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The formationmechanism of anodic TiO2 nanotubes remains to be unclear till now. Many researchers study

the influence of temperatures above 0 �C instead of below 0 �C. Few papers before have explained the

relationship between the current–time curve and the morphology of the nanotubes. In this study, the

innovative ‘oxygen bubble model’ and the ionic current and electronic current theories were introduced

to explain the growth of nanotubes below 0 �C. The length of anodic TiO2 nanotubes at 15 �C, 0 �C,
�10 �C were 1.28 mm, 0.93 mm and 0.21 mm, respectively, but the diameter of anodic TiO2 nanotubes

was almost the same, at about 164 nm. When the temperature was low, the magnitude of electronic

current and the ionic current was small, the mold effect was weak and nanotubes could not be formed.

At the same time, this study shows that the dissolution reaction of the field-assisted solution theory has

no electron gain or loss, and it has nothing to do with the current, which negates the field-assisted

dissolution theory. A novel two-step anodization was used to verify the conclusion. It was found that

nanotubes could be obtained when the anodizing current was decreasing or increasing. Also, ginseng-

shaped nanotubes are formed at a particular voltage sequence. Based on the ‘oxygen bubble model’ and

the ionic current and electronic current theories, the formation process of nanotubes of two-step

anodization is explained clearly.
1. Introduction

There are normally three types of TiO2 synthesis methods: the
template method, hydrothermal synthesis method and elec-
trochemical anodization.

(1) Template synthesis method: the preparation of nano-
tubes by assembling nanostructured elements into template
holes, but this kind of prepared TiO2 nanotube lms does not
show superior performance in electronic screening, photoelec-
tric conversion and other aspects, indicating that the best
performance of TiO2 nanotubes is closely related to the prepa-
ration method.1

(2) Hydrothermal synthesis method: nano-TiO2 powder is
reacted with a concentration of about 10 mol L�1 of an alkali
solution (NaOH solution) in a high-pressure reaction vessel, and
the reaction temperature is controlled at 110–120 �C. Aer the
reaction, the product is aged, washed, and heat-treated to
obtain the nal product TiO2 nanotubes. However, this kind of
TiO2 nanotube lm is disordered, difficult to control the
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number of tube layers, and difficult to establish the structure–
activity relationship.

(3) Electrochemical anodization and porous anodic oxides
have received extensive attention because such nanomaterials
have broad application prospects in many elds.2–6 However,
the formation mechanism of anodic TiO2 nanotubes is still in
debate.7–13 The eld-assisted dissolution theory14–17 is the most
classical, believing that the eld-assisted dissolution of the
oxide gives rise to the formation of anodic TiO2 nanotubes. But
many recent ndings cannot be explained via the eld-assisted
dissolution theory.18–23 Zhou et al. reported that the growth rate
of nanotubes in electrolytes with 2 wt% H2O was signicantly
faster than that in electrolytes with 10 wt% H2O.24 Zhang et al.
suggested that the growth rate of nanotubes had nothing to do
with the concentration of NH4F.25

