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Abstract
In operando quantification of field-assisted ion release during high-voltage anodisation (up to 100 V SHE) of Nb in 0.1 M
sulphuric acid was performed. Electrochemical high-field oxide formation under both potential and current control was studied
separately. The quantification of in situ ion release via ICP-MS revealed an increase of the oxide dissolution factor (from 337 to
422 fm V−1) when decreasing the potential scan rate from 200 to 100 mV s−1. Dissolution rates measured during galvanostatic
oxide formation allowedmeasuring oxide dissolution factors of 719 and 837 fmV−1 for current densities of 1.0 and 0.5 mA cm−2,
respectively. As compared to the potentiodynamic case, higher dissolution rates and oxide dissolution factors were measured for
galvanostatic anodisation. The overall fraction of the charge used for generation of soluble Nb species was below 0.4% for all
oxide growth regimes. Cross-sectional SEM imaging proofs an oxide formation factor of 2.1 nm V−1. The surface of anodised
films was extremely smooth and featureless without any cracks or voids. Based on X-ray diffraction, the films were found to be
amorphous, indicating that no field crystallisation is occurring under the applied oxide growth conditions even at higher voltages.
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Introduction

Anodic oxide growth occurs when valve metals such as Al,
Hf, Nb, Ta, Ti and Zr are anodically polarised in suitable
electrolytes [1]. The final thickness of the electrochemically
grown oxide layer is mainly determined by the final applied
voltage and the film formation factor. The film formation fac-
tor is a material-specific constant which typically depends on
the used electrolyte. The charge transport necessary for com-
pleting the anodisation process occurs via a thermally activat-
ed and field-supported hopping of ions through the already
present oxide layer [2]. Typically, extremely high electric field
strengths in the order of 106 V cm−1 are required for

anodisation. Disregarding Ti, the current is typically only car-
ried by ionic species [3]. Moreover, the oxide grows at both
interfaces, the metal/oxide interface and the oxide/electrolyte
interface, as dictated by anionic and cationic transport num-
bers. An exception is found for Zr and Hfwhich have very low
transport numbers [4]. The thin oxide layers formed during
anodisation are transparent and the phenomenon of optical
interference is responsible for the apparent colours of the films
on Hf, Nb, Ta, Ti and Zr [5].

Anodic oxide films on Nb have generated considerable
scientific interest due to their wide range of possible techno-
logical applications. These Nb2O5 films can be used as a di-
electric material in capacitors, as an alternative to Ta2O5 [6, 7],
for electrochromic devices [8], generation of solar fuels [9,
10], gas sensing [11, 12], solar cells [13] and production of
biocompatible interfaces [14–16].

Depending on the electrolyte that is used for anodisation,
different types of anodic oxides on Nb can be formed. When
using non-aggressive aqueous electrolytes like organic acids,
phosphoric acid and sulphuric acid porous free barrier-type
layers can be grown [17, 18]. These layers can be grown up
to thicknesses of a few hundred nanometre using voltages up
to hundreds of volts [19]. When using voltages beyond the
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dielectric breakdown, so-called plasma electrolytic oxidation
(PEO) occurs which is leading to different surface morphol-
ogies [16, 20]. When using electrolytes which are chemically
dissolving the forming niobium oxide layer during
anodisation (e.g. containing fluorine), nanoporous anodic ox-
ide layers can be grown. Depending on the used conditions,
different types of nanostructured oxide layers can be grown
ranging from porous layers [21] up to well-defined nanostruc-
tures [22, 23].

Many properties of Nb anodic oxide films during and after
anodisation have been investigated in the past. This includes
electronic properties [24], optical properties [25], anodic lu-
minescence [19], photoelectrochemical properties [25, 26],
composition changes [27, 28], growth kinetics [17, 29], cor-
rosion properties [30, 31] and evolution of internal stress [32].
During all these studies, the question of Nb dissolution during
anodisation itself was overlooked. Therefore, in the current
work, an in situ investigation of the dissolution rate of Nb
during high-voltage anodisation up to 100 V is presented.
The Nb dissolution rate was measured by using a combination
of an electrochemical flow-through cell and an inductively
coupled plasma mass spectrometer (ICP-MS) [33].
Investigations were performed using different oxide growth
rates under potentiodynamic and galvanostatic anodisation
conditions.

Experimental details

In situ monitoring of the dissolution rate of Nb during
anodisation was performed using an ICP-MS (I-CAP Q,
Thermo Fisher) that was coupled to an electrochemical flow
cell [34]. The downstream electrolyte was analysed for 93Nb
with a sample rate of 10 Hz using 89Y as an internal standard
for drift compensation. As electrolyte, a naturally aerated
0.1 M solution of ultrahigh-purity sulphuric acid (Ultrapur®,
Merck) in analytical grade water (18.2 MΩ cm) was used for
all electrochemical experiments.

