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Abstract Anodic Ta oxide films are said to inhibit oxygen
evolution. In industry, however, large amounts of gas are
evolved during the anodization of tantalum anodes for
electrolytic capacitor fabrication. We quantified the oxygen
by fluorescence quenching in a flow-through cuvette and
found that 4% of the anodic charge are consumed for oxygen
evolution. In wires or sheets, this oxygen is removed by
diffusion without bubble formation and, thus, not recognized.
Due to the large inner area of the sintered Ta anodes, the
oxygen evolution causes strong oscillations of the current
density and bubble formation. The amount of oxygen is
proportional to the oxide amount formed in parallel. This is
explained by a model where mobile ions during oxide growth
form interband states which allow electron tunneling. Ac-
cordingly, stationary no oxygen evolution is observed.
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Introduction

Valve metals such as Al, Ta, or Nb cover with oxide films
in some nanometers in a humid environment, e.g.:

4 Taþ 5 O2 ! 2 Ta2O5 ð1Þ

or anodically according to:

2 Taþ 5 H2O ! Ta2O5 þ 10 Hþ þ 10 e� ð2Þ

These oxides are similar to ceramics due to their large band
gap of 3 to 6 eV. Accordingly, they are perfect insulators for
electron transport; ionic movement for oxide growth is only
possible due to the extreme field strengths of up to 10 MV
cm−1 by a special hopping mechanism with activation
energies around 2 eV. Therefore, oxygen evolution, which
requires an electronic conductivity, should be excluded. In
fact, no significant oxygen bubbles are formed in a
common experiment with electrode wires or sheets. The
current efficiency for anodic oxide formation is >98%,
which is reported in the former literature [1, 2].

This result, however, is in contrasts to industrial
findings, when large amounts of gas are evolved during
the anodization of tantalum anodes for electrolytic capacitor
fabrication. Obviously a reaction such as

2 H2O ! O2 þ 4 Hþ þ 4 e� ð3Þ

must be possible. Another reaction which produces gas is
the chemical hydrogen formation of base metals in acid
solutions, e.g.,

2 Taþ 10 Hþ ! 2 Ta5þ þ 5 H2 ð4Þ

This reaction is less probable at anodic potentials, but not
impossible if the oxide film shows local break-downs. The
aim of this paper is to find out, if and under which
conditions oxygen is formed and to identify the gas
qualitatively and quantitatively.
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High-field oxide growth

The formation of oxide films follows the high-field law [3],
which correlates the current density i with the electric field
strength E inside the oxide film,

i ¼ nra � exp � W

RT

� �
� exp aazFE

RT

� �
ð5Þ

where z is the charge number and ρ is the charge density of
mobile ions, a is the distance of hopping, ν is the oscillation
frequency of the ions, (about 6∙1012 s−1 at room tempera-
ture), W is the activation energy, and α is a symmetry factor
of the energy barrier. Equation 5 is often abbreviated:

i ¼ i0 � expðbEÞ ð6Þ
The field strength E is determined by the potential drop ΔU
within the oxide film and its thickness d:

E ¼ ΔU

d
ð7Þ

This potential drop ΔU is calculated from the electrochem-
ical potential by U

ΔU ¼ U � U0 ð8Þ
where U0 is the zero field potential or the flat band
potential, which is normally very close to the equilibrium
potential of the oxide electrode, for Ta U0≈−0.8 V [4, 5].

Equation 5 and Faraday's law yield the time-dependent
oxide growth according to [4]
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d

� �
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with the molecular mass M and the density χ of the anodic
oxide; y is the number of electrons required to form one

molecule of oxide (e.g., 10 in Eq. 2). Densities χ around
8.5 gcm−3 were reported [6–8].

A cyclovoltammogram can be simulated by a simple
numeric integration of Eq. 9 (Fig. 1) and corresponds to the
experimental one. Typical cyclovoltamograms with
100 mVs−1 show no anodic current up to a potential given
by the initial oxide film thickness and then a steep rise to
the plateau current of oxide formation of 300 μAcm−2. This
current is independent of the potential, and thus, according
to Eq. 6, the field strength must be constant during
potentiostatic growth, e.g., 6.3 MV cm−1 in Fig. 1. This
means that the oxide layer thickness d increases linearly
with the potential U according to

d ¼ kðU � U0Þ ð10Þ

with an oxide specific film formation factor k. A plateau
current density of 300 μAcm−2 and a composition Ta2O5

with a molecular mass of 441.9 g mol−1 and a density of
8.5 g cm−3 yields k=1.62 nmV−1 at 100 mVs−1.

