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A B S T R A C T

In this work, the anodization of spheres of Ti and Ti6Al4V alloy (TiAlV) in glycerol-based electrolytes using 
bipolar electrochemistry is shown for the first time. TiO2 nanotube (TNT) layers were found over the entire 
surface area of the Ti and TiAlV spheres using a square wave potential of ±60 V and ±65 V with 5.56 × 10− 4 Hz. 
The TNTs’ inner diameter on the extremities of the Ti spheres was ~63 nm and ~78 nm, for ±60 V and ±65 V, 
respectively. The inner diameter of the TNTs fabricated on the TiAlV spheres was ~36 nm and ~43 nm for ±60 V 
and ±65 V, respectively. The effect of the alloying elements of the TiAlV spheres on the TNT layers was also 
investigated. To estimate the effective potential on the spheres contributing to the TNT layer formation, also the 
conventional anodization was performed on flat Ti and TiAlV foils for comparison. It was found that the effective 
potential reached on the extremities of the Ti and TiAlV spheres near the feeder electrodes was only 29 % and 16 
% of the applied potential, respectively.

1. Introduction

Bipolar electrochemistry has opened new avenues of research in the 
field of electrochemistry. Unlike traditional electrochemical methods, 
bipolar electrochemistry involves inducing redox reactions on a 
conductive material, known as a bipolar electrode, which is placed 
wirelessly between feeder electrodes. This technique has been studied 
since the 1960s [1–3]. However, it was only in 2014, when bipolar 
electrochemistry was introduced as a technique for the growth of TiO2 
nanotube (TNT) layers on Ti foils in open anodization cells [4,5]. 
Recently, Asoh et al [6,7], showed the possibility of using bipolar 
electrochemistry for the indirect oxidation of Al under an AC electric 
field.

In a bipolar electrochemical setup, the metal substrate (such as 
aluminium [8], titanium [9], niobium [10], etc.) functions as a bipolar 
electrode (BPE), placed between two feeder electrodes immersed in a 
suitable electrolyte. The electrical potential is applied to the feeder 
electrodes, while the BPE is not directly connected to the potentiostat. 
Instead, it is polarized by the electric field generated between the feeder 
electrodes [11,12]. As a result, the side of the BPE facing the feeder 

cathode acts as the anodic pole, where oxidation reactions occur, while 
the opposite side, facing the feeder anode, acts as a cathodic pole leading 
to reduction reactions. However, since the redox reaction occurs on a 
wireless BPE, the voltage associated with the chemical reactions cannot 
be directly measured, as in conventional (wired) methods. To address 
this challenge, some studies have focused on visualizing the potentials 
and potential distributions along the surfaces of BPEs [8,13]. For 
instance, Asoh et al [10,13,14], employed an electrochemical charac
terization method, specifically re-anodization, on alumina compact 
layer films, to estimate the effective potential during bipolar 
anodization.

Anodizing complex 3D Ti-based structures to modify them with TNT 
layers is a challenging task, as the large surface area increases the risk of 
dielectric breakdown [15,16]. Additionally, for complete anodization, 
the entire 3D structure must be fully immersed into the electrolyte while 
maintaining a connection to the potentiostat. This is nearly impossible 
for solid structures like spheres. To overcome these challenges, we 
recently demonstrated the feasibility of bipolar anodization of different 
3D structures namely as Ti spheres, and 3D-printed Ti meshes using 
ethylene glycol-based electrolytes [17–19].
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In this communication, we systematically investigate, for the first 
time, the anodization of small Ti6Al4V (TiAlV) spheres (2 mm in 
diameter) using bipolar electrochemistry. Ti spheres (3 mm in diameter) 
were also anodized for comparison. Conformal anodization across the 
entire surface area was achieved by applying a square-wave voltage in 
glycerol-based electrolytes. Taking a similar approach as Asoh et al. 
[13,14], Ti and TiAlV foils were also anodized at different potentials 
using conventional anodization, and the inner diameter was compared 
with those obtained via bipolar electrochemistry on the spheres to es
timate the effective potential reached on the sphere surfaces.

