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The anodic oxide films were prepared on the niobium and tantalum in aqueous electrolyte mixtures containing

1 M CH3COOH + 1 M H3PO4 or 1 M CH3COOH + 1 vol.% HF or 1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF at
30 V for 30 min. The barrier films were obtained on both niobium and tantalum surfaces in all electrolyte mixtures
except niobium oxide film formed in 1 M CH3COOH + 1 vol.% HF which is porous in nature. The anodic oxide
films were characterized by FESEM. Also, electrochemical impedance spectroscopy at open-circuit potential on Nb
and Ta was applied and obtained data were analyzed by fitting with four different equivalent circuits.
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1. Introduction

The anodic oxide film formation on valve metals such
as Al, Ta, Nb, and Ti is an exceedingly suitable tech-
nique for producing thin oxide films. Niobium and tan-
talum are well known corrosion resistant materials due
to spontaneous formation of anodic oxide film which is
passive in nature. The passive thin film blocks the dis-
solution of the metal in corrosive environment [1]. The
researchers have reported that stainless steel coated with
niobium increases the corrosion resistance of stainless
steel in NaCl solution [2]. The oxide film on Nb and Ta
has many technological applications [3–6]. Niobium ox-
ide has been applied in sensing materials [7–9], catalytic
processes [10, 11], biocompatible films [12, 13], and in
capacitor technology [14, 15]. The use of anodic niobium
and tantalum in capacitor technology is due to their high
dielectric constant and reduced oxide density. The best
volume–capacitance ratio is presently obtained by elec-
trolytic capacitors based on Nb2O5 and Ta2O5 [16]. Ow-
ing to the larger permittivity of the Nb2O5 and more nat-
ural abundance of Nb, the niobium oxide is considered as
substitute of Ta2O5 in solid electrolyte tantalum/Ta2O5

capacitor [17, 18]. The porous structure on tantalum
and niobium is also widely used in optical and electronic
devices [19, 20]. Niobium has been also used in piezoelec-
tric materials [21], solar cells [22], etc. Nowadays, Ta2O5

and Nb2O5 are used as host lattices for rare-earth ion in
preparation of luminescent materials [23, 24].

Anodization is well defined process to make oxide film
on valve metals like Ta and Nb. The formation of barrier
or porous type film depends on the electrolyte compo-
sition, temperature, voltage or current density or other
anodization parameters. Despite of extensive research on
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the mechanism and composition of anodic oxide film on
Ta and Nb there are fewer publications on porous and
non-porous oxide film on Ta and Nb. A highly organized
porous niobium oxide film was prepared by anodic oxida-
tion of niobium in H2SO4 electrolyte with low concentra-
tions of HF [25]. Porous structure was formed due to par-
tial dissolution of film by reaction of oxide with F−. The
porous structures were also obtained when niobium sam-
ples were anodized in 0.001 M Na2SO4 + 0.2 wt% HF at
5 V. The microcones of the niobium oxide were reported,
prepared by anodizing of niobium in HF electrolyte at
standard temperature and pressure [26]. Amorphous nio-
bium oxide made by dc sputtering deposition has been
reported [27]. The self order niobium oxide also has been
reported, prepared by electrochemical oxidation [25]. De-
spite of all film forming techniques discussed above and
techniques like sol–gel process [28] and chemical vapor
deposition [29], the anodic oxidation technique for oxide
formation on metals is a less expensive method.

The chemistry and properties of anodic oxide films
were highly dependent on the electrolyte used during
anodization, therefore in this article we will discuss the
formation of anodic oxide film on Nb and Ta in differ-
ent aqueous electrolytes containing mixture of acetic acid
with hydrogen fluoride or with phosphoric acid or their
ternary mixture. The goal of this work was to study the
morphological characteristics (porous or non-porous) of
film formed in the different aqueous electrolyte mixtures
and their impedance characteristics.

