on both sides).

2.2 Composition of electrolyte

The original electrolyte was an ethylene glycol solution con-
taining 2 wt% water and 0.5 wt% NH,F. Four electrolytes were
obtained by adding 4 wt%, 6 wt%, 8 wt%, and 10 wt% phos-
phoric acid to the original electrolyte, respectively. These four
electrolytes have approximately equal concentrations of NH,F
and unequal concentrations of H;PO,. The concentration of
phosphoric acid used here was 85 wt%. As a result, the water
content of the new four electrolytes configured increased
slightly, and the concentration of ammonium fluoride was
considered to be essentially unchanged.

2.3 Anodization

The mixed electrolyte was poured into a 50 ml plastic beaker
with a titanium sheet as the anode and graphite as the cathode.
The anodization temperature was controlled at 20 °C £+ 0.1 °C
using a thermostat water bath.

The first group of experiments: the titanium was anodized
for 600 s at a constant voltage of 50 V in the mixed EG electrolyte
with different contents of H;PO, (0 wt%, 4 wt%, 6 wt%, 8 wt%,
and 10 wt%), respectively.

The second group of experiments: the titanium was anodized
for 600 s at a constant voltage of 60 V in the mixed EG electrolyte
with different contents of H;PO, (0 wt%, 4 wt%, 6 wt%, 8 wt%,
and 10 wt%), respectively.

The third group of experiments: the titanium was anodized
for 600 s at a constant voltage of 70 V in the mixed EG electrolyte
with different contents of H;PO, (0 wt%, 4 wt%, 6 wt%, 8 wt%,
and 10 wt%), respectively.

The experiments were repeated twice for each group. At the
end of each experiment, the power was turned off and the anode
titanium sheet was removed from the electrolyte, and then it
was rinsed with deionized water until no electrolyte content
remained on the surface. After that, the titanium sheet was
dried naturally in air and collected for later sample preparation.
The current-time curve generated during anodization was
recorded using computer software, which should become an
important reference material for later morphology character-
ization. Finally, in order to obtain the cross-sectional
morphology of anodic oxides, a small rectangle of the oxides on
the titanium sheet was cut and bent into the shape of Q, which
was characterized by FESEM (Zeiss Supra 55).
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3. Results and discussion

3.1 Current-time curve of anodization of titanium in pure
NH,F electrolyte

According to the traditional field-assisted dissolution theory,
the dissolution reaction of F~ ions leads to the continuous
deepening of holes that transform into nanotubes in the end,
which is inconsistent with the experimental facts shown in
Fig. 1. Fig. 1 shows the cross-sectional morphology and current-
time curves of nanotubes obtained through anodization at 70 V,
60 V and 50 V for 10 minutes in 0.5 wt% NH,F electrolyte. As
shown in Fig. 1a, c and e, the lengths of nanotubes are 6.866
um, 5.147 pm and 2.892 pm, respectively. It can be found that
the length of nanotubes is not directly related to the concen-
tration of NH,F, while the length of nanotubes increases with
the rise of anodizing voltage in anodization, whereas the rela-
tionship between the length of nanotubes and anodizing
voltage is not linear. The fact is that the growth rates of nano-
tubes are 687 nm min~*, 515 nm min~* and 289 nm min ' at 70
V, 60 V and 50 V separately, indicating that the growth rate of
nanotubes becomes faster due to the increase of anodizing
voltage. That is to say, the growth rate of nanotubes is not
strictly related to the concentration of F~ ions in the electrolyte
since the concentration of NH,F is the same (0.5 wt%) for the
three groups. As shown in Fig. 1d and f, when the anodizing
voltage is 60 V or 50 V, the current-time curve drops at first and
then rises, and finally the anodizing current is steady at the
third stage (III). Fig. 1d and f correspond to the stable current
density of 20 mA cm ? and 8 mA cm ™ ? at stage III. The tradi-
tional theory holds that the reason why the anodizing current of
stage III is almost stable is that the field-assisted dissolution of
oxide and the growth of oxide reach dynamic equilibrium.*
Besides, it is also believed that the balance between the growth
and dissolution of oxides is the prerequisite for the growth of
nanotubes.'***** However, the current curve in stage III shown
in Fig. 1b also kept the trend of rising in stage II, and there was
no stable anodizing current in stage III, which fully proves that
the stability and instability of anodizing current in stage III were
not necessarily related to the balance between oxide growth and
dissolution.** Li et al.** reported that the growth rate of
nanotubes is much higher than the rate of oxide dissolution.
The anodizing current in stage III keeps rising, as shown in
Fig. 1b, which proves that there is no balance between oxide
growth and oxide dissolution during the growth of nanotubes.
Also, in terms of the growth rate of nanotubes captured in
Fig. 1a, c and e, the balance of the growth and dissolution of
oxides is not the prerequisite for the growth of nanotubes.
Admittedly, how to explain the changing rule of the current-
time curve in Fig. 1b, d and f and the relationship between the
length of nanotubes and the growth rate of nanotubes has
always been a challenge for metal anodization.>***3*