2. Experimental

The bipolar anodization setup is shown in Fig. 1. It consisted of two 
Pt electrodes placed 1 cm apart, used as feeder electrodes, and con
nected to a high-voltage potentiostat (PGU-200V; Elektroniklabor 
GmbH). Ti spheres (Goodfellow, 99.6+%, 3 mm diameter), and TiAlV 
spheres (Goodfellow, 2 mm diameter) were cleaned by sonication in 
isopropanol and acetone for 2 min each. After that, the spheres were 
positioned in the center between the two feeder electrodes (see Fig. 1) on 
adhesive tape to prevent random movement during anodization. 
Anodization was performed in 200 ml of a glycerol-based electrolyte 
containing 270 mM NH4F, 50 vol% H2O, and 50 vol% glycerol. A rect
angular square wave potential with an amplitude of ±60 V and ±65 V 
and a frequency of 5.56 × 10− 4 Hz (meaning the potential was changed 
every 30 min) was applied. The total anodization time was 180 min. The 
electrolyte was cooled to 5 ◦C before and during anodization using a 
thermostat and a cooling coil to maintain a stable temperature. After 
anodization, the Ti and TiAlV spheres were sonicated in isopropanol for 
5 min and then air-dried. Conventional anodization was performed on Ti 
and TiAlV foils at different potentials between +5 V and +25 V for 180 
min using the same glycerol-based electrolyte as for the spheres. The 
inner diameter of the TNTs obtained at different potentials for both 
types of foils was evaluated and compared to the inner diameters of the 
TNTs obtained on both types of spheres.

The morphological features of the anodized Ti and TiAlV spheres 
were characterized using a field-emission scanning electron microscope 
(FE-SEM, JEOL, JSM 7500F). SEM top-view images were taken at three 
specific locations: near the extremities – i.e. closest point to the feeder 
electrodes (1), on the site, 45◦ parallel to feeder electrodes (2), and at the 
top of the sphere, parallel to the feeder electrodes (3) as shown in Fig. 1.

3. Results and discussion

Fig. 2 shows a set of top-view SEM images of the Ti spheres, acting as 
BPE, anodized at two different voltages − ±60 V and ±65 V − applied 
between the feeder electrodes, using a frequency of 5.56 × 10-4 Hz. 
Fig. 2 a), b), and c) show the TNT layers obtained after anodization at 
±60 V on spots 1, 2, and 3, respectively, and Fig. 2 d), e) and f) depict the 
TNT layers grown at ±65 V on spots 1, 2, and 3, respectively. As one can 
see, TNT layers were found on all the spots of the Ti spheres. Upon 
detailed measurements, at the extremities of the Ti spheres facing the 
feeder electrodes (i.e., spot 1), the average inner diameter of the TNTs 
was ~63 nm and ~78 nm for ±60 V and ±65 V, respectively. In the 
positions between the extremities and the top of the spheres (spot 2), the 
TNTs inner diameter was ~46 nm and ~45 nm, respectively. On the top 
of the spheres (spot 3), the inner diameter of the TNTs was ~16 nm and 
~19 nm, respectively. This phenomenon can be explained by the prin
ciples of bipolar electrochemistry, which are detailed in the literature 
[4,11,20]. In short, the applied potential decreases gradually across the 
electrolyte solution between the feeder electrodes. As a result, the po
larization potential on the spheres also decreases along its length. The 
extremities of the spheres experience the highest polarization potential, 
which diminishes toward the center of the spheres. Consequently, the 
inner diameter and thickness of the TNT layers vary along the sphere 
[4]. In spot 3, TNT layers were found, even though the polarization 
potential around this position – according to the principles of bipolar 
electrochemistry – should be zero or very close to zero. Similar obser
vations though can be found in the literature. For example, Loget et al. 
demonstrated that a gold bead could be half-coated with polypyrrole 
following wireless anodization [21,22]. Similarly, Asoh et al. reported 
that the zero-potential position was not at the center of the sample, 
resulting in an anodic reaction area that was significantly larger than 
expected, accounting for approximately 90 % of the bipolar electrode 
[8]. Furthermore, Wei et al. observed that TiO2 nanotubes with a size 
gradient covered a substantial portion (approximately 75 %) of a Ti BPE 
during DC bipolar anodization [23]. These studies consistently indicate 
that the cathodic reaction (e.g., hydrogen evolution) is confined to a 
minimal region at the rightmost extremity (<25 %), which is closest to 
the feeder anode. In conclusion, the oxidized area becomes much larger 
than the region acting as a local cathode due to the temporal change in 
the passivation region on the Ti BPE [23,24].

