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ABSTRACT: This study investigated the temporal change in the oxidation area on a
titanium (Ti) bipolar electrode (BPE) subjected to bipolar anodization in a direct current
(DC) electric field using a spectrophotometer. The rectangular Ti sheet used as a BPE was
horizontally positioned at the center of a cell. After the DC bipolar anodization, the oxidized
area was detected nondestructively and visually using a specific interference color that
depends on the thickness of the barrier-type oxide film formed on the Ti BPE. The change in
the L*a*b* color space corresponding to each interference color revealed that the oxidation
area increased along the longitudinal axis of the BPE with the increasing electrolysis time by
reflecting the change in the potential distributions on the BPE. As visually demonstrated, the area where the anodic reaction
proceeded reached saturation at 90% of the BPE surface area.

■ INTRODUCTION
Bipolar electrochemistry attracts attention as a powerful tool for
designing asymmetric functional surfaces and a straightforward
synthetic route to Janus particles with anisotropic chemical
composition and structure.1−8 Most studies on bipolar electro-
chemistry adopted an open bipolar cell under a direct current
(DC) electric field. In these works, a plate-like bipolar electrode
(BPE) horizontally positioned at the center of two driving
electrodes in the cell is generally used. Although the BPE does
not require a direct electrical connection to the external power
supply, reduction−oxidation (redox) reactions simultaneously
occur in pairs at the opposite ends of the BPE under a potential
gradient in a DC electric field. The maximum potential
difference over the plate-like BPE (ΔVBPE) can be estimated
as follows using eq 1.1,2

V E l L( / )BPE = (1)

ΔVBPE is generally considered to be governed by the voltage
applied to the driving electrodes (E), the distance between the
driving electrodes (L), and the BPE length (l).1,2 However, this
equation does not consider the changes over time and the
influence of the environment around the BPE (e.g., type,
volume, and conductivity of the electrolyte). In terms of the
electroneutrality principle, it is also sometimes misunderstood
that the area balance of the anode and the cathode on the BPE is
the same, and the area is divided into two regions at the center of
the horizontally positioned BPE. For example, the redox area of
bipolar anodization is not evenly divided.3,4,6,9,10 Nevertheless,
only a few detailed studies on the temporal changes in the
reaction area were made.

In our previous studies, we adopted bipolar electrochemistry
as the surface treatment of light metals (i.e., bipolar anodization)

and investigated the effects of electrolytic conditions (e.g.,
concentration and temperature of the electrolyte, type of electric
field, and electrode configuration) on the structures of the
formed oxide films.11−18 When aluminum BPE was horizontally
positioned at the center of a cell, the area of the anodic reaction
(anodic film formation) was much larger than expected,
accounting for 90% of the BPE.15 Although bipolar anodization
has a potential for prospective surface treatments due to its
design flexibility based on a wireless operation, the change in the
area of the region, in which the redox reactions proceed, has not
yet been completely clarified.

This study systematically investigates the regional and
temporal changes in anodic oxidation on a BPE under a DC
electric field using a spectrophotometer. As previously
reported,17 titanium (Ti) was used as a BPE to visually and
simply evaluate the temporal change in the reaction area. The
surface of the anodized Ti exhibited specific interference colors
due to the high dielectric constant of the oxide films that formed
it;19−21 hence, the anodic reaction area can be nondestructively
and visually identified using the spectrophotometry technique.
Moreover, the effective voltage that directly contributed to the
film formation was estimated along the longitudinal axis of the
BPE by evaluating the L*a*b* color space corresponding to
each interference color, which depended on the thickness of the
barrier-type oxide film formed on the Ti BPE.
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■ EXPERIMENTAL SECTION
Two driving electrodes [carbon plates, 12 cm (H) × 4.2 cm (W)
× 0.8 cm (D)] were positioned 7 cm apart at both ends of a
plastic container. A Ti sheet (99.5%, Nilaco Corporation) cut
into a rectangular shape (1 cm × 5 cm) was degreased with
acetone for 3 min, chemically polished in an HF (46%)-HNO3
(60%) mixture (1:4) for 3 min in an ice bath, and then rinsed
with deionized water. The Ti BPE was horizontally positioned at
the center of the cell (Figure 1). One side (upside surface) of
each Ti BPE was exposed to the electrolyte by covering the back
(downside surface) with Kapton tape.