2. Experimental

Niobium and tantalum foils (99.99% purity Sigma
Aldrich) were cut in flag shaped samples for anodic
oxidation. The samples were mechanically polished with
emery paper up to grade 2400. Prior to the electrochem-
ical treatment the samples were ultrasonically cleaned
in acetone and ethanol followed by rinsing in deionised
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water and finally dried with hot air. Some samples
were electropolished in H2SO4 + HF + ethylene glycol
mixture. The electrochemical cell consisted of a two-
electrode system in which large area Pt mesh was used as
cathode. The voltage source and measurements of cur-
rent were operated by Keithley 2400 source meter. The
exposed area of the electrode was 1 cm2. The samples
were anodized at constant voltage of 30 V at different
electrolyte compositions (1 M CH3COOH + 1 M H3PO4

or 1 M CH3COOH + 1 vol.% HF or
1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF).
Measurement has been performed at room tempera-
ture (30 ± 2 ◦C) in naturally aerated solution. After
the anodization treatment the obtained samples were
washed with deionized water, ethanol and dried at room
temperature.

The electrochemical impedance spectroscopy (EIS)
studies were done by PGSTAT (Auto lab potentiostat)
at open circuit potentials with three electrode setup with
Ag/AgCl used as reference electrode. The electrolyte
used was 1 M KCl solution in all impedance measure-
ments. The module was controlled by Nova software.
The frequency range of the impedance measurements was
0.1 Hz–100 kHz at ac amplitude of 10 mV. The fitting of
the data to equivalent circuits was performed using Zview
software. The surface morphology of the film was inves-
tigated by FESEM Ultra 55(Zeiss Oxford Instruments).

3. Results and discussion

3.1. Anodic films on niobium

3.1.1. Morphological analysis
Figures 1 and 2 show the field emission scanning elec-

tron microscopy (FESEM) images of the niobium ox-
ide film formed on niobium in different aqueous elec-
trolyte mixtures at 30 V for 30 min. The porous struc-
tures of niobium oxide were obtained after the anodic
oxidation process proceeded in the aqueous electrolyte
mixture of composition 1 M CH3COOH + 1 vol.% HF
(Fig. 1). In other electrolyte mixtures with
composition 1 M CH3COOH + 1 M H3PO4 or
1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF barrier
films were formed. Previously reported works [25, 30] re-
veal that the presence of F− in the electrolyte mixture
causes the dissolution of oxide film on metals like niobium
and tantalum which triggers pore formation. But despite
the presence of F− ion, the niobium samples anodically
oxidized in 1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF
mixtures do not show porous behavior. It means that
pore formations were retarded in the presence of phos-
phoric acid. It may be due to the potential threshold for
formation of pores shifts towards more anodic direction,
caused by formation of thicker protective oxide films by
phosphate or decrease in electrochemical reaction areas
by F− due to competitive adsorption of F− and PO3−

4 on
the surface of niobium [31].

Figure 1a shows the porous niobium oxide film formed
on the niobium samples in 1 M CH3COOH + 1 vol.% HF.

Fig. 1. FESEM images of niobium oxide in
1M CH3COOH + 1 vol % HF for 30 minutes at
30 V: (a) surface view (b) cross section view.

The niobium oxide film has well defined pore distri-
bution with nanosized pores, ranging from 15 nm to
25 nm. The pores were spread out on whole of the
surface. The pore density found for this porous tem-
plate is 2.2 × 1014 m−2. For the obtaining of informa-
tion about depth distribution, the FESEM cross-section
was investigated for porous niobium oxide formed in
1 M CH3COOH + 1 vol.% HF at 30 V for 30 min shown
in Fig. 1b. The FESEM cross-section images show that
niobium oxide film consist of two parts, the inner part ad-
jacent to the metallic niobium surface having thickness
about 40–50 nm which is highly compact barrier film and
pores were oriented vertically against the surface giving
total thickness of film about 375 nm. The aspect ratio of
layer is found nearly 20. Similar behavior was observed
in the reported work at 20 V anodization in the mix-
ture of 1 M H2SO4 + 1 wt% HF [25]. The formation
of compact layer of 40–50 nm confirms the assumption
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Fig. 2. FESEM images of niobium ox-
ide film formed for 30 minutes at 30
V in 1M CH3COOH + 1M H3PO4 (a);
1M CH3COOH + 1M H3PO4 + 1 vol % HF (b).

that pores grow in high field. The porous structure in

the cross-section shows parallel pores with homogeneous
porosity.

