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Introduction

At present, the common methods for preparing titanium 
dioxide (TiO2) nanotube arrays include hydrothermal 
method (1), template method (2) and anodic oxidation 
method (3). Among them, TiO2 nanotube arrays prepared 
by anodic oxidation method are favored because of the easy 
morphology control and strong binding with substrate (4,5). 

The self-organized TiO2 nanotube arrays fabricated by 
anodization are extensively useful in various applications, 
such as drug delivery systems (6,7), orthopedic implants 
(8,9), dye-sensitized solar cells (10,11), photocatalysis 
(12,13), and so on (14-16), due to their special surface 
topologies, superior physical and chemical properties, and 
excellent biocompatibility, among other qualities (17,18). It 
is of paramount importance to study the growth mechanism 
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of TiO2 nanotube arrays fabricated by anodization to 
achieve artificial control of microstructure and expand their 
applications. Understanding of the growth mechanism of 
TiO2 nanotube arrays has been largely built upon that of the 
highly ordered Al2O3 nanotube arrays by anodization, which 
has been investigated extensively (19-22). Zwilling et al. (23) 
reported that the existence of F− in electrolyte was necessary 
for the formation of nanotubular structure. Beranek et al. (24)  
showed that the growth and dissolution of the TiO2 
nanotube films finally reached a dynamic balance. Mor 
et al. (25) suggested that the chemical dissolution and 
field-assisted dissolution were the critical factors for the 
formation of TiO2 nanotube during anodization, based on 
the point defect model proposed by Macdonald (21). Many 
researchers have asserted that the field-assisted dissolution 
is the leading mechanism for the information of porous 
anodization films on valve metals (19,26,27). Skeldon et al. 
and Garcia-Vergara et al. (28,29) proposed the plastic flow 
mechanism for growth of porous Al2O3 nanohole arrays 
by anodization, and Houser et al. and Hebert et al. (22,30) 
established a model of plastic flow mechanism. Roy et al. 
suggested that the flow mechanism was also applicable 
to the growth of anodic TiO2 nanotube arrays (18), and 
confirmed that a fluoride-rich layer existed at the compact 
TiO2 oxide/Ti substrate interface due to the migration of 
ions through the anodic oxide films (31). Raja et al. (32) 
reported that the repulsive force originating from cation 
vacancies was the cause of division of common walls of 
nanoholes into nanotube wall. Roy et al. (18) proposed that 

selective dissolution of fluoride-rich layers and preferential 
etching at triple points by water (H2O) in electrolyte 
resulted in the formation of a tubular structure from an 
originally porous structure. Although many results for the 
growth mechanism of anodization TiO2 nanotube have 
been yielded, a comprehensive full understanding still does 
not exist, and the growth mechanism of highly ordered self-
organization TiO2 nanotube arrays prepared by anodization 
requires further study. Especially for double-wall TiO2 
nanotube arrays, of which the structure and formation 
conditions are different from single-wall TiO2 nanotubes 
(31,33,34), few reports regarding their growth mechanisms 
are available in the literature. 

In the present work, we investigated the initial growth 
process of the large-diameter double-wall TiO2 nanotube 
arrays anodized at high voltage (120 V) in ethylene glycol 
electrolyte consisting of aluminum fluoride (NH4F) and 
H2O on high purity titanium (Ti) foils at room temperature. 
The evolution of surface and cross-section morphologies 
and the transition process from nanoholes to nanotubes 
were reported in detail. Based on our observations and 
insights stimulated by some existing viewpoints, we 
established growth models of large-diameter double-wall 
TiO2 nanotube arrays obtained at high voltage in order 
to better understand their formation. We present the 
following article in accordance with the MDAR reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-6510/rc).