In addition to studying the effects of water and uoride ions,
researchers have also explored many other factors that inu-
ence the growth of anodic TiO2 nanotubes, such as voltage and
temperature.26–28 Mohan et al. reported that higher temperature
caused a rise in the dissolution rate of oxides.29 Schmuki et al.
suggested that the growth-transition of a nanotubular TiO2 into
a hexagonally shaped TiO2 nanocolumnar morphology can be
obtained under a control lm temperature at a sufficiently high
applied potential anodized in a uoride-containing organic
electrolyte.30
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However, most researchers chose to study the synthesis at
ambient temperature or above and they cannot explain many
experimental results with the eld-assisted dissolution
theory.29–31 Most of the researchers believe that at a relatively low
temperature, only the compact oxide layer can form, and the
dissolution of the electrolyte will cause shallow pits on the
surface of the compact oxide layer. However, in this study, the
growth of anodic TiO2 nanotubes was studied at low tempera-
ture for the rst time and gourd-shaped nanotube embryos were
found. These gourd-shaped nanotube embryos are strong
evidence to prove the existence of oxygen bubbles. How can the
weak dissolution of the electrolyte at low temperature lead to
the gourd-shaped nanotube embryos? The interesting
morphology of nanotubes cannot be explained by the eld-
assisted dissolution theory. Few papers before have explained
the essence of the current–time curve as it changes with
temperature. The connection between the current–time curve
and the morphology of the nanotubes has not yet been
explored. That is because the eld-assisted dissolution reaction
itself has nothing to do with the current. A new explanation for
the decreasing current under low temperature is given based on
the ‘oxygen bubble model’32–38 and the ionic current and elec-
tronic current theories.39–45 We propose that the electronic
current, rather than the eld-assisted dissolution, plays an
important role in the growth of nanotubes. During the anod-
ization, the electronic current leads to the formation of oxygen
bubbles. The oxygen bubbles serve as a mold, around which
oxides grow and form anodic TiO2 nanotubes. The formation of
nanotubes is not the result of the eld-assisted dissolution of
the electrolyte.46–48

This result was conrmed from an interesting two-layer
nanotube array obtained using a novel two-step anodization
process. Herein, two voltage sequences of anodization are
designed to form nanotubes. It is found that nanotubes can
form whenever the current keeps decreasing or increasing,
which questions the eld-assisted dissolution equilibrium.
Also, the ‘oxygen bubble model’ is used to explain the boundary
between the nanotubes of two anodization. In addition,
ginseng-shaped nanotubes are found. Based on the ionic
current and electronic current theories, a clear explanation is
given to explain the interesting morphology of nanotubes.
2. Experimental details

The experiment was divided into two parts. The details are
presented as follows. The experiments were repeated twice for
each sample under each condition to ensure that the current
curve was consistent.
2.1 Part 1: temperature control in Ti anodization

Titanium foils with a purity of 99.5% and thickness of 100 mm
were selected. The anodization area was maintained at 1.0 cm
� 2.0 cm � 2 sides. Before the anodization, they were polished
for 20 seconds using a mixed solution of HF, HNO3 and
deionized water (1 : 1 : 2 by volume). The surface of titanium
foils was free of scratches. The samples were then rinsed
430 | RSC Adv., 2022, 12, 429–436
thoroughly with deionized water and put in the air for drying.
The titanium foil functioned as the anode and a platinum plate
served as the cathode.

These titanium foils were anodized separately in ethylene
glycol electrolyte containing 0.5 wt% NH4F and 2 wt% H2O
under different temperatures (15, 0 and �10 �C) at a constant
voltage (60 V) for 600 seconds.
2.2 Part 2: two-step anodization of Ti

The cutting and polishing process is as same as that described
in part 1. During anodization, the titanium foil was used as the
anode and a graphite plate served as the cathode. The anod-
ization area was also maintained at 1.0 cm � 2.0 cm � 2 sides.

Two-layer nanotubes were obtained by a novel two-step
anodization. There were two sequences of anodization.

Sequence 1: the rst anodization was conducted in ethylene
glycol electrolyte containing 0.5 wt% NH4F and 2 wt% H2O at
a constant voltage (60 V) for 600 seconds. The second anod-
ization was conducted in the same electrolyte at a constant
voltage (40 V) for 600 seconds.

Sequence 2: the rst anodization was conducted in ethylene
glycol electrolyte containing 0.5 wt% NH4F and 2 wt% H2O at
a constant voltage (40 V) for 600 seconds. The second anod-
ization was conducted in the same electrolyte at a constant
voltage (60 V) for 600 seconds.