Anodizing in different electrolyte mixtures, the
oxide film shows different color. This production
of color is based on the phenomenon known as
optical interference of light [32, 33]. The sam-
ples anodized in 1 M CH3COOH + 1 M H3PO4,
1 M CH3COOH + 1 vol.% HF, and
1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF
mixtures show light green, yellow and metallic gray in
color, respectively.

3.1.2. Impedance spectroscopy analysis
The electrochemical impedance spectroscopy at open-

circuit potential was studied on the films formed on nio-
bium metal in aqueous electrolyte with different compo-
sitions. The impedance measurements of film formed in
different electrolyte mixtures are shown in Fig. 3. The
points in this figure are experimental measurements and
lines are fitted curves with equivalent circuits (shown in
Fig. 4). The obtained impedance experimental data for
film formed in 1 M CH3COOH + 1 M H3PO4 is well fit-
ted with the Randles electrical circuit, which is one of the
most common circuits. The circuit includes an uncom-
pensated solution resistance (Rsol), a double layer capac-
itor or constant phase element (CPE) and a polarization
resistance (Rp). This is the starting point for other com-
plex models. In our work we have used CPE to fit the
impedance of passive metal electrode. The meaning of
CPE is based on the oxide film showing the behavior of
non-ideal capacitor. The capacitance Cy is related to the
thickness of the oxide film d by Eq. (1):

Cy = ε0εA/d, (1)
where ε is the dielectric constant of film and ε0 is the
permittivity of the free space, A is the surface area. Ca-
pacitance data were obtained from fitting parameters by
equivalent model shown in Fig. 4a and the thickness of
the film is calculated and was found as 64.6 nm. This
model is generally applied for the barrier oxide films on
the metals. The evaluated impedance parameters from
the fitted model are given in Table I.

TABLE I
Different parameters for niobium oxide formed from 1M CH3COOH + 1M H3PO4

obtained from fitting the impedance data with equivalent circuit.

electrolyte Rsol [Ω] CPE [F] Rp [Ω]
1M CH3COOH + 1M H3PO4 3.31 0.57 × 10−6 1.57 × 106

TABLE II
Different parameters for niobium oxside formed from 1M CH3COOH + 1 vol.% % HF
obtained from fitting the impedance data with equivalent circuit.

anodizing electrolyte R1 [Ω] R2 [Ω] R3 [Ω] CPE1 [F] CPE2 [F]
CH3COOH + 1 vol.% HF 4.9 52.25 15910 0.135 × 10−6 0.055 × 10−6

The film formed on niobium metal in
1 M CH3COOH + 1 vol.% HF has different types
of impedance characteristics than film formed in
1 M CH3COOH + 1 M H3PO4. Figure 4b shows the

equivalent circuit to model the anodic oxide film on
niobium formed in 1 M CH3COOH + 1 vol.% HF. This
circuit was normally used for fitting porous layer. The
circuit consists of two RC circuits and one resistance
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Fig. 3. Electrochemical impedance plots obtained for
niobium oxide films at the open-circuit potential from all
three electrolytes: Nyquist (a); Bode impedance modu-
lus (b); Bode phase angle (c).

R1; all these are connected in series. R3CPE1 circuit
corresponds to barrier layer in contact with niobium
metal and R2CPE2 with porous layer formed. The
CPE is frequently used instead of pure capacitance to
describe interfacial dielectric properties due to presence
of variation in heterogeneities in barrier and porous
layer. The resistance Rsol is the resistance associated
with solution. The resistance R2 of the porous layer is

Fig. 4. Equivalent circuits fitted to experimental EIS
data of anodic oxide film on niobium.