Methods 

Materials

Anodization was conducted in a 2-electrode configuration 
using DC power supplies (GPR-30H10D, GwINSTEK/
CE0200010T, Kalaifei, Shanghai, China). The electrolyte 
consisted of 0.5 wt % NH4F (96%, Alfa Aesar, Tweksbury, 
MA, USA) and 10 vol % H2O in ethylene glycol (99.8%, JT 
Baker, Mumbai, MH, India), and electrolyte that had been 
used for ~80–100 hours was used in this paper.

Experiment

The reason for utilizing the used electrolyte was explained 
in our previous work (33). Titanium sheets (99.5% purity, 
annealed, 0.25 mm thick, Alfa Aesar) were cut into 12 mm  
× 24 mm size to serve as the anode electrode. Prior to 
anodization, samples were degreased in acetone with 
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ultrasonication followed by distilled water rinse, and then 
chemically etched for 40–60 seconds in the mixture of 
nitric acid (HNO3) and hydrogen fluoride [HF; 1:1 (v/v)] 
to remove the native oxide film, followed by distilled water 
rinse. A platinum foil acted as the cathode electrode. The 
anodized area was 12 mm × 3 mm and the anodization 
voltage was fixed at 120 V for different durations. After 
anodization, the samples were thoroughly washed with 
distilled water and then dried with air stream. All the 
experiments were conducted at room temperature. The 
morphologies of the anodized specimens were characterized 

by ultra-high-resolution field emission microscope (UHR 
SEM; FEI XL30), and the cross-section images and the 
bottom-side images of TiO2 nanotube arrays were taken 
from mechanically scratched samples. All the tests were 
repeated for three times. The results were shown as an 
average.

Results

Morphology evolution of Ti anodic oxide films

Figure 1 shows the evolution of surface morphology of 

Figure 1 Evolution of surface morphology of Ti anodic oxide films obtained at different oxide times under the voltage of 120 V. (A-E) 
Anodization for 5 seconds, 15 seconds, 2 minutes, 10 minutes and 20 minutes, respectively.
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Ti anodic oxide films obtained at different oxide times 
when the voltage was 120 V. Nanoholes with diameter of 
about 40 nm appeared on the surface of anodic oxide film 
anodized for 5 seconds (Figure 1A). When the anodization 
time was 15 seconds, the diameter of nanoholes increases 
to about 60 nm (Figure 1B). For the oxide film anodized for  
2 minutes, the diameter of nanoholes reaches 108 nm (Figure 
1C). The diameter of nanoholes increases to 180 nm when 
the anodization time was prolonged to 10 minutes (Figure 
1D). After 20 minutes of anodization, an obvious nanotube 
structure was obtained and the diameter of nanotube was 
almost 280 nm (Figure 1E). The nanohole only appeared 
on the surface of Ti anodic oxide film during the initial 
stage of anodization, consistent with results reported by 
other researchers (35). The variation trend of the nanohole 
diameter with respect to anodization time during the 
initial stage is illustrated in Figure 2. The diameter of the 
nanoholes increased gradually as the anodization extends, 
and the rate of diameter growth within the first 2 minutes 
was greater than in the later phase. 

A sequence of scanning electron microscope (SEM) 
cross-sectional views of the anodic films anodized at 
120 V for different durations are shown in Figure 3. An 
approximately compact film, except for some small pits on 
the surface observed in Figure 2, with a length of 200 nm, 
was obtained when the anodization time was 5 seconds 
(Figure 3A). The oxide film anodized for 15 seconds had a 
length of 450 nm, and the bottom of this film became an 
individual hemisphere-like structure, as presented in Figure 
3B. Meanwhile, it was observed that nanoholes with a length 
of near 240 nm penetrated into the oxide film, which meant 
that the whole oxide film contained the upper nanoholes 
structure and the lower compact film with a thickness 