3.2 Interpretation of three stages of the current-time curve
with the double current model

Fig. 2 shows the schematic diagram of nanotube formation
depending on the oxygen bubble model during anodization of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FESEM images of titanium anodized in the same fluoride-containing EG electrolyte for 600 s (20 °C) at applied voltages of 70 V (a), 60 V (c),

and 50 V (e) and the corresponding current—time curves (b, d and f).

titanium.**® We prefer to combine Fig. 2 and 1f to illustrate
three stages of the current-time curve and the growth process of
nanotubes.* In stage I shown in Fig. 1f, the anodizing current
decreases rapidly, because in this stage, the total anodizing
current is dominated by the ionic current forming oxide. The
relation between the ionic current and oxide thickness is as
follows:

Jion = Ae”F = 4PV

Here, E represents the electric field intensity, U represents the
applied voltage during anodization, d represents the oxide
thickness of the barrier oxide layer formed, and A and § are
temperature-dependent constants.**

Fig. 2a-c describe the process during the first stage with the
corresponding current-time curve (Fig. 1f). Fig. 2a shows that at
the moment anodization just starts, the electric field (E)
approaches its maximum, so the ionic current reaches its peak
at the same time, which leads to the rapid growth of anodic
oxide. As the thickness of the oxide film increases, the ionic
current decreases exponentially. In the first stage of the decline
of anodizing current, with the increase of the thickness of the
oxide film, an anion contaminated layer is formed at the elec-
trolyte/oxide interface. This kind of layer is mainly generated by
anions in the electrolyte (F~, OH™, etc.) infiltrating into the

© 2022 The Author(s). Published by the Royal Society of Chemistry

oxide under the action of the electric field. Also, a new barrier
oxide layer is formed at the titanium/oxide interface. With the
extension of anodization, the thickness of the anion contami-
nated layer and barrier oxide layer gradually increase as Fig. 2b
and ¢ shown, and also the electric field as well as the ionic
current accordingly increase. Diggle et al.*” pointed out that in
the anodizing process, the ionic conductance is principal in the
case of a high electric field while the electronic conductance is
more likely to generate under the situation of a low electric field.
Thus, when the anodic oxide grows to a critical thickness, the
electric field decreases and the electronic conductance begins to
develop. The relation between the electronic current and oxide
thickness is as follows:

Jo = Joe¢

Here, d represents the oxide thickness of the barrier oxide
layer formed, J, is the primary electronic current and « is the
impact ionization coefficient.*® The initial avalanche electronic
current is derived from anion discharge at the interface between
the contaminated layer and barrier oxide layer as shown in
Fig. 2.* As a result, anodic TiO, nanotubes exhibit a double
layer structure in many cases.*>*°

Nanoscale Adv,, 2022, 4, 4597-4605 | 4599
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Fig. 2 Schematic diagram of the oxygen bubble model forming nanotubes.