The anodizing temperature was maintained using
a constant-temperature bath. The anodizing current was
recorded throughout the experiment. The distance between the
electrodes was kept constant at 2 cm. Aer anodization, all the
samples were soaked in plenty of deionized water for an hour.
Then, they were rinsed using deionized water and dried in air to
remove the solute remaining on the surface of the oxide lm.
Finally, to observe the cross-section of the anodic lms on the
Ti, all samples were bent several times to articially manufac-
ture cracks so as to directly observe the cross-section of the
nanotube. All the samples were characterized using a FESEM
instrument (Zeiss Supra 55).
3. Results and discussion
3.1 Temperature control anodization of Ti

Fig. 1 shows FESEM images of the anodic oxide lm showing
the length and diameter of nanotubes anodized under
a constant voltage of 60 V for 600 s and the corresponding
current–time curves. When the anodizing temperature was
15 �C and 0 �C, lengths of anodic TiO2 nanotubes were 1.28 mm
and 0.93 mm, respectively, as shown in Fig. 1a and b. When the
temperature dropped to �10 �C, as shown in Fig. 1c, only the
anodic TiO2 nanotube embryos were formed and the length of
the anodic TiO2 nanotube embryos was 0.21 mm. The diameter
of the nanotubes or nanotube embryos under different
temperatures was almost 164 nm. According to the eld-
assisted dissolution theory, the formation of anodic TiO2

nanotubes is the result of the eld-assisted dissolution of the
electrolyte.49 However, under a relatively low temperature, eld-
assisted dissolution should also exist. Only the nanotube
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM images of TiO2 nanotubes anodized at (a) 15 �C; (b) 0 �C; (c)�10 �C at a constant voltage 60 V and (d) the corresponding current–
time curve.
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embryos with a short length are formed, which the eld-assisted
dissolution theory cannot explain. Also, it is hard to give a clear
explanation using the eld-assisted dissolution theory to
explain the three stages during the anodization of anodic TiO2

nanotubes clearly. According to the eld-assisted dissolution
theory, porous anodic oxides form at the metal/oxide interface
and are dissolved at the oxide/electrolyte interface (TiO2 + 6F� +
4H+ / [TiF6]

2� + 2H2O).49–51 The rate of dissolution and growth
is equal so that the current in the third stage (III) is kept the
same. However, how the eld-assisted dissolution can keep the
equilibrium between the oxide growth and dissolution at
different temperatures is not given a convincing explanation by
the eld-assisted dissolution theory. Zhang et al. suggested that
the growth rate of nanotubes is much higher than the dissolu-
tion rate of nanotubes.52 Besides, the eld-assisted dissolution
reaction has been denied by the ow model of the porous
anodic lm and it has been veried that equilibrium between
oxide growth and dissolution is impossible.53–55

In the temperature control experiment, the uoride ion
concentration of the electrolyte did not change. According to
the eld-assisted dissolution theory, the dissolution reaction
(TiO2 + 6F� + 4H+ / [TiF6]

2� + 2H2O) forms anodic TiO2

nanotubes. However, there is no electron gain or loss in this
reaction. This reaction is just a chemical dissolution reaction
and does not contribute to the current. The difference in the
current–time curve in Fig. 1d is not related to the dissolution
reaction. That is to say, the formation of nanotubes is not the
result of the eld-assisted dissolution theory.

Fig. 2 is a diagram of the ‘oxygen bubble model’ growth.
According to the ‘oxygen bubble model’32–38 and ionic current
and electronic current theories.39–45 Two reactions happened at
the anode.

Ti � 4e� + 2H2O / TiO2 + 4H+ (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
2H2O � 4e� / O2 + 4H+ (2)

A reaction was performed on the cathode.

4H2O + 4e� / 2H2 + 4OH� (3)

The total reaction equation:

Ti + 2H2O / TiO2 + 2H2 (4)

2H2O / O2 + 2H2 (5)

The ionic current controls the growth of oxide and the
electronic current control the formation of oxygen bubbles. The
compact oxide layer is the result of oxides caused by ionic
current and the formation of anodic TiO2 nanotubes is the
result of oxygen bubbles caused by the electronic current, which
may be expressed simply as:34,35,39

Jtotal ¼ Je + Jion (6)

Jion ¼ A exp(bE) ¼ A exp(bU/d) (7)