As sample material, 3-mm in diameter rods of polycrystal-
line Nb (99.9% purity, Alfa Aesar) were used. The rods with
an individual length of 10 mm were glued into precisely ma-
chined cylinders made from PEEK polymer (similar to RDE
tips) using a two-component epoxy glue. The Nb was me-
chanically polished down to 0.04-μm silica suspension and
afterwards electropolished in a HF/H2SO4 mixture [35]. The
round opening of the used flow cell had a diameter of 5 mm.
This experimental configuration ensures that no oxide film
growth occurs under the sealing of the flow cell at high volt-
ages. Additionally, Nb thin films were deposited by magne-
tron sputtering on borosilicate float-glass substrates. The base
pressure in the sputtering chamber was 1 × 10−6 Pa and the
sputtering process was carried out in Ar at 5 × 10−1 Pa. The
power density used for sputtering the Nb target (99.95%

purity, MaTeck Material-Technologie & Kristalle GmbH,
Germany) was 4 W cm−2. This resulted in a sputtering rate
of 3 nmmin−1, and the final thickness of the metallic film was
approximately 550 nm.

All electrochemical experiments were performed using a
Compac t s ta t po ten t ios ta t ( Iv ium Technolog ies ,
The Netherlands) in three-electrode configuration using a 3-
M Ag/AgCl reference electrode. The anodisation of Nb was
performed at two different scan rates (100 and 200 mV s−1)
and current densities (0.5 and 1.0 mA cm−2). The surface
microstructure of Nb thin films was characterised before and
after anodisation by scanning electron microscopy (SEM,
Zeiss Gemini 1540×). Crystallographic properties were
assessed by X-ray diffractometry (Philips X’Pert Pro). The
radiation used for this purpose was CuKα (λ = 1.5406 Å)
and the system was operated in grazing incidence mode
(GIXRD), with a fixed incident angle ω = 1°, in order to min-
imise the substrate influence on the measurements.

Results and discussion

Potentiodynamic oxide growth on Nb was continuously per-
formed between 0 and 100 V vs. standard hydrogen electrode
(SHE) using two different rates of potential increase. This
anodisation was coupled to downstream analytics in order to
investigate possible dissolution effects triggered by different
electrical/mechanical stresses corresponding to each potential
gradient. The use of the downstream analytics, providing a
live quantification of the amount of dissolved Nb, allowed
characterising the Nb concentration in respect to the anodising
potential. In Fig. 1, these data are summarised for comparison
and discussion. The current-voltage characteristics recorded
during the experiment are presented in panel a of Fig. 1 for
both rates of potential increase used in this study.

Starting from low potentials, a rapid increase of the current
density is evident for both curves, indicating the start-up phase
of the anodic oxide formation in agreement with the high-field
model [2]. The approximately 2-nm-thick native oxide present
on the Nb surface represents the initial dielectric where charge
separation occurs due to the high-field conditions [2, 36]. Ion
hopping is activated and space charge regions form at metal/
oxide and oxide/electrolyte interfaces. New oxide grows as
soon as both space charge regions fully overlap [37, 38].
However, during this time, the potentiostat continuously de-
tects charge being transferred through the external circuit lead-
ing to a sharp increase of the current density as observed in
Fig. 1a. Usually, this increase leads to a current overshoot
whose observation depends on the experimental parameters,
i.e. the potentiostat data acquisition speed. Such overshoot can
be observed in case of anodisation with 200 mV s−1 but is not
clearly defined for 100 mV s−1.
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The origin of the current density overshoot is confirmed in
panel b of Fig. 1 where the Nb dissolution rates are plotted as a
function of the applied potential that was measured during the
anodisation process. At low potentials, the Nb dissolution fol-
lows the anodisation current density curve measured by the
potentiostat (Fig. 1a) but no dissolution overshoot can be ob-
served. This indicates that the dissolution of Nb starts as soon
as the potential is applied and the discussed current overshoot
does not lead to higher dissolution rates since the ion hopping
occurs under potential/electric field control. Above approxi-
mately 10 V vs. SHE, both the current density and Nb disso-
lution rate corresponding to each of anodisation conditions
stabilise in plateaus, directly characterising the continuous ox-
ide growth accompanied by its constant dissolution. The an-
odic current density plateaus are directly related to the oxide
formation factor k:

ian ¼ k
zFρ
M

dE
dt

ð1Þ

where ian is the plateau value of the anodic current density, z is
the number of electrons exchanged, F is the Faraday constant,
ρ is the oxide density,M is its molar mass and E is the applied
potential.