of 190 nm, as shown in Figure 3C. The thickness of the 
lower compact film obtained by anodization for 15 seconds 
approximated the thickness of the oxide film anodized 
for 5 seconds. In addition, the nanohole wall exhibited a 
loomed double-wall interface, indicated by the white line 
drawn in the lower left inset in Figure 3C. We speculate 
that the oxide film formed at 5 seconds actually contained 
2 layers without a clear interface, and the 2-layer structure 
was hardly detected by SEM. When the anodization time 
reached 30 seconds, the thickness of oxide film was nearly 
780 nm, and the nanohole arrays structure had formed, 
which should be called nanohole arrays due to the apparent, 
but not separated boundaries between nanoholes. The wall 
of some nanoholes had an angular shape (Figure 3D). When 
the anodization time was extended to 2 minutes (Figure 3E), 
the thickness of oxide film was 1,400 nm, and remarkably, 
the wall division between nanoholes from top to bottom 
was obvious, indicating the formation of individual 
nanotubes. The nanotube arrays grew continually and the 
length reached 3.6 mm when the oxide time was 10 minutes 
(Figure 3F). When the oxidization continued to 20 minutes, 
the length of nanotube arrays increased to 6 µm (Figure 
3G). Figure 4 shows the change trend of thickness of anodic 
oxide films at the beginning of anodization. Obviously, 
the rate of thickness growth during the initial 1 minute 
was significantly higher than during the latter stage. Our 
experimental results revealed that the growth rate of films 
was affected by the change of current density, as depicted in 
Figure 5.

The growth rate (R) was represented by the formula: 
R = h/t, where h denotes the thickness of anodic oxide 
films, measured by SEM cross-section images, as shown 
in Figure 3, and t represents the anodization time. We 
supposed that the growth of anodic oxide film dominated 
and the dissolution of anodic oxide film could be ignored 
temporarily at the initial stage. During the first 5 seconds, 
the growth rate of anodic oxide film was up to 42 nm/s. 
Then, the growth rate dropped rapidly to 23 nm/s when the 
oxidation time was 15 seconds. Subsequently, the growth 
rate rose to 30.5 nm/s when the anodization time reached 
30 seconds, and then the growth rate jumped down again to 
18 nm/s at 1 minute. The growth rate diminished continually 
to 6 nm/s when the anodization lasted for 10 minutes, and 
further declined to 5.1 nm/s at 20 minutes. Overall, the 
change trend of the growth rate at the beginning stage of 
anodization was decreasing dramatically firstly and then 
increasing slightly, and falling down again more slowly, and 
finally entering a stable stage, which is analogous to the 

Figure 2 Variation trend of nanohole diameter with time at the 
initial stage of anodic oxidation.
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Figure 3 Cross-sectional view of the films anodized at 120 V for different anodic treatment times. (A-G) Anodization for 5 seconds, 15 seconds, 
15 seconds, 30 seconds, 2 minutes, 10 minutes and 20 minutes, respectively. The arrows in (A,B) indicate film thickness boundaries, and those 
in (C) point to the nanohole structure.
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change trend with respect to the current density, as shown 
in Figure 5. Although the current density drops sharply 
at the very beginning of anodization, the current density 
at this time is still highest during the whole process of 
anodization, which leads to the highest growth rate at the 
initial stage. Therefore, we believe that the growth rate of 
anodic oxide film changes as the current density varies. 

Transition from nanoholes to nanotubes 

Figure 6 shows the transition process from nanohole to 
nanotube structure of the anodic oxide film at the initial 
stage of anodization, that is, the division process of the 
common wall between nanoholes. As shown in Figure 6A, 
the bottom individual hemisphere-like structure had formed 
at 30 seconds and the boundaries between individual 
hemispheres were clear but connected. The shape of the 
inner holes was close to round and the common walls of 

the nanoholes were polygonal and connected, although the 
boundaries of common walls were visible, as indicated by 
the white arrows in Figure 6B. The double-wall structure 
of the nanoholes was discernible (upper right inset in 
Figure 6B). It was obvious that anodization for 30 seconds 
gives birth to the structure of nanohole arrays, even if just 
irregular nanoholes appear on the surface of the oxide film. 
When the anodization time was 1 minute, the division 
between partial hemispheres was visible, as illustrated by the 
white arrows in Figure 6C, and the remaining boundaries 
between individual hemispheres were connected. Figure 
6D shows some common walls of nanoholes splitting into 
individual nanotubular walls, and Figure 6E exhibits the 
incomplete division of common walls, which implies that 
the nanohole structure begins to transform into a nanotube 
structure at this stage. As the division of common walls 
proceeded, the nanohole arrays finally grew to be the 
nanotube arrays, as shown in Figure 3E. 