Je ¼ J0 exp(ad) (8)

where Jion is the ionic current, Je is the electronic current, J0 is
the primary electronic current.39 a, b and A are specic pro-
portionality factors. E is the electric eld strength. U is the
voltage size and d is the thickness of the barrier oxide layer. The
ionic current and electronic current are in direct and inversely
proportional exponential relation with the thickness d of the
barrier oxide layer, respectively. Take the current–time curve at
15 �C in Fig. 1d as an example. In stage (I), a compact oxide layer
is formed rapidly (Fig. 2a). The compact oxide layer, which is
near the interface of electrolyte will become an anion-
RSC Adv., 2022, 12, 429–436 | 431
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Fig. 2 Diagram of the ‘oxygen bubble model’ growth.
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contaminated layer and the one, which is near the Ti will
become a barrier oxide layer (Fig. 2b).24,36 In the stage (II), when
the ionic current declines to the minimum value, the barrier
oxide layer reaches the critical thickness so as to generate Je,
which forms oxygen bubbles between the interface of the
barrier oxide layer and the anion-contaminated layer
(Fig. 2c).19,20,56 The electronic current increases so oxygen
bubbles continue to expand. However, under the pressure of the
electrolyte and the anion-contaminated layer, oxygen bubbles
cannot evolve at once. Thus, oxygen bubbles serve as amold and
the viscous ow of oxide can only grow around oxygen bubbles
(Fig. 2d), which leads to the growth of nanotube embryos.22 In
stage (III), oxygen bubbles evolve from the surface of the
nanotubes and the electrolyte reaches the bottom of the nano-
tubes.9,20,56 Thus, the thickness of the barrier oxide layer
remains the same as well as the ionic current. The ionic current
and the electronic current run side by side. The ionic current
produces oxide and the electronic current produces oxygen
bubbles, growing into highly structured nanotubes.

According to the ‘oxygen bubble model’32–38 and the ionic
current and electronic current theories,39–45 when the tempera-
ture is high, the magnitude of electronic current and ionic
current is large, so the mold effect is obvious, regular nanotubes
can be formed, as shown in Fig. 1a. When the temperature is
low, the magnitude of electronic current and ionic current is
small, the mold effect is not obvious. The nanotube embryos
grow slowly, so it is difficult to form nanotubes, as shown in
Fig. 1c.

The eld-assisted dissolution theory also cannot explain the
diameter of nanotubes. According to the eld-assisted dissolu-
tion theory, under low temperature, the dissolution of the
electrolyte is weak so that the diameter of nanotubes will be
small. However, the diameter of nanotubes under different
temperatures is almost the same, about 164 nm, which is hard
to explain using the eld-assisted dissolution theory.

According to the ionic current and electronic current theo-
ries, the diameter of nanotubes is determined by the thickness
432 | RSC Adv., 2022, 12, 429–436
of the anion-contaminated layer,34,35,39 which is inuenced by
the magnitude of voltage. The temperature control anodization
was conducted under a constant voltage of 60 V. Thus, the
diameter of nanotubes under different temperatures is almost
the same.

Fig. 3 shows the surface morphologies of nanotubes anod-
ized at different temperatures. Fig. 3a shows that there are a lot
of deep pores and shallow pits on the surface and the number of
shallow pits is dramatically larger than the number of deep
pores. The deep pores represent nanotubes. Shallow pits and
deep pores on the surface appear to be randomly distributed.
However, the nanotubes in Fig. 1 grow very regularly. According
to the ‘oxygen bubble model’ and the ionic current and elec-
tronic current theories, the growth rate of nanotubes in the
same sample is inhomogeneous and some oxygen bubbles have
not evolved from the inside of nanotubes entirely.9 Thus, some
nanotubes hide under the compact oxide layer and cannot be
seen from the surface, which gives a convincing explanation for
the disordered distribution of deep pores. It indicates that the
formation of shallow pits is a result of the dissolution of the
electrolyte, which makes almost no contribution to the growth
of nanotubes. Even, the deep pores almost disappear when the
anodizing temperature drops to �10 �C in Fig. 3c. That is
consistent with the gourd-shaped nanotube embryos in Fig. 1c.
According to the eld-assisted dissolution theory, at a low
temperature, only the compact oxide layer and some shallow
pits on the surface can be formed as a result of the weak
dissolution of the electrolyte. However, it is hard for the eld-
assisted dissolution theory to explain the gourd-shaped nano-
tube embryos formed at �10 �C. How can the weak dissolution
of the electrolyte at a low temperature form these gourd-shaped
nanotube embryos? These gourd-shaped nanotube embryos are
strong evidence to prove the correctness of the ‘oxygen bubble
model’ and the ionic current and the electronic current theo-
ries. When the electrical current is small, many nanotube
embryos have not opened yet, so the deep pores in the nanotube
are not visible. However, shallow pits are always on the surface.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images showing the surface morphologies of nanotubes anodized at a constant voltage (60 V) for 600 s at different temperatures:
(a) 15 �C, (b) 0 �C, (c) �10 �C.
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This result also veries that the eld-assisted dissolution always
exists in the anodization and the effect of the eld-assisted
dissolution is very weak.46
3.2 Two-step anodization of Ti