Fig. 3 shows a set of the SEM top-view images of TiAlV spheres 
anodized at ±60 V and ±65 V. As with the Ti spheres, at the extremities 
of the spheres facing the feeder electrodes (spot 1) the TNTs fabricated 
on the TiAlV spheres had the largest average inner diameter of 
approximately ~36 nm, and ~43 nm for ±60 V and ±65 V, respec
tively. In the regions between the extremities and the top of the spheres 
(spot 2), the TNTs inner diameter was around ~30 nm and ~36 nm, 
respectively, while at the top of the spheres (spot 3), the inner diameters 
of the TNTs measured approximately ~17 nm and ~21 nm, respectively. 
The difference in the inner TNT diameters measured on Ti and TiAlV 
spheres is discussed below.

A square-wave potential was used to anodize the entire surface of the 
Ti and TiAlV spheres, as by applying a direct potential only the side of 
the spheres facing the feeder cathode can be oxidized while on the other 
side, a reduction reaction takes place (i.e. the reduction of H+ to H2). As 
a result, the tubes show a black appearance (due to the creation of Ti3+

states). There is hydrogen evolution as well, which stems from the 
negative applied voltage and contribution to the overall reduction pro
cess. By applying a square-wave potential, however, both sides of the 
spheres can be anodized after each other.

Several anodization potentials were studied from ±30 V up to ±70 V 
(not shown here). In the case of low applied potentials from ±30 V up to 
±50 V, only porous TiO2 layers were formed on the Ti and TiAlV 
spheres, while for high potentials of ±70 V no TNT layers were found 
anywhere on the spheres, or the TNT layers were destroyed. The reason 
for this is likely the strong H2 evolution, caused by the high current 

Fig. 1. Schematic of the Ti and TiAlV spheres during bipolar anodization. The 
arrows indicate the spots where the SEM top-view images were taken.
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during the bipolar anodization, which destroys the previously produced 
TNT layers [18].

Since the potential distribution cannot be measured directly on the Ti 
and TiAlV spheres, a set of experiments was carried out using conven
tional anodization of flat Ti and TiAlV foils at different potentials (from 
+5 V up to +25 V). This potential range was selected as (i) the effective 
potential on the surface of the sphere is lower than the potential applied 
between the feeder electrodes during bipolar anodization, and (ii) our 
previous work [25] revealed that the average inner diameter of the TNTs 
measured on the spheres (see Figs. 2 and 3) corresponds to an effective 
potential within this range. The inner diameter of the TNTs obtained on 
the foils was measured and compared to the values obtained for the 
spheres anodized using bipolar anodization to understand the effective 
potential and its distribution on the BPE. Figs. S1 and S2 show the SEM 
top-view images of the TNT layers obtained on the Ti and TiAlV foils. 
Fig. 4 shows the dependence of the inner TNT diameter on the applied 
potential for the Ti and TiAlV foils using conventional anodization. As 
expected, the TNT diameter increases linearly with the applied potential 
for both kinds of foils [26,27].