When it comes to the critical thickness corresponding to the
lowest point in Fig. 1f, the ionic current reaches the minimum
value, while the electronic current develops with the increase of
oxide thickness. Therefore, the total anodizing current of the
second stage in Fig. 1f increases from the lowest point. Elec-
tronic current is caused by anion discharge at the interface
between the contaminated layer and the barrier oxide layer.*® In
the anion contaminated layer, both F~ and OH™ can possibly
release electrons, but the oxygen gas (4OH™ = 2H,0 + O,1 +
4e™) is more likely to be produced by OH™ (shown in Fig. 2d and
e), since the electronic current and release of oxygen gas also
occur in the electrolyte without F~ ions.”® We believe that during
anodization in the electrolyte containing 0.5 wt% NH,F, F~ ions
accumulating on the interface, between the contaminated layer
and the barrier oxide layer, are not only helpful for the gener-
ation of electronic current but also the release of oxygen gas.*
This inference will be comprehensively proved in the following
anodization with the mixed electrolyte of H;PO, and NH,F. In
Fig. 2e and f, the expansion of oxygen bubbles opens the top
contaminated layer, and the electrolyte all enters the bottom of
the nanotube. Therefore, the thickness of the barrier layer at the
bottom of the nanotube basically remains unchanged, leading
to stage III in Fig. 1f, in which the ionic and electronic currents
are basically in a stable state. Compared with the voltage of 50 V,
when the applied voltage is 70 V, the thickness of the barrier
layer is thicker and the electronic current is larger. Therefore,
the curve in Fig. 1b keeps an upward trend in stage III, indi-
cating that the electronic current is larger at 70 V and more
oxygen bubbles are released, which also leads to a higher
growth rate of the nanotubes at 70 V.

4600 | Nanoscale Adv, 2022, 4, 4597-4605

3.3 Evolution of current-time curves and nanotube
morphology in the mixed electrolyte of NH,F and H;PO,

Fig. 3 shows the FESEM images of the cross-section morphology
of TiO, nanotubes and the oxide film on the titanium obtained
after anodization at a constant voltage of 50 V in a mixed elec-
trolyte of NH,F and H;PO,. Fig. 3f shows that the current-time
curve anodized in the electrolyte containing 4 wt% H;PO, also
has three stages similar to Fig. 1f, but the stable current density
of stage Il in Fig. 1f is about 8 mA cm 2. In Fig. 3f, the stabilized
current density of stage III is only about 1.8 mA cm ™2, and thus
the length of nanotubes in Fig. 3a and b varies greatly. As seen
from Fig. 3f, with the increasing content of H;PO, in the mixed
electrolyte, three stages of the current-time curve in Fig. 1f
gradually evolve into two stages. For example, with 6 wt%
H3PO,, the anodizing current increases very slowly in stage II of
the current-time curve. When the concentration of H;PO, rea-
ches 10 wt%, the overall anodizing current in stage II of the
current-time curve nearly does not rise, that is to say, there is no
electronic current causing the total anodizing current to rise.
Therefore, no nanotube embryos are generated in Fig. 3e, yet
the corresponding mixed electrolyte contains 0.5 wt% NH,F. It
is sufficient to conclude that the generation of nanotubes is not
related to the dissolution reaction of F~ ions, but to the elec-
tronic current and the effect of the oxygen bubble model.**3*3°

Corresponding to the current-time curves in Fig. 3f, the
morphology of nanotubes can be seen clearly from the cross-
sectional images in Fig. 3c and d under the condition that the
total anodizing current tends to rise due to the appearance of
electronic current in stage II. However, as the H;PO,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of Ti anodized in the mixed electrolytes with different concentrations of HzPO, (a) 0 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt%,
and (e) 10 wt% and corresponding current—time curves (f) obtained at 50 V for 600 s (20 °C).

concentration reaches 10 wt%, no electronic current appears
according to the current-time curve, which means that the
oxygen bubble model is unable to form any nanotube
embryos.>*** Therefore, only a section of the dense oxide film
can be seen in Fig. 3e. In these electrolytes, the concentration of
NH,F is the same (0.5 wt%), but the concentration of H"
increases with the rise of H;PO, concentration. Thus the
chemical reaction (TiO, + 6F~ + 4H" — [TiF¢]*~ + 2H,0) should
accelerate the field-assisted dissolution greatly,>* while the fact
of the dense film shown in Fig. 3e proves that the reaction of
field-assisted dissolution does not occur at all. The following
exposition will further analyze the essential reason why the
electronic current disappears with the increase of H3;PO,
concentration during anodization in the mixed electrolyte of
NH,F and H;PO,.