DC bipolar anodization was performed in 200 mL of 0.01 mol
dm−3 phosphoric acid at 20 °C by applying 60 V of DC voltage
between the driving electrodes for various times. It is well known
that compact oxide films can be formed with fluoride-free
electrolytes (e.g., sulfuric acid, acetic acid, phosphoric acid, and
sodium hydroxide).19 Here, phosphoric acid was selected as the
electrolyte because it is easier to handle than other electrolytes.
The electrolyte was stirred at 300 rpm with a magnetic stirrer

during bipolar anodization to maintain a constant temperature
of 20 °C.

The UV−vis reflectance spectra were measured using a
spectrophotometer to evaluate the thickness distribution of the
formed film on the BPE after electrolysis (KONICA
MINOLTA, CM-5). The measurements were performed at
the center of each section, which was divided into 10 sections of
0.5 × 1 cm2 section (①− in Figure 1b). A target mask with a 5
mm-diameter aperture was used to focus on the measurement
area for the reflectance measurement. The interference colors
were evaluated using the reflectance spectra of the CIE1976
L*a*b* color space standardized by the Commission Inter-
nationale de l’Eclairage. The CIE L*a*b* color space was
determined according to DIN 5033, 2° observer, illuminant D65,
as described in our previous study.12 The morphology of the film
developed on Ti was evaluated using field-emission scanning
electron microscopy (FESEM, JEOL JSM-6701F), while its
crystallographic structure was evaluated using X-ray diffrac-
tometry (XRD, Rigaku SmartLab).

The change in the L*a*b* color space of the bipolar
anodization system was compared with that of the conventional
anodization system to estimate the effective voltage that
contributed to the film formation on the BPE. Therefore, the
relationship between the interference color and the formation
voltage of conventional anodization was also investigated for
reference. The conventional anodization of Ti was conducted in
0.01 mol dm−3 phosphoric acid at 20 °C with voltages ranging
from 5 to 50 V.

■ RESULTS AND DISCUSSION
Conventional Anodization of Ti. Anodized Ti specimens

were prepared by conventional anodization from 5 to 50 V to
investigate the relationship between the interference color and

Figure 1. (a) Schematic of the bipolar anodization. (b) Top view of the
cell used for the bipolar anodization.

Figure 2. (a) Current density−time curves for the Ti sheet anodization at a constant voltage. (b) Digital photographs of the Ti sheets after anodization
at different applied voltages. (c) Cross-sectional SEM image of the Ti sheet after anodization at 50 V. (d) UV−vis reflectance spectra. (e) Relationship
between the L*a*b* values and the applied voltage. (f) a*b* color space of the Ti specimens after anodization at different applied voltages.
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the formation voltage. Figure 2a shows the typical current
density−time curves for the Ti sheet anodization at a constant
voltage. For all cases, the current density increased at the initial
stage of anodization and then decreased to a range from 10 to 0.1
A m−2, indicating the formation of a barrier-type oxide film.
Figure 2b depicts the surface appearances of the anodized Ti
sheets. The oxide film formed on the Ti sheets became thicker as
the applied voltage increased, and the interference color
changed from gold, pink, blue, and light blue to yellow as the
oxide film thickness increased. This color change was similar to
that of the oxide films formed on Ti in the previous studies.19−21

The actual thickness of the film formed on Ti can be roughly
estimated using the voltage−thickness relationship reported by
Van Gils et al.20 Figure 2c shows a cross-sectional SEM image of
the Ti sheet after anodization at 50 V. A uniform compact oxide
film with a thickness of ∼100 nm was formed on Ti. The surface
was flat without nanopores. XRD characterization was
performed to understand the structure of the Ti oxide film
(Figure S1 in the Supporting Information). Although the XRD
spectra exhibited many diffraction peaks, the pattern corre-
sponded to metallic Ti. Diffraction peaks of crystalline Ti oxide
(e.g., anatase and rutile) cannot be observed on the diffraction
pattern in Figure S1; hence, the formed film is considered
amorphous Ti oxide.