Solely from the electrochemical current data presented in
Fig. 1a, an oxide formation factor of 2.70 ± 0.05 nm V−1 can
be calculated for Nb2O5 which is in reasonable agreement
with previous studies on much thinner oxides [39, 40]. This
value is independent on the rate of potential increase (at least
in the range investigated here) and was calculated using the
oxide density of 4.36 g cm−3 and its molar mass of
265.81 g mol−1. In a similar manner, from the dissolution
curves, a potential-dependent oxide dissolution factor can be
calculated. A linear regression of all experimental data above
10 V from Fig. 1b indicated extremely stabile plateau values
of 293.8 and 184.1 pg s−1 cm−2 (slopes around 0.05 pg s−1

cm−2 V−1) corresponding to anodisation at 200 and
100 mV s−1, respectively. Using Faraday’s law, it can imme-
diately be calculated that these dissolution rates correspond to
dissolution current densities of 107 ± 9 and 67 ± 8 nA cm−2,
respectively. The error calculation is based on the dissolution
rate uncertainty/noise of 50 pg s−1 cm−2 as observed in
Fig. 1b. Oxide dissolution factors of 337 ± 20 and 422 ±
50 fm V−1 were finally calculated from the dissolution current
densities corresponding to the two potentiodynamic
anodisation conditions investigated (200 and 100 mV s−1,
respectively). Even though the dissolution factors are very
small, their precise calculation is mainly attributed to the ex-
treme sensitivity and resolution of the ICP-MS.

The fact that the proposed oxide dissolution factor depends
on the anodising conditions and electrolyte of choice may
provide insight into particularities of the Nb dissolution under
high-field conditions. In comparison, the oxide formation fac-
tor is generally considered a material constant defined as the
reciprocal of the electric field strength within the oxide grow-
ing in a given electrolyte [41]. A fraction from the dissolution
current measured by the potentiostat needs to be attributed to
the high-field dissolution process. This is easily done using
again Faraday’s law for converting the ICP-MS dissolution
rates to charge/current. In Fig. 2, the dissolution fraction is
plotted in percentage as the ratio between the total anodisation
current and the dissolved mass-equivalent current for both
potentiodynamic anodisation conditions under study.

Both fractions are slightly increasing with the increase
of the anodisation potential. Moreover, the previously
calculated increase of the oxide dissolution factor (from
337 to 422 fm V−1) when decreasing the potential scan
rate from 200 to 100 mV s−1 is observed also here.
Faster potential increase during anodisation leads to a
slightly different dynamic equilibrium of the overlapping
space charge regions within the oxide. One reason for
this difference may be an increased probability that Nb
cations would react with surface-adsorbed O anions to

Fig. 1 Current-voltage characteristics recorded during potentiodynamic
oxide growth on Nb (a) and corresponding Nb dissolution curves
measured in situ by ICP-MS (b) corresponding to both rates of potential
increase (100 and 200 mV s−1)

J Solid State Electrochem (2018) 22:2457–2464 2459



form new oxide (for 200 mV s−1) as suggested by the lower
dissolution fractions shown in Fig. 2 for all anodisation poten-
tials used. However, this reasoning cannot simply be separated
from the possibly changing current efficiencies during
anodisation in different conditions.

So far, 100% current efficiency was implicitly as-
sumed and in a first approximation, the possibility of
side reactions (e.g. oxygen evolution) is neglected.
However, the differences between the curves in Fig. 2
may suggest that this assumptions are not correct. For
the given electrolyte, if the oxide dissolution factor is a
material constant, just like the oxide formation factor,
then the observed differences between the dissolution
factors (and fractions, see Fig. 2) may be attributed sole-
ly to different current efficiencies which may vary as a
function of scan rate. This would suggest a lowered
current efficiency for lower rates of potential increase
(i.e. Bslower^ potentiodynamic anodisation).

In order to characterise the entire potentiodynamic
anodisation process, the total amount of dissolved species
was quantified by numerical integration of the curves present-
ed in Fig. 1b. The values obtained were 179 and 141 ng cm−2

corresponding to the low and high scan rates of 100 and
200 mV s−1, respectively. Additionally, the total charge con-
sumed during the anodic oxide formation (quantified in a sim-
ilar manner from the electrochemical data presented in
Fig. 1a) was found to be 0.467 and 0.460 C cm−2 for the
low and high scan rates, respectively. In the same time, the
overall dissolution fractions for the low and high scan rates
were almost identical with values of 0.131 and 0.129%, re-
spectively. Therefore, the scan rate has a clear influence on the
total mass loss and charge consumption but has a weak effect
on the total dissolution fraction.