Morphology evolution of remaining Ti substrates 

Figure 7 exhibits that the surface morphologies of the 
remaining Ti substrates after the oxide films, which were 
anodized at 120 V for different anodization durations, got 
peeled off. Irregularly and unevenly distributed shallow 
dimples, which corresponded to the bulge of the bottom 
individual hemispheres of anodic oxide films, appeared on 
the remaining Ti substrates after anodization for 5 seconds 
(Figure 7A), even if the individual hemispheres had not been 
observed by SEM in Figure 3A due to slight bulge. After  
15 seconds of anodization, the dimples became more apparent 
and were still irregular (Figure 7B), which corresponded to the 
bulge of the bottom individual hemispheres of anodic oxide 
film shown in Figure 3B. As observed in Figure 7C, these 
dimples obtained at 30 seconds became more regular, and 
most of them were hexagonal. Meanwhile, the wall of each 
individual nanohole was polygonal rather than cylindrical. 
After 1 minute of anodization, the polygon dimples on the 
remaining Ti substrates were prone to becoming curved 
(Figure 7D), which also showed that the polygonal wall of 
nanoholes was simultaneously transforming into curved wall 
of nanotubes.

Discussion

Based on the observations and analysis above, the growth 
model of large-diameter double-wall TiO2 nanotubes 
obtained at high voltage is shown in Figure 8. In our 
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Figure 4 Variation trend of anodic oxide film thickness with time 
at the initial stage of anodic oxidation.
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experiments, a compact film observed by SEM formed on 
the titanium substrate at the onset of the anodization as 
the current density dropped drastically. This phenomenon 
has been observed in a previous study (36). We infer that 
the compact film actually contains 2 layers (illustrated in 
Figure 8A): an outer layer (close to the electrolyte) and an 
inner layer (close to the substrate), even if the delamination 
is not evident. According to the results reported by Albu  
et al. (31), the carbon species from the electrolyte are mainly 
incorporated in the inner wall of the tube, and we believe 

that, although no visible interface exists, the distinction of 
these 2 layers depends on composition, explicitly, the outer 
layer exposed to the electrolyte contains, apart from TiO2, 
an amount of C and F elements derived from the electrolyte, 
which is caused by ions migration under strong electrical 
field (31,34); the inner layer predominantly contains TiO2 
and a small amount of extraneous ions. Carbon species, 
O2− and F− migrate from the electrolyte towards the 
anodic oxide film bottom, and Ti4+ migrates from the Ti 
substrate to the electrolyte as induced by the electric field, 
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Figure 6 The transition from nanohole structure to nanotube structure of anodic oxide film at the initial stage of anodic oxidation. (A,B) 
Anodization time: 30 seconds, (C-E) anodization time: 1 minute. Arrows in (B-E) shows boundaries of common walls, the division between 
partial hemispheres, individual nanotubular walls and incomplete division of common walls, respectively.
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Figure 7 The surface morphology of the remaining Ti substrate after oxidation film stripping at different anode time and 120 V. (A-D) 
Indicates anodization for 5 seconds, 15 seconds, 30 seconds and 1 minute, respectively.

as illustrated in Figure 8A. O2− migrated to the bottom of 
inner layer react with Ti4+ to form continually new compact 
TiO2 film (37). At the oxide/substrate interface, the growth 
of compact TiO2 film dominates. According to the insets in 
Figure 3C and Figure 6B, we consider that the outer layer is 
thinner than the inner layer, as drawn in Figure 8A. 