Figure 2d shows the UV−vis reflectance spectra for the Ti
sheets anodized at 30 and 50 V. The number of oscillations with
peaks and valleys for the Ti anodized at 50 V was larger than that
of the specimen anodized at 30 V. The film thickness increased
with the applied voltage increase. Figure 2e shows the
relationship between the L*a*b* values and applied voltages.
Table S1 in the Supporting Information shows the L*a*b*
values obtained using the reflectance spectra. Here, L* indicates
lightness. The color changes were analyzed in detail by
performing a color evaluation not only on the samples shown
in Figure 2a but also on the anodized Ti sheets prepared by
varying the applied voltage in 2 V increments from 10 to 20 V.
Each value continuously varied from the substrate (0 V) to the
specimen anodized at 50 V. Figure 2f illustrates the a*b* color
space measured by a spectrophotometer. The a* and b* axes
represent the red/green and yellow/blue components, respec-
tively. For the a* axis, positive values indicate red, whereas
negative values indicate green. While for the b* axis, positive
values indicate yellow, whereas negative values indicate blue.
The a*b* values of the anodized samples changed circle
clockwise around the substrate value (a* = 0.07 and b* = 3.41)
as the applied voltage increased. This voltage dependence of the
color change was used to estimate the effective voltage on the
BPE, which will be described below.

Current−Time Curve for the DC Bipolar Anodization
of Ti. Figure 3 shows the typical current−time curves for the DC
bipolar anodization. The current density was calculated for the
apparent surface area (24 cm2) of one carbon electrode.
Although two paths were available for the ion and electron
currents flowing through the electrolyte and the BPE in the cell,
the exposed Ti surface area can be ignored for the current
density calculation because the current was measured at a circuit
between two driving electrodes. The current density at the
steady state was approximately 170 A m−2, regardless of the
electrolysis time. This indicated the good reproducibility of the
DC bipolar anodization of Ti.

Figure 4 presents the surface appearances of the Ti BPEs after
the DC bipolar anodization for 2, 5, 10, and 30 s and 1, 2, and 10
min. The Ti sheets were horizontally positioned to visually

investigate the temporal change in the reaction area on the BPEs
(Figure 1). Interference fringes were observed along the
longitudinal axis of each specimen. Although this study focused
only on the upside surface, similar interference fringes were
observed on both surfaces when the downside surface was
exposed without a masking process (Figure S2).

The thickest film was formed at position in an anodic area of
the BPE facing the driving electrode used as a cathode. The film
thickness gradually decreased in the direction of the cathodic
area of the BPE facing the driving electrode used as an anode.
The leftmost region ① exhibited a metallic luster, implying no
film formation. Therefore, the left edge of the BPE was
considered to act as a local cathode on the BPE. These findings
are generally consistent with those of the previous results on the
bipolar Ti anodization.3,4

Estimation of the Effective Voltage Contributed to the
Film Formation on the Ti BPE. The UV−vis reflectance
spectra were measured at the center of each section (①− ) to
evaluate the thickness of the barrier-type oxide films formed on
the BPE. Tables S2−S7 in the Supporting Information list the

Figure 3. Current density−time curves for the DC bipolar anodization
of Ti in 0.01 mol dm−3 phosphoric acids at 20 °C at 60 V.

