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Abstract: We have investigated the dependence of reaction impedance in titanium anodizing on the frequency of a small
sine wave voltage superimposed on a fixed D.C. voltage. The magnitude of the reaction impedance, |Z| is found to obey a

power law of the angular frequency ®, |Zl<@ . The exponent ocof 0.52+0.05, which was determined by the

measurement of the frequency-dependent |Z|, indicates that in the titanium anodizing process, a homogeneous charge-
transfer reaction takes place in the interfacial layer between the anode electrode and the outer Helmholtz plane.
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1. INTRODUCTION

Titanium anodizing has been studied in the fields of
nanoscience  [1], medical engineering [2] and
electrochemistry [3] because of scientific interests and
practical applications. Two different interpretations of the
titanium anodizing process have been proposed. One
interpretation is described by the electrochemical reaction [2,

4, 5] such asTi +2H,0 — TiO, + 4H" + 4¢~, which can be

read as a heterogeneous charge-transfer reaction in which
both reactants exist in the different two phases. That is, in
the charge-transfer reaction a titanium atom in titanium
anode electrode and water molecules adsorbed on the
titanium anode electrode react electrochemically.

The other interpretation [1, 3, 6] states that titanium
atoms dissolve into an electrolyte and anodic oxidation takes
place at the interface. The electrochemical reaction that
occurs in a diffusion layer of titanium ions is called a
homogeneous  charge-transfer  reaction  given by

Ti** +2H,0 —» TiO, + 4H" .

The same discrepancy as seen in titanium anodizing has
been reported in the study on the aluminum anodizing
process [7,8], which is described as

2Al+3H,0 — AlLO; +6H" +6e¢~ for the heterogeneous

charge-transfer reaction and 2AI°* + 3H,0 — ALO;+6H"
for the homogeneous charge-transfer reaction.

Studies on the charge-transfer reaction contribute to the
understanding of the interface between an electrode and
electrolyte in many fields [9-11]. However, there have been
very few studies that combine the charge-transfer reaction
with a power law.

The magnitude of the reaction impedance, |Z| due to a
change in a reactant concentration caused in the vicinity of
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an anode electrode by a small sine wave voltage with an
angular frequency ® [12] obeys the power law,

1Z] o 07, (1)

where the exponent o has a value of 0.5 for the
homogeneous charge-transfer reaction and that of 1.0 for the
heterogeneous charge-transfer reaction. We have developed
a measurement method [13] for the reaction impedance in
electrodeposition, which is based on a perturbation theory
that describes the small change in the reactant concentration
caused by the applied small voltage.

The present paper aims at showing that the reaction
impedance in titanium anodizing obeys the power law and
the homogeneous charge-transfer reaction takes place.

2. EXPERIMENTAL SETUP

A square titanium plate (the Nilaco corp.) of 7 mm in
width and 1 mm in thickness and a titanium sheet (the Nilaco
corp.) of 65mm in length, 60 mm in width, and 1 mm in
thickness were used for the anode and cathode electrode. The
electrodes were made of titanium of 99.5 wt % purity. The
anode electrode polished by the use of 5, 1 and 0.lum
diamond powder pastes appeared to be mirror-like. The
cathode electrode was also polished with a 1200 SiC grit
paper. The resistance and capacitance ( for example, the
capacitance of the double layer ) in series with the cathode
electrode in the electrolyte can be neglected in comparison
with those of the anode electrode because the area of the
cathode electrode was about 80 times as large as that of the
anode electrode.

An ultrasonic cleaner with the distilled water, acetone,
and ethanol in order was used for 10 minutes to clean the
electrode. The anode and cathode clectrode were located
parallel in a cell including a solution of 1 mol/L phosphoric
acid (Kanto chemical Co. Inc.). The electrochemical cell was
maintained at a temperature range of 292 to 302 K.