Fig. 5. FESEM images of tantalum oxide formed in
1M CH3COOH + 1M H3PO4 (a); 1M CH3COOH + 1
vol % HF (b); 1M CH3COOH + 1M H3PO4 + 1
vol% HF (c) for 30 minutes at 30 V.

very low due to ingress of the electrolyte into the pores.
The incorporation of the second (R2CPE2) combination
is necessary to improve the accurate estimation of EIS
data. All the values obtained from modeling by this
equivalent circuit are given in Table II.

The experimental impedance data were fitted with
Zview software and the good agreement was observed
between the experimental results and simulated curves
proving that the proposed model is appropriate. The
porous nature of the film is also confirmed by the FE-
SEM image shown in Fig. 2.

The impedance characteristic of the niobium oxide film
formed in 1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF
aqueous solution was modeled with an equivalent cir-
cuit (Fig. 4c) showing a coated substrate model where
Rsol is the resistance solution i.e. ohmic drop across the
electrolyte. This circuit has been proposed to describe
the protective coatings on the metal substrates [27, 34].
In the circuit, capacitance of the perfect coating is rep-
resented by C1 and CPEdl for typical double layer
capacitance and ion conduction path in the film due
to presence of pores or defects represented by Rpore

(equivalent circuit is shown in Fig. 4c). The percent-
age error was typically less than 2.5% on the CPE el-
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Fig. 6. Electrochemical impedance plots obtained for
tantalum oxide films at the open-circuit potential from
all three electrolytes: Nyquist (a); Bode impedance
modulus (b); Bode phase angle (c).

Fig. 7. Equivalent circuit fitted to experimental EIS
data of anodic oxide film on tantalum.

ement and 5 to 10% on other circuit elements. All
the values of parameters obtained from modeling by
this equivalent circuit are given in Table III. In the
impedance data plots (Fig. 3a,b) it can be observed
that the film formed in 1 M CH3COOH + 1 M H3PO4

shows more compact behavior than film formed in
1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF or
1 M CH3COOH + 1 vol.% HF electrolyte mixture. This
film has shown high impedance value and in the Bode
phase plot (Fig. 3c); thus, a phase angle of −90◦ was ob-
served in frequency range from 1 Hz to 103 Hz. The Bode
plot for film formed in 1 M CH3COOH + 1 vol.% HF
shows that the impedance spectra consist of two time
constants at low and intermediate frequency range
(Fig. 3c) showing the porous nature of the film. The
Bode impedance modulus plot reveals the lower magni-
tude of |Z| in case of oxide film formed in F− containing
electrolytes. This might be due to slightly more dissolu-
tion of niobium oxide in the presence of F− ions.

3.2. Anodic oxide film on tantalum

3.2.1. Morphological analysis
FESEM analysis (Fig. 5) shows that barrier type oxide

films were formed on tantalum in all electrolyte composi-
tions (as used in anodic oxidation of niobium) at 30 V for
30 min. There is no pore formation even in the presence
of F− in the electrolyte mixture. In the surface morphol-
ogy of oxide film formed on tantalum in different aqueous
electrolyte no significant difference was observed.
3.2.2. Impedance spectroscopy analysis