Subsequently, nanometer-sized shallow pits appeared 
unevenly on the surface of the compact anodic oxide 
film (Figure 8B), owing to F− etching the surface of the 
compact TiO2 film to form soluble [TiF6]2− (37,38). As 
their diameters increase gradually, the pits also penetrate 
the compact anodic oxide films, and their depths increase 
gradually as a result of continual F− etching. Meanwhile, 
both flat interfaces at the inner layer bottom and outer layer 
bottom begin to bulge to form the individual hemisphere-
like structure presented above (Figure 8B), due to the 
compressive stress triggered by the volume expansion 
and electrostrictive forces during the transformation of 
Ti to TiO2 (18,39), and strong anion adsorption with O2− 
entrance at the growing oxide lattice (22). Compact TiO2 
in the inner layer flows up along the direction indicated 
by the line with 2 arrows in Figure 8, according to the 

plastic flow mechanism proposed by Hebert and Houser 
(22,30), and the outer layer likewise. Under the strong 
electric field, carbon species, O2, and F− from electrolyte 
and Ti4+ from Ti substrate keep migrating towards their 
respective directions. Since the diameter of F− is less than 
O2−, the migration speed of F− is twice as fast as the O2− (40). 
A fluoride-rich layer consequently forms at the interface 
between TiO2 anodic oxide film bottom and the remaining 
Ti substrate (31,37) (dashed bold line in Figure 8B). 
Compact TiO2 forms continuously at the film bottom until 
the remaining Ti substrate is consumed completely. Carbon 
species coming from ethylene glycol oxidation products (34)  
are incorporated into outer layer in form of anions by 
the electrical field. It is evident that carbon species in the 
form of anions have a diameter larger than O2− and F−, and 
we infer that the carbon species cannot pass through the 
whole oxide film like O2− and F−, and can only permeate the 
upper part of the oxide film, so the thickness of outer layer 
is determined by the permeation depth of carbon species 
related with the applied voltage. 

As the etching of F− towards pits continues, the length of 
pits increases gradually. Under the push of the plastic flow 
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mechanism (18,22), both layers flow up continuously along 
the directions pointed by 2 arrows in Figure 8. Ultimately, 
inner layer wraps the outer layer to form the initial 
nanohole wall, namely, a common wall. In this circumstance, 
the inner layer converts into an outer wall, and the outer 
layer becomes the inner wall, thus double-wall nanohole 
arrays form. Meanwhile, the fluoride-rich layer adjacent to 
the inner layer also moves upward as the inner layer flows 
up and finally lies in the middle of common walls, as shown 
in Figure 8C. From the inserts in Figure 3C and Figure 6B, 
it is apparent that the thickness of the inner wall is far more 
than that of outer wall with a ratio of about 3:2. Moreover, 
we also found that the ratio of inner wall to outer wall at the 
bottom of the TiO2 nanotube anodized by different high 
voltages (120–225 V) in our experiments is also ~2–3. Also, 

at this stage, carbon species, O2−, F−, and Ti4+ also migrate 
towards respective directions, and new compact TiO2 keeps 
growing at the bottom of the anodic oxide film and the top 
of oxide film keeps dissolving because of the electrolyte 
etching. 

Since the fluoride-rich layer exists in the middle of 
common walls of nanohole arrays, the dissolution of 
fluoride-rich layer into the electrolyte results in the division 
of the common wall of TiO2 nanohole array (41), which 
means that the TiO2 nanotube arrays forms (Figure 8D). 
The outer and inner walls of nanoholes are polygonal, and 
the polygonal outer and inner nanohole walls gradually 
become the curved outer and inner walls after the common 
nanohole walls separate. Except for the etching from 
electrolyte, we suggest that instinctive contraction force 
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Figure 9 Transformation from polygonal structure of double-walled nanohole arrays to approximately cylindrical structure of double-walled 
nanotube arrays: (A) nanopores; (B) transition phase; (C) transition phase; (D) nanotubes.