Fig. 4 shows the current–time curve of the two-step anodization
of Ti under 15 �C. The rst anodization of sequence 1 is under
40 V (Fig. 4a), and the second anodization is under 60 V
(Fig. 4b). The rst anodization of sequence 2 is under 60 V
Fig. 4 The current–time curves corresponding to the two voltage seq
sequence 2 (c) and (d) 60 V + 40 V.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4c), and the second anodization is under 40 V (Fig. 4d). It
can be found that for both sequence 1 and sequence 2, the rst
anodization shows a normal three-stage curve, while for the
second anodization in sequence 1, the current begins to decline
slowly when it rapidly drops to 33 mA (Fig. 4b). In the second
anodization of sequence 2, the current rapidly drops to 0.5 mA
and then slowly rises (Fig. 4d). Nanotubes were found in both
sequence 1 and sequence 2 (Fig. 5). According to the eld-
assisted dissolution theory, nanotubes result from the
uences of two-step anodization: sequence 1 (a) and (b) 40 V + 60 V;

RSC Adv., 2022, 12, 429–436 | 433

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06694c


Fig. 5 FESEM images showing the two-layer nanotube arrays obtained by two-step anodization under different voltage sequences: sequence 1.
(a) and (b) the first is 40 V, the second is 60 V; sequence 2. (c) and (d) the first is 60 V, the second is 40 V.
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equilibrium between the dissolution of the electrolyte and the
formation of the oxide, which leads to a stable current in the
stage (III). However, in this two-step anodization experiment,
the current of the second anodization in sequence 1 is
increasing and in sequence 2 is decreasing. Both, sequence 1
and sequence 2 form nanotubes. This interesting result
counters the dissolution equilibrium of the eld-assisted
dissolution theory. According to the equation of the ionic
current and electronic current theories above,34,35,39

Jion ¼ A exp(bE) ¼ A exp(bU/d) (9)

Je ¼ J0 exp(ad) (10)
Fig. 6 FESEM images of (a) ginseng nanotubes were obtained in seque
growth.

434 | RSC Adv., 2022, 12, 429–436
When the current in the anodization declines, the ionic
current dominates and more oxide is produced. When the
current increases, the electronic current dominants and oxygen
bubbles are produced more. That is to say, when the current
drops rapidly, the oxygen bubble cannot serve the mold effect,
and the compact oxide layer will be formed. When the current
rises rapidly, the breakdown will occur, and the oxygen bubble
will evolve directly. Only when the ionic current and electronic
current are in a relatively balanced state, the oxide grows
together with the oxygen bubble, and highly structured nano-
tubes can be formed. Thus, nanotubes can be formed in both,
sequence 1 and sequence 2.
nce 2 and (b) and (c) the schematic diagram of the ginseng nanotube

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 shows FESEM images of two-layer nanotube arrays
obtained by two-step anodization for 600 s under two different
voltage sequences. Fig. 5a and b show sequence 1 (40 V + 60 V).
Fig. 5c and d show sequence 2 (60 V + 40 V). It can be seen that
the diameter of the upper nanotubes in sequence 1 is smaller
(about 110) nm and the diameter of the lower nanotubes in
sequence 2 is larger (about 147 nm). The boundary between the
two anodization cannot be seen in sequence 1, while it can be
seen very clearly in sequence 2. This nding is hard for the eld-
assisted dissolution theory to explain.