The use of Ta capacitors indicates that the anodic oxide
represents a perfect dielectric medium. Ta-Metal and
electrolyte form the plates of a parallel plate condenser.
The capacity C′ or the capacity density C is given by:

C0 ¼ A � " � "0=d ð11Þ

C ¼ " � "0=d ð12Þ

where A is the surface area, ε is the relative dielectric
number, ε0 is the dielectric number of vacuum and d is the
distance of the plates, in our case, the oxide thickness.
Values for ε around 27 were reported [9–11].

Fig. 1 Simulated cyclovoltam-
mograms of Ta with different
dU/dt. Initial oxide thickness
d0=3 nm
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If a constant and notable part of the anodic current
would produce oxygen, we would expect:

& oxygen is always evolved during oxide formation;
& the current density iO2 is proportional to iox;
& iO2 is independent of the potential.

Experimental

In former times, oxygen was identified by the formation of
bubbles at anodic potentials in most cases. The lack of
bubble formation at Ta wire or sheet electrodes lead to the
assumption that no oxygen is anodically formed, i.e., the
partial current density of oxygen formation must be smaller
than some μAcm−2. Furthermore, the correspondence
between anodic charge and oxide film capacity (Eq. 12)
indicated that the oxygen current density must be smaller
than some percentage of the total anodic current. To
quantify the analysis, some problems had to be solved:
the amount of oxygen had to be increased up to detectable
amounts, and a reliable and applicable technique of oxygen
detection had to be developed. The first problem was
solved by using Ta electrodes with a large surface,
especially porous sintered Ta anodes as used for fabrication
of electrolytic capacitors. These anodes had volumes of
about 1 mm³ and electrochemically active surfaces of 50 to
300 cm2. The quantitative analysis of oxygen was done by
fluorescence quenching of a special dye, a technique which
was refined in our laboratory to quantify the oxygen
formation during Electrochemical Machining at extremely
large current densities [12].

Ta electrodes

The Ta anodes were made of extremely pure metal and
contained less than two·1018 cm−3 of impurity atoms. The
sintered Ta was delivered by H.C. Starck GmbH & Co. KG,
Goslar, Germany and formed porous blocks (1×1×1 mm)
with a total surface around 100 cm², equipped with a thin
Ta wire for contact. The inner active surface was calculated
from the plateau currents around 3 V, assuming 300 μA
cm−2 for a smooth surface at 100 mVs−1. Most experiments
were carried out in sulphuric acid (3 mol l−1) to get a high
conductivity and to minimize the electrolyte resistance in
the pores of the sintered anode. The setup for fluorescence
quenching, however, required a less aggressive electrolyte.

Fluorescence quenching

Oxygen evolution was quantified by fluorescence quench-
ing of a dye in a flow-through cuvette. The electrolyte

consisted of 250 g L−1 sodium nitrate p.a. at pH 7 with
0.1 g L−1 dichlorotris(1,10-phenanthroline)ruthenium(II)
hydrate (98%) as the fluorescence dye.

The solution was thermostated at room temperature and
purged with argon gas to remove initial oxygen. A micro-
gear pump moved the electrolyte through the cell, a small
glass tube with a diameter of about 1 mm which contained
the tantalum anode. The electrolyte washed all reaction
products into the flow-through cuvette. A blue LED with a
wavelength of 447 nm excited the dye and the emission
light was directed to the detector (UV–VIS EPP2000,
Stellarnet Inc.). A reducing valve behind the cuvette
increases the pressure on the right side of Fig. 2 to avoid
the formation of bubbles and to keep the generated oxygen
solved.

Figure 3 shows excitation and emission spectra of the Ru
(II)-phenanthroline-complex with a concentration of 0.01 g
L−1 in water. The blue curve shows the excitation spectrum
at 598 nm. A maximum occurs close to 447 nm, which is
just the wavelength of the blue LED used for excitation.

The emission spectrum at 445 nm has its maximum at
598 nm. Between excitation and emission wavelength is a
huge stokes-shift, which makes the use of optical filters
redundant.