As one can see, the inner diameter of the TNTs is overall smaller on 
the TiAlV foils than on the Ti foils. This is due to the aluminium and 
vanadium elements present in the TiAlV, which can affect the 

morphology of the TiO2 nanotube layers [28]. In the TiAlV, aluminium 
stabilizes the α-phase, and vanadium stabilizes the β-phase. During 
anodization, the α and β phases exhibit different dissolution rates, 
leading to variations in the thickness and inner diameter of the TNT 
layers. The β-phase, enriched in vanadium, forms thinner nanotube 
layers due to its higher dissolution rate compared to the α-phase [28,29].

Due to the linear relationship between the inner TNT diameter and 
the applied potential, the effective potential on the Ti and TiAlV spheres 
can be calculated. In the case of spot 1 in Fig. 2, the inner nanotube 
diameter was ~63 nm and ~78 nm for the Ti spheres anodized at ±60 V 
and ±65 V which corresponds according to Fig. 4. a) an effective po
tential of ~16 V and ~19 V. This value is ~26 % and ~29 % of the 
potential applied to the feeder electrodes. In the case of TiAlV spheres, 
the values of the TNT layers’ inner diameters on spot 1 were ~36 nm 
and ~43 nm, corresponding to an effective applied potential of ~10 V 
and ~12.5 V (Fig. 4. b), which is ~16 % and ~19 % of the applied 
potential. Thus, the anodization process of Ti and TiAlV spheres lead to 
quantitative differences indicating that a larger diameter of nanotubes 
and a higher effective potential is reached on Ti spheres compared to 
TiAlV spheres. The alloy’s composition with vanadium and aluminium 
plays a significant role in these differences, resulting in smaller nano
tube diameters. The effective applied potential difference for the TiAlV 

Fig. 2. SEM top-view images of TNT layers on Ti spheres with a diameter of 3 mm obtained after 180 min at a frequency of 5.56 × 10− 4 Hz with an amplitude of 
±60 V at spots 1, 2, and 3 (a–c), respectively, and with an amplitude of ±65 V at spots 1, 2, and 3 (d–f).
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spheres is more evident than for Ti spheres, this can be attributed to the 
size of the TiAlV spheres, which are smaller (2 mm) than the Ti spheres 
(3 mm). As a result of the different sphere sizes, the distance between the 
extremities of the spheres and the feeder electrodes varies for both kinds 
of spheres, as the distance between the feeder electrodes is constant (1 
cm). This results in a distance of 3.5 mm and 4 mm for the Ti and the 
TiAlV spheres, respectively, between the feeder electrodes and the ex
tremities of the spheres. Therefore, the potentials reaching the TiAlV 
spheres are smaller. The results of the effective potential differ from 
those reported by Asoh et al [8,10] on aluminium sheets. In that case, 
the shape of the BPE was rectangular with different sizes and the dis
tance between the BPE and the feeder electrodes was different than in 
our study, resulting in different effective potentials at the BPEs 
[10,30,31].

4. Conclusions

In summary, it was shown that the use of bipolar electrochemistry 
enables the anodization of Ti and TiAlV spheres using glycerol-based 
electrolytes. As a result of applying a square wave potential of ±60 V 
and ±65 V, TNT layers were observed on the whole surface of Ti and 
TiAlV spheres. The TNT layer’s dimensions varied along the Ti and 

TiAlV spheres with the smallest inner diameter at the top of the spheres. 
The inner diameters of the TNTs were correlated with the inner diameter 
obtained for foils using a conventional anodization approach which 
helps to estimate the effective applied potential of the spheres during the 
bipolar anodization.
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Fig. 3. SEM top-view images of TNT layers on TiAlV spheres with a diameter of 2 mm obtained after 180 min at a frequency of 5.56 × 10-4 Hz with an amplitude of 
±60 V at spots 1, 2, and 3 (a–c), respectively, and with an amplitude of ±65 V at spots 1, 2, and 3 (d–f). Note: SEM images shows only α-phase regions of the alloy.
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