According to the ionic current and electronic current theo-
ries,39–45 for sequence 1, the voltage of the second anodization is
higher, so the diameter of the lower nanotubes is larger than the
diameter of the upper nanotubes. The total anodizing current
keeps decreasing, indicating that the ionic current plays
a leading role to form a thicker barrier oxide (Fig. 4b). As
a result, more oxides are produced and the viscous ow of
oxides grows from the bottom to the top and covers the
boundary, forming a nanotube that is thick at the bottom and
thin at the top, as shown in Fig. 5a.57

For sequence 2, due to the low voltage of the second anod-
ization, the diameter of the lower nanotubes is smaller than the
diameter of the upper nanotubes, while the total anodizing
current keeps rising slowly (Fig. 4d), indicating that the elec-
tronic current dominates and less oxides are produced. There-
fore, there are not enough oxides to grow upward to cover the
boundary. Thus, the boundary between the two-layer nanotube
arrays formed in the two anodization ins 2 can be clearly seen in
Fig. 5c.

Fig. 6a shows a locally enlarged view of nanotubes from
sequence 2, where the forked nanotubes, namely, ginseng
nanotubes, can be clearly seen. According to the eld-assisted
dissolution theory, nanotubes are generated by the dissolu-
tion of the electrolyte.49 According to the eld-assisted disso-
lution theory, the number of nanotubes in both layers should be
equal. It is impossible to produce forked nanotubes as shown in
Fig. 6a. There are obvious gaps between the ginseng nanotubes
as shown in Fig. 6a. How can the dissolution of the electrolyte
cause obvious gaps between each ginseng nanotube?

According to the ‘oxygen bubble model’ and the ionic current
and electronic current theories,39–45 when the second anodiza-
tion is conducted in sequence 2, the voltage (40 V) of the second
anodization is lower than that of the rst anodization (60 V). In
this way, under a lower electric eld, more electronic current
can only be generated (Fig. 4d), leading to more oxygen evolu-
tion (Fig. 6b). A voltage of 40 V leads to a thinner barrier oxide
layer. Accordingly, a larger number of nanotubes with smaller
diameters were formed in the second layer, that is, ginseng-
shaped nanotubes as shown in Fig. 6b and c were formed.

4. Conclusions

There are two groups of experiments in this paper, one is the
single factor experiment, temperature control anodization, the
other is two-step anodization. In the temperature control
anodization, the length of anodic TiO2 nanotubes at 15 �C, 0 �C,
�10 �C is 1.28 mm, 0.93 mm and 0.21 mm, but the diameter of
© 2022 The Author(s). Published by the Royal Society of Chemistry
anodic TiO2 nanotubes is almost the same, at about 164 nm.We
also proposed the ‘oxygen bubble model’ and the ionic current
and electronic current theories to explain in detail the
morphology difference of nanotubes at different temperatures.
When the temperature is high, the magnitude of electronic
current and ionic current is large, so the mold effect is obvious,
regular nanotubes can form. While at a low temperature,
nanotubes are hard to form as a result of the low electronic
current and ionic current.

In the two-step anodization, we designed the anodization of
two voltage sequences, and nanotubes are obtained whenever
the current continues to fall or the current continues to rise,
denying the traditional theory that the dissolution equilibrium
produces nanotubes. A new type of ginseng nanotube is found.
According to the ionic current and electronic current theories,
when the electronic current is low, the diameter of nanotubes
will become smaller. Due to the bottom-up growth mode, the
oxide grows around the small oxygen bubble at the bottom of
the rst anodization to form ginseng nanotubes. These inter-
esting results presented in this work are of help to get a better
comprehension of the growth mechanism of porous anodic
oxides.
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