Fig. 4 shows FESEM images of the cross-sectional
morphology of TiO, nanotubes and titanium oxide films

© 2022 The Author(s). Published by the Royal Society of Chemistry

obtained after anodization at a constant voltage of 60 V in the
mixed electrolyte of NH,F (0.5 wt%) and H3PO,. Their current-
time curves and the morphology of the oxide film are completely
similar to that shown in Fig. 3, which further supports the
conclusion of Fig. 3.

3.4 Origin of the disappearance of electronic current in
a mixed electrolyte containing H;PO, with the same NH,F
concentration (0.5 wt%)

Fig. 5 shows the distribution of anions in the anion contami-
nated layer close to the electrolyte anodized in the mixed elec-
trolyte of NH,F and H;PO,. On the interface, close to the barrier
oxide layer, the first layer is composed of PO,*~ for PO,*" is
a trivalent anion that receives the largest electric field force
under the effect of the same electric field. Hence an anion
contaminated layer dominated by PO,*” is formed on the
interface near the barrier oxide layer. This phosphoric anion

Nanoscale Adv., 2022, 4, 4597-4605 | 4601
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Fig. 4 FESEM images of Ti anodized in the mixing electrolytes with different concentrations of HzPO,4 (a) 0 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt%,
and (e) 10 wt% and the corresponding current—time curves (f) obtained at 60 V for 600 s (20 °C).

layer formed as a hindering layer will prevent the generation of
electronic current.

The second layer is occupied by divalent anions of HPO,>~
and O~ which are less likely to lose electrons than OH™ and
generate electronic current. The third layer is the anion
contaminated layer comprised of monovalent anions farthest
from the interface of the barrier oxide layer, including F~ and
OH . It seems that OH™ and F~ ions are away from the interface
of the barrier oxide layer, and thus the electronic current and
the probability of oxygen gas release are reduced to a great
extent. That is to say, as the concentration of H;PO, increases in
the mixed electrolyte, the time used to produce electronic
current and release oxygen gas is dramatically extended, which
is shown in Fig. 3f and 4f, in which the current-time curves of
stage II are distinctly extended. Therefore, when the H;PO,
concentration reaches 10 wt%, no electronic current is gener-
ated during anodization of 600 s as shown in Fig. 4f, and there
are no nanotube embryos formed by oxygen bubbles.*

4602 | Nanoscale Adv, 2022, 4, 4597-4605

However, in pure 0.5 wt% NH,F electrolyte without H;PO,, the
time used to generate electronic current is less than 50 seconds
(as shown in Fig. 1b, d and f). As there is no anion hindering
layer formed by polyvalent anions such as PO,’~ ions and
HPO,> ions, the anion contaminated layer is only composed of
F~ and OH™ ions. As a result, it is easier for OH™ ions to
discharge and produce electronic current and oxygen bubbles.
Under this effect, the newly formed oxide, in the form of viscous
flow, grows up around oxygen bubbles which begin to take
shape as nanotube embryos, as shown in Fig. 2e.293%354

3.5 Different surface morphology and formation
mechanisms of the oxide film

Fig. 6 shows the surface morphology of the oxide film obtained
at different voltages in the electrolyte containing the same
concentration of NH,F (0.5 wt%) and different proportions of
H;PO,. Fig. 6a and b show the surface morphology of nanotubes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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obtained by anodization for 600 seconds in the electrolyte only
containing 0.5 wt% NH,F, whose corresponding cross-sectional
morphologies are shown in Fig. 3a and 4a. In terms of the
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surface morphology, the porosity in Fig. 6a is larger than that in
Fig. 6b. Also, the inner diameter of holes in Fig. 6a is bigger than
that in Fig. 6b. The reason why these phenomena happen is that
the electronic current is higher at 60 V, resulting in more oxygen
gas release from nanotubes shown in Fig. 6a than in Fig. 6b. The
deep holes indicated in Fig. 6a are formed due to the effect of
the oxygen bubble model, and these deep holes on the surface
correspond to the nanotubes below the surface. Since the
images in Fig. 6a and b were obtained in the electrolyte with the
same concentration of NH,F, the difference in surface
morphology between Fig. 6a and b does not result from the
corrosion of F~ ions, but the difference of electronic currents at
different voltages. With more oxygen gas release, the inner
diameter of deep holes on the surface becomes larger.