The simplest circuit which describes both Nyquist
and Bode plots recorded at the open-circuit poten-
tial is composed of resistor and constant phase ele-
ment/capacitor [35]. Such equivalent circuits repre-
sent the complex impedance plots (imaginary part of
impedance versus real part of impedance) by straight
lines. But in our experimental results of impedance mea-
surements, curved plots instead of straight were obtained
(Fig. 6a). This suggests that the equivalent circuit should
be more complex. The equivalent circuit we have ap-
plied to fit the data for tantalum oxide film is shown in
Fig. 7.This circuit can be derived by a more general case
by omission of a capacitor due to space charge layer ca-
pacity which is much smaller than that of CPE [36, 37].
All the elements of applied circuit were found to behave
in a constant manner. The series resistance Rsol is the
electrolyte resistance and comes out to be 1.4 ± 0.5 Ω
in all samples. The CPE is constant phase element as-
sociated with disorder either in electrode structure or in
diffusion dynamics. The CPE behavior may also arise
due to incorporation of species in outer layer of oxide film
which creates localized states in the forbidden band and
induces a dispersion of the intrinsic polarization proper-
ties of the anodic oxide [38, 39]. C1 is the space charge
layer capacitance. There is good agreement between ex-
perimental data and fitted data by this equivalent circuit
in whole frequency range from 10−1 to 105 Hz. High
values of Rp are obtained, representing the resistance of
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the dielectric anodic oxide film. The magnitude of Rp
is higher in film formed in 1 M CH3COOH + H3PO4

mixture as compared to the same composition with pres-
ence of fluoride ion. This may be due to appearance of
some flaws in the film in the presence of fluoride ions.
The magnitude of Rp is in good agreement with the
nature of the film which behaves as a wide gap semi-
conductor or even insulator [40]. The measured spectra
show that the impedance behavior represents the passive
oxide layer characteristics in which capacitive response
is illustrated by phase angle above −80◦ over a wide fre-
quency range. Figure 6c shows that there is no significant

differences in the spectra of tantalum oxide film formed
in CH3COOH + H3PO4 and CH3COOH + 1 vol.% HF
but film formed in CH3COOH + H3PO4+1 vol.% HF is
slightly different which shows a phase decline at lower fre-
quencies. The film formed in CH3COOH + 1 vol.% HF
has highest value of capacitance. This may be due to
some decrease in thickness caused due to etching in the
presence of F−. As thickness and capacitance has recipro-
cate relation so these oxide films have higher capacitance.
The obtained parameters by fitting equivalent circuits to
the experimental data are given in Table IV.

TABLE III
Different parameters for niobium oxide formed from 1M CH3COOH + 1M H3PO4 + 1 vol.% HF
obtained from fitting the impedance data with equivalent circuit.

electrolyte composition Rsol [Ω] C1 [F] CPEdl [F] Rpore [Ω]
1M CH3COOH + 1M H3PO4 + 1 vol.% HF 4.98 1.72 × 10−6 2.9 × 10−5 9.39

TABLE IV
Different parameters for tantalum oxide formed from all three electrolytes obtained from fitting the
impedance data with equivalent circuit.

electrolyte mixture Rsol [Ω] CPEc [F] C1 [F] Rp [Ω]
1M CH3COOH + 1M H3PO4 0.77 0.64 × 10−6 3.20 × 10−7 3.52 × 106

1M CH3COOH + 1 vol.% HF 0.94 3.25 × 10−5 0.57 × 10−6 3.66 × 105

1M CH3COOH + 1M H3PO4 + 1 vol.% HF 0.96 4.90 × 10−7 0.44 × 10−7 42056

4. Conclusions

In investigations regarding the effect of electrolyte
on the formation of oxide film on niobium we found
that in the mixtures of 1 M CH3COOH + 1 M H3PO4

or 1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF
non-porous compact film was obtained but in
1 M CH3COOH + 1 vol.% HF mixture we have
noticed the porous film having aspect ratio nearly 20
and thickness 375 nm. It means that pore formation
was retarded by phosphoric acid at the applied exper-
imental conditions. In the case of formation of oxide
film on tantalum we found that in all the electrolyte
compositions i.e. 1 M CH3COOH + 1 M H3PO4 or
1 M CH3COOH + 1 M H3PO4 + 1 vol.% HF or
1 M CH3COOH + 1 vol.% HF mixtures the non-porous
films were formed. The impedance data of the oxide films
on niobium and tantalum predict the semiconductor or
insulator behavior with wide band gap of the oxide film.
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