Apart from experimentation under potential control,
anodisation of Nb was also performed under current control
for potentials up to 100 V vs. SHE. Two different current
densities were used and the active dissolution of Nb was mon-
itored by the ICP-MS during oxide formation. The obtained
anodisation curves are presented in Fig. 3a as measured by the
galvanostat in both cases. Perfect linearity can be observed for
the time-dependent potential increase as a result of driving
constant currents through the electrochemical cell. Applying
1 mA cm−2 resulted in anodic oxide growth for 461 s until the
maximum potential of 100 V was reached. This is equivalent
with a potential increase rate of 217 mV s−1 which is compa-
rable with the potentiodynamic conditions used before.

Similarly, galvanostatic anodisations using a current densi-
ty of 0.5 mA cm−2 resulted in anodic oxide growth for 920 s
which is equivalent with a rate of potential increase of
109 mV s−1 (comparable with the second potentiodynamic
condition used before). Integration of both curves from
Fig. 3a indicates that the same total charge density of
460 mC cm−2 was used in both galvanostatic cases for poten-
tials up to 100 V vs. SHE. This suggests that the same oxide
thickness was grown in both cases and a charge equivalent of
the oxide growth factor of 4.6mC cm−2 V−1 is obtained. Similar
calculations to those performed for the potentiodynamic
anodisations (assuming 100% current efficiency) have as a re-
sult a value of 2.90 ± 0.05 nmV−1 as the oxide formation factor
in the galvanostatic case, which is higher than the previous one.

The Nb dissolution curves recorded during galvanostatic
anodisation are presented in Fig. 3b for both current densities
used. At this time, the dissolution values did not reach a stabile
plateau and in both cases, higher Nb amounts are released in
electrolyte with increasing potentials up to 100 V vs. SHE. At
the maximum potential, the highest dissolution rates of 680
and 394 pg s−1 cm−2 were measured for 1.0 and 0.5 mA cm−2,
respectively. A similar calculation route as before leads to
values of the oxide dissolution factors of 719 and
837 fm V−1 for current densities of 1.0 and 0.5 mA cm−2,
respectively. A comparison of potentiodynamic anodisations
with the equivalent galvanostatic anodisations can be directly
performed only if high (or at least equivalent) current efficien-
cies are assumed. However, higher oxide formation factors,
dissolution rates and oxide dissolution factors indicate that
galvanostatic anodic oxide formation may occur at a different
current efficiency.

The larger galvanostatic oxide formation factor may be
explained by a decrease in the current efficiency. The
galvanostat keeps the current density at a constant level but
not all charge used is responsible for oxide formation.
Moreover, during the completion of a side reaction (e.g. oxy-
gen evolution), this constant level is kept at the expense of
potential. This means the electric field responsible for ion
hopping may fluctuate and the space charge regions may
weaken, acting towards stopping the ion migration, or may

Fig. 2 Dissolution fractions defined as the ratio between the total
anodisation current and the dissolved mass-equivalent current for
potentiodynamic anodisation of Nb for both scan rates used (100 and
200 mV s−1)
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be enhanced accelerating the oxide growth. Such effects can
lead to higher Nb dissolution rates as experimentally observed
in Fig. 3b. The fluctuating character of the oxide formation
field leads to a potential-dependent Nb release rate during
anodisation at constant current densities.

The dissolution fractions (in %) calculated for the galvano-
static anodisation of Nb are presented in Fig. 4. For both
current densities used, the dissolution fractions are higher at
high potentials. Their increase confirms the idea of field-
induced oxide instability leading to higher Nb release. When
compared to the dissolution fractions measured during poten-
tiodynamic oxide formation, an increase by 0.15% may be
observed for 0.5 mA cm−2 (as equivalent to 100-mV-s−1 scan
rate). Disregarding the anodisation type, lower potential in-
crease rates resulted in higher dissolution fractions, suggesting
that time is a relevant variable for understanding this effect.

In order to characterise the complete galvanostatic
anodisation process, the total amount of dissolved metallic
species was again quantified by numerical integration, similar
to the potentiodynamic case presented before. The mass loss
values obtained from Fig. 3b were 324 and 256 ng cm−2

corresponding to the low and high current densities of 0.5
and 1.0 mA cm−2, respectively. However, the total charge
consumed during the galvanostatic anodic oxide formation
(from Fig. 3a) was found to be almost independent on the
current density (0.460 and 0.461 C cm−2 for the low and high
current densities, respectively). This leads to an increase of the
overall dissolution fraction from 0.289 to 0.366% when low-
ering the current density from 1.0 to 0.5 mA cm−2.