In Fig. 6a, besides deep holes corresponding to nanotubes,
shallow holes are also marked. These shallow holes can be
found in Fig. 6b. We believe that these shallow holes are
different from deep holes. They are shaped by oxygen bubbles
that stay on the surface and cannot immediately release from
the oxide film. In other words, due to the high electronic current
in pure NH,F electrolyte, oxygen bubbles not only release from
the bottom of nanotubes, but also a small amount of them
release from the surface of the oxide film. This kind of hole on

Fig. 6 FESEM images of Ti anodized in different electrolytes (a) and (b) without HzPO, at a voltage of 60 V (a) and 50 V (b), respectively; with 8
wt% HsPO,4 at a voltage of 50 V (c) and 60 V (d), respectively; with 10 wt% HzPO, at a voltage of 50 V (e) and 70 V (f), respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the surface of the oxide film is mainly shaped by oxygen bubbles
on the surface. Because of the pressure of electrolyte and
external atmospheric pressure, the oxygen bubbles on the
surface cannot release at once. Therefore, the effect of the
oxygen bubble model comes into play. The influence of atmo-
spheric pressure on anodization of metals has been demon-
strated by researchers.****

Fig. 6c and d show the surface morphology of the anodic
oxide film obtained in an electrolyte consisting of 0.5 wt% NH,F
and 8 wt% H3;PO,. The numbers of shallow holes and deep
holes on the surface in Fig. 6c and d are far lower than those in
Fig. 6a and b, which is due to the fact that the production of
electronic current and oxygen bubbles in the electrolyte with 8
wt% H;PO, during anodization is much less than that in pure
NH,F electrolyte. Different from Fig. 6a and b, some corrosive
cracks are seen on the surface of the oxide film. It is believed
that the dissolution reaction of F~ ions in electrolyte contrib-
utes to these cracks in Fig. 6¢c and e. The cracks are also greatly
related to the volume expansion and oxide stress during the
growth of the oxide film.****” These corrosive cracks are more
obvious in Fig. 6e and f since the surface morphology of the
anodic oxide film was obtained in an electrolyte consisting of
0.5 wt% NH,F and 10 wt% H3;PO,. It is observed that no
nanotubes were formed from the cross-sectional view (as Fig. 3e
and 4e) because of the absence of electronic current during the
anodizing process for 600 s (as Fig. 3f and 4f shows), which
restrains the effect of the oxygen bubble model and hence the
formation of nanotubes, even though there are many corrosive
cracks on the surface, as shown in Fig. 6e and f.

4. Conclusions

In order to further explore the field-assisted dissolution of F~
ions and figure out the physical meaning of the current-time
curve in the process of titanium anodization, which is favorable
for revealing the real reasons for the formation of TiO, nano-
tubes, we have researched the change rule of the current-time
curve of anodization in a pure electrolyte containing 0.5 wt%
NH,F and a mixed electrolyte composed of H;PO, and NH,F
respectively in this paper. The results show that the growth rate
of nanotubes decreases obviously with the increase of H;PO,
content. As the Hz;PO, concentration reaches 10 wt%, even
though the electrolyte consists of 0.5 wt% NH,F, there are no
TiO, nanotubes on the Ti substrate after anodization for 600
seconds. This fully proves that the field-assisted dissolution
involving F~ ions is not the main reason for the nanotube
formation, however the role of F~ ions is more likely to produce
the electronic current in the Ti anodization. During the anod-
ization, which is in the mixed electrolyte of NH,F and H;PO,,
the phosphoric anions ionized from H;PO, form an anion layer
on the interface of the barrier oxide layer. This hindering layer
would prevent F~ and OH  from discharge and producing
electronic current on the interface of the barrier oxide layer. As
a result, the oxygen bubble has no chance to play its role in
forming nanotube embryos of titanium oxide without oxygen
release. This means that, in this case, only the dense film of
titanium oxide can be obtained after anodization of titanium.
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The dissolution reaction involving F~ merely contributes to
producing irregular corrosive cracks on the surface of the dense
film of titanium oxide.
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