For better fluorescence detection while using the flow-
through cuvette, the concentration of the dye was increased
to 0.1 g L−1. This concentration caused the best ratio

Fig. 2 Scheme of the experimental setup for oxygen quantification
[12]
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between absorption of the excitation light and intensity of
the fluorescence signal. Figure 4 shows the spectra for this
concentration. The maximum of the fluorescence signal is
about 2,460 counts, if the solution is free of oxygen. The
presence of 250 g L−1 sodium nitrate does not interfere. If
the solution is saturated with oxygen, the dye will be
quenched and the intensity of the emitted light decreases to
400 counts. The quenching of the dye is smaller, if sodium
nitrate is present. This is no interference, but the solubility
of oxygen is lower in solutions with high ionic strength.

The scattered excitation light can be used as an indicator.
If any gas is not dissolved in the electrolyte, bubbles occur
in the cuvette and increase the intensity of scattered light.
For reproducibility, the LED was always driven with a
constant current of 500 mA.

This experimental setup was tested by anodic oxygen
evolution at a platinum electrode. The fluorescence intensity
of the dye is inversely proportional to the consumed charge
for oxygen evolution on platinum, which can be easily
measured and be used for calibration plots to quantify the
amount of oxygen evolution in other electrochemical systems.

Results

Ta wires show the typical plateau current in cyclovoltammo-
grams up to some 10 V. The statistical spikes of dielectric
break-down and re-passivation are observed. The cyclo-
voltammograms of sintered Ta anodes (Fig. 5) are very
similar up to 8 V, but then the shape changes completely.
Oscillations of the current between zero and some milliam-
pere per square centimeter were observed, accompanied by
an alternating strong gas evolution (Fig. 6).

The oscillation frequency is influenced by the sweep rate
which will be discussed later. The mechanism is obvious: gas
bubbles develop and block the inner surface of the sintered
cube, the current goes down to almost zero, as the outer
surface of the sintered body, which still has electrolyte
contact, is much smaller (some square millimeter) compared
to the complete surface (some 100 cm²). Then the gas bubbles
leave the sintered body or dissolve in the electrolyte. The
potential increased during the blocking period without further
oxide growth, which is now accelerated and forms the current
peak. Gas is evolved in parallel and a new cycle starts.

Fig. 3 Excitation and emission
spectrum of 0.01 gL−1 dichlotris
(1,10-phenanthroline)ruthenium
(II)hydrate, (98%), in deaerated
water

Fig. 4 Fluorescence quenching
of 0.1 g L−1 dichlorotris(1,
10-phenanthroline)ruthenium(II)
hydrate, (98%) by dissolved
oxygen
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Fig. 5 Current density (blue) and corresponding charge (red) of sintered Ta anodes and cyclovoltammograms of wires with sweep rates of 10, 50,
and 100 mVs−1

Fig. 6 Sintered Ta anode during
cyclovoltammogram (sweep rate
100 mVs−1) at potentials <9 V
during blocking (left) and with
gas evolution (right)
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The corresponding charge was calculated by numeric
integration of the current. The mean slope does not change
in the oscillation region, indicating that most of the charge
is consumed for oxide formation. This fits to former results
with current efficiencies close to 1. A first estimate of
oxygen current density yielded some microampere per
square centimeter. This is too small to be observed at
wires, as the oxygen dissolves in the electrolyte and leaves
the electrode by diffusion. Visible bubble formation
requires current densities >1 mAcm−2. The bubble forma-
tion at the sintered Ta anodes is an effect of the large inner
surface and, thus, of super saturation of the gas.

Next step was an identification and quantification of the
gas. Figure 7 and Table 1 show the results. Oxygen
evolution requires an electronic conductivity of the oxide
film (Eq. 3). If this conductivity is a common solid state
property of the oxide, the oxygen amount should be
proportional to the period of time within this potential
limits and, therefore, increase with decreasing sweep rate,
independently of the oxide formation current density. In
fact, the oxygen amount is independent of the sweep rate.
In the range from 100 to 400 mVs−1, the amount does not
decrease by a factor of 4 but remains almost constant.

Accordingly, cyclovoltammograms with 10 mVs−1

show no oscillations or bubble formation. The constant
amount of gas is now distributed over a very long period
of time and can be removed by diffusion without bubble
formation.

Discussion

The oxygen amount is independent of the sweep rate,
i.e., the oxygen amount is not dependent on the time in
a specific voltage region and, therefore, the electronic
conductivity is no intrinsic property of the oxide. The
only parameter which is constant in that potential
interval is the amount of oxide, as the formation factor
k (Eq. 10) is only weakly dependent on the sweep rate.
So we can assume that the amount of oxygen is coupled
to the amount of oxide, which was formed at the same
time, i.e.,

iO2 ¼ f � iOx ð13Þ
with a factor f which is around 0.04 (Table 1).