Thin films of Nb deposited by sputtering were used in an
identical electrochemical experiment (i.e. anodised
potentiodynamically to 100 V SHE). The purpose was to en-
able the morphological and crystallographic characterisation
of the anodic oxide, which otherwise would be far more chal-
lenging due to small dimensions and cylindrical geometry of
the embedded Nb wire. The surface morphology of the metal-
lic Nb thin film (a), together with the image after anodisation
(b) and the cross-section (c), is shown in Fig. 5. The morphol-
ogy of the as-deposited metallic Nb film indicates pyramidal
shaped-grains with sizes in the range of 10 to 80 nm and the
film develops a columnar structure with densely packed col-
umns. This type of microstructure is typical for sputtered Nb
films and confirms previous findings [42, 43].

After the anodisation process, the surface appearance of Nb
changes dramatically. There are no observable surface features
(Fig. 5b), and the previous pyramidal grain morphology of
metallic Nb is completely transformed into a very smooth
surface belonging to the anodic oxide. The surface defect
present in the top-left corner of the image is shown deliberate-
ly as a focusing point to demonstrate the absence of any sur-
face structuring. The cross-sectional image (Fig. 5c) reveals a
very dense and compact anodic oxide with no pores and no
grains being present, as already indicated by the surface im-
aging. Also, the anodic oxide appears to adhere very well to
the parent metal found underneath, and the interface between
the oxide and metal is free of voids or pores. This is a direct

Fig. 3 Galvanostatic anodisation curves (a) and their corresponding Nb
dissolution curves (b) for different current densities (0.5 and 1 mA cm−2)

Fig. 4 Galvanostatic dissolution fractions for anodisation of Nb using
different current densities (0.5 and 1 mA cm−2)
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result of the high field growth of the anodic oxide. The oxide
thickness as measured from the cross-sectional image is ap-
proximately 210 nm for all applied growth conditions
resulting in an oxide formation factor of 2.1 nm V−1. Based
on previous TEM measurements, values of 2.33 nm V−1 for
anodisation of Nb in 0.1 M (NH4)B5O8 solution [44] and
2.45 nmV−1 for anodisation in 0.1 MH3PO4 [45] are reported
in the literature. In this study, the thickness measured by SEM
cross-sectional imaging is lower than the value of 270 nm
calculated purely based on the electrochemical data previously
presented (formation factor of 2.70 ± 0.05 nm V−1). The al-
most 20% lower oxide thickness observed in the SEMmay be
attributed to significant charge consumption due to oxygen
evolution, which was previously observed for similar valve
metals such as Ta [46] and Ti [47].

X-ray diffraction patterns were measured on both the as-
deposited, metallic Nb layer and the anodically grown oxide
(see Fig. 6). Grazing incidence geometry was used in order to

obtain information about the thin-film crystallinity without
having superimposed the signal from the amorphous (borosil-
icate glass) substrate. The two upper patterns from Fig. 6 cor-
respond to the Nb2O5 grown anodically using a scan rate of
200mV s−1 and to the puremetallic Nb, respectively. Together
with these measured diffractograms, the patterns from the
International Center for Diffraction Data (PDF2-ICDD) data
base corresponding to pure Nb (PDF 00-035-0789), as well as
Nb2O5 polymorphs, are presented. Three variations of Nb2O5

are considered:α-Nb2O5 (PDF 00-037-1468),β-Nb2O5 (PDF
01-072-1484) and γ-Nb2O5 (PDF 00-027-1003). In general,
amorphous Nb2O5 is crystallised upon heating at elevated
temperatures. With increasing temperature, the Nb2O5 poly-
morphs occur in a well-defined order. First, γ-Nb2O5

(orthorhombic) and/or pseudohexagonal Nb2O5 structures
are formed at approximately 500 °C. Further, at 800 °C, β-
Nb2O5 (tetragonal) is found that is transformed into α-Nb2O5

(monoclinic) structure when the temperature exceeds
1000 °C. The pseudohexagonal (TT) structure diffraction
peaks are found in nearly identical positions as the orthorhom-
bic structure peaks; therefore, the pattern of TTstructure is not
shown in order not to overload Fig. 6 [48].

Commonly, amorphous Nb2O5 is obtained upon anodisation
[49, 50], but upon certain experimental conditions (e.g. electro-
lyte type and temperature, time during which the anodisation
was performed at constant voltage) high-field crystallisation has
been shown to occur [43, 44]. Even though the anodic oxide on
Nb studied here is formed at low (room) temperature, the de-
scribed polymorphs are useful for a direct comparison, since
there is no data available regarding the possible crystalline
structures formed under electric field. From the diffractograms
shown in Fig. 6, three peaks belonging to metallic Nb can be
identified in both oxide and metal patterns. Additionally, when
comparing the 2θ range from 18 to 31° of the metal vs. oxide, it

Fig. 5 Scanning electron microscope images of the surface of as-
deposited metallic Nb thin film (a), and surface of anodically grown
Nb2O5 at a scanning rate of 200 mV s−1 (b) and the cross-section
showing the metallic Nb thin film with the oxide grown on top (c)