from the self-regulation mechanism of TiO2 nanotubes, 
perhaps caused by the material plastic flow, also makes 
the polygonal inner and outer nanohole walls become 
cylindrical. Based on the speculation above, the transition 
from the polygonal structure of double-wall nanohole array 
to the approximately cylindrical structure of double-wall 
nanotube arrays is shown in Figure 9; we also speculate the 
ideal regular hexagonal nanohole in Figure 9. Certainly, 
the shape of nanoholes is polygonal, including an irregular 
pentagon and hexagonal in our experiments. As the whole 
surface of the inner walls is always exposed to the electrolyte 
during anodization, a large amount of carbon species 
are incorporated into the inner wall (34), which leads to 
higher dissolution rate of the inner wall in electrolyte 
than the outer wall (33). In our previous works (33), it was 
reported that the inner wall/outer wall interface of the TiO2 

nanotube anodized at higher than 120 V had an obviously 
porous structure, and the interface anodized at lower than 
120 V was hardly detected by SEM (33). We infer that it 
is possibly caused by the different plastic flow speed and 
different instinctive contraction force, both resulting from 
different composition of inner wall and outer wall. For 
TiO2 nanotubes obtained at lower than 120 V, owing to the 
lower applied voltage, the film is thinner, and the amount of 

impurity is comparably low, leading to the interaction force 
between inner wall and outer wall weakening. This explains 
why the porous interface is not obvious. Here, the tube top 
wall becomes even thinner and the compact TiO2 grows 
continuously at the bottom. 

Along with the growth of the tube bottom and the 
dissolution of the tube top, the length of nanotubes 
increases gradually, and the tube top becomes thinner due 
to the etching from electrolyte, and eventually V-shaped 
large-diameter double-wall TiO2 nanotube forms, as 
depicted in Figure 8E.

In recent years, researchers have been optimizing and 
developing the anodic oxidation method, breaking away 
from the traditional one-step anodic oxidation method, 
and gradually mainstream the two-step anodic oxidation 
method (42), suggesting further directions for this study.

Conclusions

In this manuscript, the growth process of large-diameter 
double-wall TiO2 nanotubes fabricated by anodization at 
120 V on pure titanium foil in ethylene glycol electrolyte 
consisting of NH4F and H2O was investigated. Based on 
our observations and inspirations garnered from existing 
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literatures, the growth models corresponding to different 
growth stages were established and then a detailed 
discussion of the growth mechanism was presented. The 
following conclusions can be drawn: 

(I) At the initial stage of anodization, only nanoholes 
appear on the surface of anodic oxide films, and 
the diameter of nanoholes increase gradually with 
the anodization time. An approximately compact 
film forms after 5 seconds of anodization, and 
an obvious bottom individual hemisphere-like 
structure appears at 15 seconds. The growth rate 
of anodic oxide film changes accordingly with the 
current density, which means the former is affected 
by the latter. 

(II) When the anodization time is 1 minute, partial 
nanoholes begin to split into nanotubes. Meanwhile, 
the polygonal wall of nanotubes begins to become 
curved. The dimples, which were irregularly 
polygonal and unevenly distributed on the surface 
of the remaining Ti substrate, become regularly 
round and evenly distributed. 

(III) According to the growth models corresponding to 
different growth stages, we consider the compact 
anodic oxide film formed initially actually contains 
outer layer and inner layer, with no obvious 
interface between them. The bottom even levels 
of the inner layer and outer layer bulge towards 
the substrate and become individual hemisphere-
like structures under the action of compress 
stresses and the plastic flow mechanism. The 
inner layer becomes the outer wall, and the outer 
layer becomes inner wall. Instinctive contraction 
force possibly leads to polygonal inner and outer 
walls becoming cylindrical except for the etching 
of electrolyte. Instinctive contraction force and 
different plastic flow speed are probably the cause 
of the porous inner wall/outer wall interface. 
Eventually, V-shaped large-diameter and double-
wall TiO2 nanotube arrays form.
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