Figure 4. Digital photographs of the Ti sheets after the DC bipolar
anodization for different durations.
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L*a*b* values of the samples after DC bipolar anodization for 2,
5, 10, and 30 s and 1 and 2 min. Figure 5 shows the relationship
between the L*a*b* values and their corresponding measured
positions. Figure S3 shows the a*b* color space corresponding
to each interference color.

Here, the color changes in the sample after the DC bipolar
anodization for 10 min were analyzed in detail. Table 1 lists the

L*a*b* values obtained from the spectrophotometric measure-
ments and their corresponding actual colors. The L*a*b* values
were plotted against the position on the BPE (Figure 6a). The
values continuously varied from ① to along the longitudinal
axis of the BPE. Figure 6b shows the a*b* color space
corresponding to each interference color. The a*b* values
changed circle clockwise around the ① value (a* = −8.25 and b*
= 2.55). The results in Figure 6a,b display the same trend as for
the constant voltage anodization in Figure 2e,f, indicating the
voltage dependence of the color change. The results in Figures 5

and S3 also display similar trends. From the relationship
between the film thickness and the corresponding interference
color,19 the thickness of the film formed on the Ti BPE after the
DC bipolar anodization for 10 min was roughly estimated to

Figure 5. Relationship between the L*a*b* values and their corresponding measured positions of the Ti specimens after the DC bipolar anodization
for (a) 2, (b) 5, (c) 10, and (d) 30 s and (e) 1 and (f) 2 min.

Table 1. L*a*b* Values and Actual Colors of the Ti
Specimens after the DC Bipolar Anodization for 10 min

position on
BPE/cm L* a* b* color

① 0.25 77.72 0.07 4.88 gray
② 0.75 75.07 0.12 9.09 gray−gold
③ 1.25 63.96 1.30 27.70 gold
④ 1.75 51.81 7.57 30.14 gold−pink
⑤ 2.25 42.54 15.73 −3.07 purple
⑥ 2.75 46.45 5.14 −24.34 purple−dark blue
⑦ 3.25 55.45 −3.36 −20.69 dark blue
⑧ 3.75 64.78 −6.68 −13.16 blue
⑨ 4.25 71.16 −7.70 −4.16 light blue

4.75 73.96 −8.25 2.55 light blue−yellow

Figure 6. (a) Relationship between the L*a*b* values and their
corresponding measured positions and (b) the a*b* color space of the
Ti specimens after the DC bipolar anodization for 10 min.
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vary in the 0 to 70 nm range. While the leftmost region ①
exhibited a metallic luster, implying the absence of film
formation, the thickness at the center of the rightmost region

was estimated to be ∼60 nm using the corresponding color.
Figure 7 illustrates the relationship between the effective

voltage and the corresponding measured position. The effective

voltages were estimated by applying the voltage dependence of
the color change in Figure 2 as a calibration curve. The higher
the effective voltage, the thicker the barrier-type oxide film
formed. This variation in the estimated effective voltage
indicated that the effective voltage was graduated. The effective
voltage almost linearly increased from the left side ① of the Ti
BPE to the opposite side . In Figure 7, the zero potential area
was considered as ∼2 cm from the left edge of the BPE for 2 s.
For 5 and 10 s, the zero potential area decreased to ∼1 and 0.5
cm from the left edge. In other words, the area of the anodic
reaction on the BPE increased to 60% at 2 s and 80% at 5 s and
saturated at 90% over 10 s.