Fig. 6 X-ray diffractograms acquired on the sputter-deposited sample in
regions where anodically grownNb2O5 (200mV s−1) or only metallic Nb
is present, together with the reference patterns for metallic Nb and Nb2O5

with different crystalline structures (α monoclinic, β tetragonal, γ
orthorhombic)
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can be clearly seen that a pronounced curvature is present in the
latter pattern. This extremely broad peak found solely in the
anodised part of the sample coincides with the region where
most intense reflections from crystalline Nb2O5 oxides are pres-
ent. No indications of Nb suboxide presence were found that is
in agreement with previous findings based on Rutherford back-
scattering analysis [44]. Therefore, it can be inferred that under
the present experimental electrochemical conditions, the
formed anodic oxide is amorphous. This conclusion is support-
ed by the SEM images of the anodic oxide which show the
absence of crystallites and/or grains when inspected both on
the surface and in the cross-section.

Conclusion

Downstream analytics quantification of field-assisted ion re-
lease during high-voltage anodisation (up to 100 V vs. SHE)
of Nb was performed. High-field oxide formation under both
potential and current control was studied separately. The
quantification of in situ ion release by ICP-MS revealed an
increase of the oxide dissolution factor (from 337 to
422 fm V−1) when decreasing the potential scan rate from
200 to 100 mV s−1. This was attributed to a slightly different
dynamic equilibrium of the space charge regions during oxide
growth under the assumption of high current efficiency.
Dissolution rates measured during galvanostatic oxide forma-
tion allowed measuring oxide dissolution factors of 719 and
837 fm V−1 for current densities of 1.0 and 0.5 mA cm−2,
respectively. As compared to the potentiodynamic case, higher
dissolution rates and oxide dissolution factors were measured.
The overall fraction of the charge used for generation of solu-
ble Nb species under high-field conditions was less than 0.4%
for all applied oxide growth regimes. Based on SEM imaging
of the cross-section, an oxide formation factor of 2.1 nm V−1

was found. This oxide formation factor as determined by opti-
cal imaging is almost 20% lower as compared to the one cal-
culated based on electrochemical data. This difference may be
attributed to significant charge consumption due to oxygen
evolution, which was previously observed for similar valve
metals such as Ta and Ti. The surface of anodised films was
extremely smooth and featureless without any cracks or voids.
Based on X-ray diffraction, the films were found to be amor-
phous, indicating that no field crystallisation under the applied
oxide growth conditions is occurring.

Acknowledgements Open access funding provided by Johannes Kepler
University Linz.

Funding information The study was financially supported by the
Austrian Federal Ministry of Science, Research and Economy and the
National Foundation for Research, Technology and Development for
the Christian Doppler Laboratory for Combinatorial Oxide Chemistry
(COMBOX).

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Schultze JW, Lohrengel MM (2000) Stability, reactivity and break-
down of passive films. Problems of recent and future research.
Electrochim Acta 45(15-16):2499–2513

2. Lohrengel MM (1993) Thin anodic oxide layers on aluminium and
other valve metals: high field regime. Mater Sci Eng R Rep 11(6):
243–294

3. Kluger K, Lohrengel MM (1991)Mobility of ionic space charges in
thin insulating films. Ber Bunsenges Phys Chem 95(11):1458–1461

4. Mardare AI, Siket CM, Gavrilovic -Wohlmuther A, Kleber C,
Bauer S, Hassel AW (2015) Anodization behavior of glassy metal-
lic hafnium thin films. J Electrochem Soc 162(4):E30–E36

5. Komatsu I, Aoki H, Ebisawa M, Kuroda A, Kuroda K, Maeda S
(2016) Color change mechanism of niobium oxide thin film with
incidental light angle and applied voltage. Thin Solid Films 603:
180–186

6. Störmer H, Weber A, Fischer V, Ivers-Tiffée E, Gerthsen D (2009)
Anodically formed oxide films on niobium: microstructural and
electrical properties. J Eur Ceram Soc 29(9):1743–1753

7. Yoo JE, Choi J (2011) Electrochemical surface enlargement of a
niobium foil for electrolytic capacitor applications. Electrochem
Commun 13(3):298–301

8. Yao DD, Rani RA, O’Mullane AP, Kalantar-zadeh K, Ou JZ (2014)
High performance electrochromic devices based on anodized
nanoporous Nb2O5.? J Phys Chem C 118(1):476–481

9. Li M, He X, Zeng Y, Chen M, Zhang Z, Yang H, Fang P, Lu X,
Tong Y (2015) Solar-microbial hybrid device based on oxygen-
deficient niobium pentoxide anodes for sustainable hydrogen pro-
duction. Chem Sci 6(12):6799–6805