To explain this, we developed a model presented in
Fig. 8. The oxide growth requires mobile ions, which
produce transient states in the band gap (shaded area in

Fig. 7 Fluorescence quenching
of dichlorotris(1,10-
phenanthroline)ruthenium(II)
hydrate during anodization with
different sweep rates. Due to the
very small amounts of gas, our
detection by fluorescence
quenching were limited to
sweep rates >50 mVs−1

Table 1 Charge of oxygen evolution and oxide formation

100 mVs−1 200 mVs−1 400 mVs−1

QO2/mC 208 192 142

Qtotal/mC 4,718 5,021 3,734

QO2/Qtotal 4.4% 3.8% 3.8%

Fig. 8 Semi-quantitative band model of anodic Ta oxide. Mobile ions
(oxygen?) form terms within the band gap of 3.9 eV during growth
and enable electron tunneling [13]
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Fig. 8). Electrons can cross the band gap by resonance
tunneling, enter the conduction band, and move to the
metal. The number of the interband states will increase with
the growth rate and, thus, sweep rate, but the time within
this oxygen region will decrease at the same time. These
effects compensate each other and, as a result, the amount
of oxygen remains constant.

From Fig. 8, one would conclude that this process
should be possible at all potentials >3 V, but, in fact,
bubbles are not formed at potentials <6 V. To explain this,
we have to respect the porous structure of the anode. The
mean pore diameter is around 100 nm. A formation of
such tiny bubbles with a radius r depends on the surface
tension of the electrolyte (σ=0.075 Nm−1) and requires a
large excess pressure Δp, which is given by the Laplace
equation, s ¼ 0:075 N m�1ð Þ, and requires a large excess
pressure Δp, which is given by the Laplace equation:

Δp ¼ 2s
r

� 30 bar ð14Þ

The electrolyte volume in the anode is around 1.6·10−9 m3.
To build up such excess pressure, the concentration of
supersaturated oxygen is calculated from Henry's law

c ¼ p

k
¼ 30 bar

770 L bar mol�1 ¼ 0:039 mol L�1 ð15Þ

and, inside the anode

39 mol m�3 � 1:6 � 10�9 m3 ¼ 6:2 � 10�8 mol oxygen

which corresponds to a charge of

Qsupersat ¼ 4 � 96485 C mol�1 � 6:2 � 10�8 mol ¼ 24 mC

Bubble formation starts at sweep rates >20 mVs−1, this
corresponds to currents of 14 mA. Assuming that 4% of
the total current form oxygen, we get an equivalent of
>560 μC s−1, which is dissolved and removed by diffusion.
At 50 mVs−1 a total oxygen charge of

Qoxygen ¼ 1:4 mA � 60 s ¼ 84 mC

is consumed between 3 and 6 V. Meanwhile, a charge

Qdiffusion ¼ 0:56 mA � 60 s ¼ 34 mC

is lost by diffusion. The remaining charge

Qoxygen � Qdiffusion ¼ 50 mC

is in the same order of magnitude as Qsupersat. This fits well,
if we respect the uncertainties, especially the distribution of
pore size.

Summary

Valve metals such as Al, Ta, or Nb cover with oxide films in a
humid environment, which are similar to ceramics due to their
large band gap. They should be perfect insulators for electron
transport and, therefore inhibit oxygen evolution.

In industry, however, large amounts of gas are evolved
during the anodization of tantalum anodes for electrolytic
capacitor fabrication.

We detected the oxygen evolution at Ta anodes quanti-
tatively by fluorescence quenching in a flow-through
cuvette. The current efficiency of the oxide formation is
about 96%, i.e., around 4% of the anodic charge is
consumed for oxygen evolution. At common electrodes
such as wires or sheets, this oxygen is removed by diffusion
without bubble formation and, thus, not recognized. Due to
the large inner area of the anodes, the oxygen evolution
causes strong oscillations of the current density and bubble
formation. This process is a cyclic formation of gas
bubbles, blockage of the inner surface, removal of gas,
further oxide growth, and back again.

The amount of oxygen is proportional to the oxide amount
formed in parallel. Therefore, we assumed that mobile ions
necessary for growth form interband states which allow
electron tunneling through the oxide film. Accordingly,
stationary no oxygen evolution is observed. The formation
of gas bubbles within the tiny pores requires a significant
super saturation and excess pressure which causes a delay of
the oscillations in cyclovoltammograms by some Volts.
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