A small sine wave voltage having an amplitude of 10 - 90
mV and a frequency of 1 - 25 Hz, which was superimposed
on a DC voltage (NF corp., WF1965), was applied between
the anode and cathode electrode. As shown in Fig. (1), the
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resistance R of 50 Q was connected in the system to measure
a current passing between the anode and cathode electrode
and the data of the current was stored in a digital
oscilloscope (Yokogawa, DL1720). The AC coupling mode
in the digital oscilloscope operation was chosen to measure
only the A. C. component of the current.

Digital Digital
Oscilloscope| | Synthesizer

L L
R

cathode

anode

Fig. (1). Schematic diagram for measurements of transient potential
curves for a sine wave voltage generated by the digital synthesizer.

In our preliminary experiment, for a D. C. voltage of 4 V,
the current density rapidly decreased at the initial stage and
at an anodizing time of 100 s the transient current gradually
tended to be a fixed current density of 2.6 mA/cm?”. This
indicated that the anodizing rate at 100 s was very low but no
corrosion of the formed titanium layer occurred because the
corrosion current for the anodized titanium [14] was an order
of wA/cm?. Thus, the D.C. voltage on which the small sine
wave voltage was superimposed was determined as 4 V.

3. RESULTS AND DISCUSSION
3.1. Power-Law of Reaction Impedance

The small sine wave voltage causes a change in a
reactant concentration in the vicinity of the anode electrode
surface. The concentration change behaves as if electrical
components in the equivalent circuit model, and fluctuates
with a phase shift electrically observed as impedance called
the reaction impedance.

The governing equations for the homogeneous and
heterogeneous charge-transfer reaction become

0Ac/dt = DV?Ac — kAc and 0Ac/dt = vi/nF —kAc where t

is the time and Ac is defined by a small change of the ion
concentration from the thermal equilibrium concentration, D
is the diffusion coefficient, k is the net rate related to
electron charge transfer reactions, i is the current density, n
is the charge number, F is the Faraday constant and v is the
stoichiometric factor.

As we have reported in detail how to solve the equation
under some appropriate boundary conditions [13], we here
briefly describe the results. For the homogeneous charge-
transfer reaction, the magnitude of the reaction impedance
|Z| becomes,

RTV? 1 1/4
|Z|: 22— ( 2 2) ’ 2
n“F°cND )\ w” +k
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where R is the gas constant, ® is the angular frequency of the
sine wave voltage and T is the temperature. It is noted that
Eq. (2) indicates not the impedance without reaction (called
the Warburg impedance) but the impedance with reaction.
Eq. (2) represents the impedance when the charge-transfer
reaction takes place in the electrolyte and titanium ions bind
chemically to oxygen ions in the electrolyte. On the other
hand, for the heterogeneous charge-transfer reaction, the
magnitude of the reaction impedance becomes,

2
IZI=[ VRT] 1 ©)

2 02— ’
n’F’es o + K

where ¢y is the equilibrium concentration at the surface. It is

noted that Eq. (3) includes no diffusion coefficient. We
assume that in this study the net reaction rate constant k is
k<1 [15]. For @ > k, Egs. (2) and (3) are summarized as Eq.
(D.

The other electrical components in the equivalent circuit
model are the capacitance of the anodized titanium oxide
layer and that of the Helmholtz layer. These capacitances
connected in series with the reaction impedance can be
neglected because they are in general much larger [16-18]
than the reaction capacitance. Hence, the measured
impedance becomes the reaction impedance.

3.2. Reaction Impedance for the Small Sine Voltage
Superimposed on the DC Voltage

To extract the amplitude of the current density caused by
the small sine wave voltage superimposed on the D.C.
voltage, the Fourier transform [19] is employed. Here let us
consider the Fourier transformation of the cosine wave
current density, i with a pulse time duration of p, which is
defined by,

i, cosw,t,
O b

for 0<t< p,
for t <0 and t > p,

“4)

where i, is the amplitude of the cosine wave current density
and o, is the angular frequency of the applied sine wave
voltage. The data of the cosine wave current density within
the interval [0, p] are transformed into Fourier space, that is,
Eq. (4) is transformed into Fourier space,

F(w)=pi, 12, forw=a,,
F(0)= sinp(a)—a)o)/2+sinp(w+w0)/2’ for 02, ©)
w-o, 0+,

Eq. (5) shows that the magnitude of the reaction
impedance |Z| is determined by F(®) using the known sine
wave voltage and the value of p. For the sine wave voltage
superimposed on a D. C. voltage of 4 V, the measured
current density in Fig. (2a) is transformed into Fourier space
in Fig. (2b). The applied sine wave voltage has amplitude of
40 mV and a frequency of 1 Hz. According to Eq. (5), the
intense peak of |F(w)| appears at 1 Hz as shown in Fig. (2b).