10. Ruff T, Hahn R, Killian MS, Asoh H, Ono S, Schmuki P (2012)
Visible light photo response from N-doped anodic niobium oxide
after annealing in ammonia atmosphere. Electrochim Acta 62:402–
407

11. Rani RA, Zoolfakar AS, Ou JZ, Field MR, Austin M, Kalantar-
zadeh K (2013) Nanoporous Nb2O5? hydrogen gas sensor.
Sensors Actuators B Chem 176:149–156

12. Mozalev A, Bendova M, Vazquez RM, Pytlicek Z, Llobet E,
Hubalek J (2016) Formation and gas-sensing properties of a
porous-alumina-assisted 3-D niobium-oxide nanofilm. Sensors
Actuators B Chem 229:587–598

13. Liu X, Yuan R, Liu Y, Zhu S, Lin J, Chen X (2016) Niobium
pentoxide nanotube powder for efficient dye-sensitized solar cells.
New J Chem 40(7):6276–6280

14. Sowa M, Worek J, Dercz G, Korotin DM, Kukharenko AI,
Kurmaev EZ, Cholakh SO, Basiaga M, Simka W (2016) Surface
characterisation and corrosion behaviour of niobium treated in a
Ca- and P-containing solution under sparking conditions.
Electrochim Acta 198:91–103

15. Gebert A, Eigel D, Gostin PF, Hoffmann V, Uhlemann M, Helth A,
Pilz S, Schmidt R, Calin M, Göttlicher M, Rohnke M, Janek J
(2016) Oxidation treatments of beta-type Ti-40Nb for biomedical
use. Surf Coat Technol 302:88–99

16. Neelakantan L, Pareek A, Hassel AW (2011) Electro-dissolution of
30Nb–Ti alloys in methanolic sulfuric acid—optimal conditions for
electropolishing. Electrochim Acta 56(19):6678–6682

J Solid State Electrochem (2018) 22:2457–2464 2463



17. Gomes MAB, Onofre S, Juanto S, Bulhões LOS (1991)
Anodization of niobium in sulphuric acid media. J Appl
Electrochem 21(11):1023–1026

18. Verma N, Singh KC, Marí B, Mollar M, Jindal J (2016) Anodic
oxide films on niobium and tantalum in different aqueous electro-
lytes and their impedance characteristics. Acta Phys Pol A 129(3):
297–303

19. Stojadinović S, Tadić N, Radić N, Stefanov P, Grbić B, Vasilić R
(2015) Anodic luminescence, structural, photoluminescent, and
photocatalytic properties of anodic oxide films grown on niobium
in phosphoric acid. Appl Surf Sci 355:912–920

20. Norlin A, Pan J, Leygraf C (2006) Fabrication of porous Nb2O5 by
plasma electrolysis anodization and electrochemical characteriza-
tion of the oxide. J Appl Electrochem 153(7):B225

21. Tzvetkov B, Bojinov M, Girginov A (2009) Nanoporous oxide
formation by anodic oxidation of Nb in sulphate–fluoride electro-
lytes. J Solid State Electrochem 13(8):1215–1226

22. Wei W, Lee K, Shaw S, Schmuki P (2012) Anodic formation of
high aspect ratio, self-ordered Nb2O5? nanotubes. Chem Commun
48(35):4244–4246

23. Shaheen BS, Davenport TC, Salem HG, Haile SM, Allam NK
(2015) Rapid and controlled electrochemical synthesis of crystal-
line niobium oxide microcones. MRC 5(03):495–501

24. Di Quarto F, La Mantia F, Santamaria M (2005) Physicochemical
characterization of passive films on niobium by admittance and
electrochemical impedance spectroscopy studies. Electrochim
Acta 50(25-26):5090–5102

25. Bleckenwegner P, Mardare CC, Cobet C, Kollender JP, Hassel AW,
Mardare AI (2017) Compositionally dependent nonlinear optical
bandgap behavior of mixed anodic oxides in niobium-titanium sys-
tem. ACS Comb Sci 19(2):121–129

26. La Mantia F, Santamaria M, Di Quarto F et al (2010)
Physicochemical characterization of thermally aged anodic films
on magnetron-sputtered niobium. Ber Bunsenges Phys Chem 157:
C258

27. Huang BX, Wang K, Church JS, Li YS (1999) Characterization of
oxides on niobium by raman and infrared spectroscopy.
Electrochim Acta 44(15):2571–2577

28. Li Y-M, Young L (2000) Niobium anodic oxide films: effect of
incorporated electrolyte species on DC and AC ionic current. J
Electrochem Soc 147(4):1344–1348

29. El-Mahdy GA (1997) Formation and dissolution behaviour of nio-
bium oxide in phosphoric acid solutions. Thin Solid Films 307(1-
2):141–147