At the initial stage of the DC bipolar anodization, the oxidized
area was approximately half of the BPE surface, but the area of
the anodic reaction on the BPE expanded over time, as described
above. Wei et al. reported that a TiO2 nanotube-size gradient
covers a large part (approximately 75%) of the Ti BPE during
the DC bipolar anodization.4 Mu et al. also reported that the
TiO2 nanotube gradient took up more than 80% of the BPE

surface after the bipolar anodization.6 In their case, an electrolyte
containing a fluoride ion was used to form a TiO2 nanotube with
different dimensions. In contrast, the electrolyte used herein was
phosphoric acid without fluoride ions, which resulted in the
formation of a barrier-type compact film. The electrical
insulating properties of the barrier-type TiO2 film formed in
phosphoric acid were higher than those of the barrier layer of the
porous TiO2 film formed in the electrolyte containing a fluoride
ion. Therefore, the area of the anodic reaction expanded beyond
75% of the BPE area and reached saturation at 90%. In
conclusion, the oxidized area should become much larger than
the area acting as a local cathode due to the temporal change in
the passivation region on the Ti BPE.

The temporal color change in each section of the BPE was
then investigated. Figure 8a shows a typical a*b* color space
corresponding to the ⑤ and positions. In the case of position
⑤, the a*b* values changed in a clockwise half circle around the
2 s value (a* = 9.00 and b* = −31.27) as the reaction time
increased from 2 s to 10 min. In the case of position , the values
also changed in a clockwise half circle from 2 s to 10 min but did
not overlap with the trajectory of the a*b* values for position ⑤.
Figure 8b depicts the relationship between the estimated
effective voltage at positions ⑤ and and the corresponding
reaction time. In both positions, the effective voltage rapidly
increased by the first minute of electrolysis and slowly increased
thereafter. In the case of position , the estimated effective
voltages were 19, 25, 28, 33, and 35 V after the bipolar
anodization for 2, 5, 10, and 30 s and 1 min, respectively. The
effective voltage clearly increased with the increase in the
reaction time. After a 10 min bipolar anodization, the effective
voltage reached 38 V at position . The thickness of the barrier-
type TiO2 film at position was roughly estimated at 70 nm.

The highest value of 38 V was close to the voltage of 43 V (60
5
7

× ) estimated from eq 1 and corresponded to approximately
63% of the voltage applied to the external driving electrodes.
Thus, the highest anodic potential at the anodic edge of the Ti
BPE estimated from eq 1 was considered to represent ΔVBPE, at
which the redox reaction was saturated. In practice, however, the
effective voltage and the reaction area varied with time,
especially over a short period of time in the early electrolysis
stages. In this study, the oxidized area on the Ti BPE was
visualized using an interference color caused by the formation of
a barrier-type oxide film on the BPE under a DC electric field.
The oxidized area of the Ti BPE was coated with Ti oxide, which

Figure 7. Relationship between the estimated effective voltage and the
corresponding measured position on the BPE for the DC bipolar
anodization.

Figure 8. (a) a*b* color space and (b) relationship between the estimated effective voltage and DC bipolar anodization times. Data at positions ⑤ and
on the BPE are shown.
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has a wide variety of properties, including catalytic, photo-
catalytic, and antibacterial properties. Because the surfaces of the
Ti BPEs have structural gradients, the functional surfaces can be
used as a sensing and screening device, as previously reported.3,6

Janus-like electrodes will open new possibilities for multifunc-
tional electrodes.

■ CONCLUSIONS
In this study, the temporal change in the anodic oxidation area
on the Ti BPE horizontally positioned in the cell was visually
evaluated by the interference color determined by the thickness
of the barrier-type oxide film. The film thickness almost linearly
increased from the cathodic site to the edge of the anodic pole of
the Ti BPE. Reflecting the asymmetric electric field distribution,
the effective voltage was graduated. Note that the anodic
oxidation area increased along the longitudinal axis of the BPE
with the increasing electrolysis time. For the electrolysis times
longer than 10 s, the oxidation area reached 90% of the Ti BPE.
The film thickness also rapidly increased by the first minute of
the electrolysis and slowly increased thereafter. These findings
obtained using spectrophotometry are useful for understanding
the phenomena of the BPE, especially during the short period of
time in the early electrolysis stages. Further experiments with
deeper insights will allow for a more precise reaction control in
bipolar electrochemistry.
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