In a similar way, for the sine wave voltage having an
amplitude from 10 to 90 mV and a frequency from 1 to 25
Hz, |F(w)|, which is linearly proportional to the amplitude of
the sine wave voltage, is obtained as shown in Fig. (3). As
stated in the Introduction, Egs. (2) and (3) are derived on the
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basis of the linear perturbation theory that requires the
Ohm’s law to define the reaction impedance. The
experimental results in Fig. (3) satisfy the required condition
of linearity between the applied sine wave voltage and the
current density. Fig. (3) gives the reciprocal value of |Z| from
p=100 and the slope in a plot of |F(w)| vs the amplitude of
the applied sine wave voltage.
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Fig. (2). Typical current density vs time curve at 292 K using the 1
mol/L phosphoric acid solution and its Fourier transformation plot.
(a) Current-time curve obtained for the 1 Hz sine wave voltage
having an amplitude of 40 mV superimposed on the DC 4 V. The
DC component in the current is excluded. (b) Fourier
transformation of the data in (a). The intense peak is obtained at 1
Hz.
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Fig. (3). Dependence of the amplitude of the current density in
Fourier space on the amplitude of the sine wave voltage at 292 K.
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In Fig. (4), |Z| is shown to obey the power law of the

angular frequency, | Z l< ™% . The exponent value of o best
fitted to the data, 0.48 £ 0.04 at a temperature of 292 K
indicates that in titanium anodizing, the homogeneous charge
transfer reaction occurs. In addition, irrespective of
temperature, as shown in Fig. (5), the reaction impedance
obeys the power law and the slope best fitted to all the data
yields the exponent o of 0.52+0.03. In addition, the
impedance decreases with temperature. Hence, in titanium
anodizing, the homogeneous charge-transfer reaction takes
place in the electrolyte between the electrode surface and the
outer Helmholtz layer. As a thin titanium oxide layer have a
porous structure [20], titanium atoms in contact with the
phosphoric acid solution dissolve and electrochemically
react to the oxygen ions, which 1is described by

Ti** + 2H,0 — TiO, + 4H" . In our experiment, as the film

thickness is estimated at about 20 nm, the homogeneous
charge transfer reaction becomes the mechanism for the
oxide layer.

7.4

~

o
o

In |F(@)] (€2)

2
N

|
2.4 3.4 4.4 54

5.8

In ® (rad.)

Fig. (4). Log-log plot of the reaction impedance vs the angular
frequency at 292 K. The DC voltage and the amplitude of the sine
wave voltage are is 4 V and 40 mV.

In potentiostatic oxidizing, no pH change in the
phosphoric acid solution affects the growth rate and growth
thickness of the titanium oxide layer [20]. However, the pH
affect the dissolution and corrosion behaviors of titanium
oxide layers potentiostatically formed [3, 4]. Hence, the
power-law behavior of the formed oxide layer in a corrosion
circumstance will need a further study.

4. CONCLUSIONS

We have investigated the type of the charge-transfer
reactions in titanium anodizing. It is shown that the reaction

impedance obeys the power law, |Z|o<a)_a, and that the
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Fig. (5). Log-log plot of the reaction impedance vs the angular
frequency for three kinds of the electrolyte temperature. The
straight line best fitted to the data is shown.

exponent o =0.521+0.03 for the anodizing process is
obtained. This indicates that in the titanium anodizing
process the charge-transfer reaction takes place at the
interface, at which both titanium ion and water molecule

exist.
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