30. Li DG, Wang JD, Chen DR (2012) Influence of potentiostatic aging,
temperature and pH on the diffusivity of a point defect in the passive
film on Nb in an HCl solution. Electrochim Acta 60:134–146

31. Wang W, Alfantazi A (2014) An electrochemical impedance spec-
troscopy and polarization study of the role of crystallographic ori-
entation on electrochemical behavior of niobium. Electrochim Acta
131:79–88

32. van Overmeere Q, Blaffart F, La Mantia F et al (2012)
Electromechanical coupling in anodic niobium oxide: electric
field-induced strain, internal stress, and dielectric response. J
Appl Phys 111(11):113529

33. Kollender JP, Mardare AI, Hassel AW (2017) In-situ monitoring of
metal dissolution during anodization of tantalum. J Electrochem
Soc 164(9):C598–C601

34. Kollender JP, Voith M, Schneiderbauer S, Mardare AI, Hassel AW
(2015) Highly customisable scanning droplet cell microscopes
using 3D-printing. J Electroanal Chem 740:53–60

35. Kollender JP, Mardare AI, Hassel AW (2017) Direct observation of
metal dissolution during anodization of niobium. Electrochem
Commun 74:5–8

36. Delheusy M, Stierle A, Kasper N, Kurta RP, Vlad A, Dosch H,
Antoine C, Resta A, Lundgren E, Andersen J (2008) X-ray inves-
tigation of subsurface interstitial oxygen at Nb/oxide interfaces.
Appl Phys Lett 92(10):101911

37. Lohrengel MM (1994) Formation of ionic space charge layers in
oxide films on valve metals. Electrochim Acta 39(8-9):1265–1271

38. Moehring A, Pilaski M, Lohrengel MM (1999) The concentration
of mobile ions in insulating oxide films during growth. Ionics 5(1-
2):23–30

39. Hassel AW, Diesing D (2002) Breakdown of ultrathin anodic valve
metal oxide films in metal-insulator-metal-contacts compared with
metal-insulator-electrolyte contacts. Thin Solid Films 414(2):296–303

40. Mardare AI, Ludwig A, Savan A, Hassel AW (2013) Scanning
droplet cell microscopy on a wide range hafnium–niobium thin film
combinatorial library. Electrochim Acta 110:539–549

41. Zaffora A, Tranchida G, Di Franco F et al (2016) Physico-chemical
characterization of anodic oxides on Hf as a function of the anod-
izing conditions. J Electrochem Soc 163(9):C563–C570

42. Limberger W, Mardare CC, Cobet C, Zuo J, Hassel AW, Mardare
AI (2016) Spectroscopic ellipsometry for compositionally induced
bandgap tuning of combinatorial niobium–tantalum anodic oxides.
RSC Adv 6(83):79934–79942

43. Habazaki H, Ogasawara T, Konno H, Shimizu K, Nagata S,
Skeldon P, Thompson GE (2007) Field crystallization of anodic
niobia. Corros Sci 49(2):580–593

44. Komiyama S, Tsuji E, Aoki Y, Habazaki H, Santamaria M, di
Quarto F, Skeldon P, Thompson GE (2012) Growth and field crys-
tallization of anodic films on Ta–Nb alloys. J Solid State
Electrochem 16(4):1595–1604

45. Ono S, Kuramochi K, Asoh H (2009) Effects of electrolyte pH and
temperature on dielectric properties of anodic oxide films formed
on niobium. Corros Sci 51(7):1513–1518

46. Hammer C, Walther B, Karabulut H, Lohrengel MM (2011)
Oscillating oxygen evolution at Ta anodes. J Solid State
Electrochem 15(9):1885–1891

47. Delplancke J-L, Winand R (1988) Galvanostatic anodization of
titanium—II. Reactions efficiencies and electrochemical behaviour
model. Electrochim Acta 33(11):1551–1559

48. Ko EI, Weissman JG (1990) Structures of niobium pentoxide and
their implications on chemical behavior. Catal Today 8(1):27–36

49. Arora MR, Kelly R (1977) The structure and stoichiometry of an-
odic films on V, Nb, Ta, Mo and W. J Mater Sci 12(8):1673–1684

50. Rani RA, Zoolfakar AS, O'Mullane AP, Austin MW, Kalantar-
Zadeh K (2014) Thin films and nanostructures of niobium pentox-
ide: fundamental properties, synthesis methods and applications. J
Mater Chem A 2(38):15683–15703

2464 J Solid State Electrochem (2018) 22:2457–2464


	Downstream analytics quantification of ion release during high-voltage anodisation of niobium
	Abstract
	Introduction
	Experimental details
	Results and discussion
	Conclusion
	References


