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In this work electrochemical characterization of the anodic passive films formed on Nb in alkaline (0.1 – 5 M 
KOH) and acidic solution (H2SO4) was carried out by cyclic voltammetry and electrochemical impedance spectro-
scopy (EIS). Potentiodynamic measurements yielded a classical electrochemical passivation curve for both alkaline 
(KOH) and acidic (H2SO4) solution. In addition EIS-measurements were performed at several potentials in order to 
characterize the Nb/solution, and/or Nb/Nb2O5 / solution interfaces. The impedance behaviour of the passive films on 
Nb can be adequately described with a simple EEC; Rel in series with a parallel circuit CPE (Q) – Rct(ox). The calcu-
late values of the passive oxide (Nb2O5) films resistivity ranged between 1011–1010 Ω cm with relative dielectric con-
stant (εf ≈ 14) for KOH-solutions and approx. 2⋅1012 Ω cm for 1M H2SO4, indicating that the Nb-passive films, gen-
erated in acidic solutions, are better corrosion protectors then those formed in alkaline solutions. 
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ELEKTROHEMISKA I IMPEDANSNA KARAKTERIZACIJA NA PASIVNI FILMOVI  
NA NIOBIUM VO ALKALNI I KISELI RASTVORI 

Elektrohemiskata karakterizacija na anodnite pasivni filmovi formirani vrz niobium vo 
alkalni (0,1 – 5 M KON) i kiseli rastvori (H2SO4) e vr{ena so pomo{ na cikli~na voltametrija i 
elektrohemiska impedansna spektroskopija (EIS). So potenciodinami~kite merewa se dobieni 
klasi~ni elektrohemiski pasivaciski krivi kako vo alkalnite (KOH) taka i vo kiselite rastvori 
(H2SO4). Impedansnite merewa bea izvedeni pri nekolku potencijali za da se karakterizira grani~-
nata povr{ina na Nb/rastvor i/ili Nb/Nb2O5/rastvor. Impedansnoto odnesuvawe na pasivnite fil-
movi vrz Nb mo`e da se opi{e so ednostavno ekvivalentno elektri~no kolo (EEK); Rel seriski svrzan so 
paralelno kolo CPE (Q) – Rct(ox). Presmetanite vrednosti na specifi~nite otpori (1011 ‡ 1010 Ω cm) i 
relativnata dielektri~na konstanta (εf ≈ 14) na pasivnite oksidni filmovi vo rastvori na KOH i  
∼ 2⋅1012 Ω cm za 1M H2SO4 uka`uvaat deka pasivnite filmovi na niobium sozdadeni vo kiseli rast-
vori imaat podobri korozivno-za{titni karakteristiki od onie sozdadeni vo alkalni rastvori. 

Klu~ni zborovi: pasivni filmovi; niobium; cikli~na voltametrija; elektrohemiska impedansna 
spektroskopija 

INTRODUCTION 

In recent years there has been a growing in-
terest in niobium and its alloys for use in the che-
mical industry (construction of chemical plants), 
mechanical industry (construction of high pressure 
transmission pipelines) and the electrical industry 

(construction of super-conductive magnets). Nb 
has the highest transition temperature (9.3 K or –
264 oC) and among metals it is the most practical 
choice for super-conducting applications. More-
over, Nb possesses high corrosion resistance due 
to its ability to spontaneously form stable passive 
oxides in air and aqueous solutions. The thickness 
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of these films is 2–4 nm and it is extremely diffi-
cult to remove them from the metal surface. The 
corrosion resistance of Nb can be enhanced by 
electrochemical formation of passive and/or an-
odic oxide films on its surface [1–4] 

The electrochemical passivity of Nb has been 
mainly studied using galvanostatic, potentiostatic, 
potentiodynamic and EIS techniques in weak acid 
and alkaline solutions, as well as neutral and 
puffer solutions [5–7]. 

Impedance data are diagnostically useful, as 
they can provide a variety of information, in par-
ticular on the main reactions contributing to the 
faradic current at the reacting interface, and on the 
electrical characteristics of the anodic films on the 
metal electrode [8–10]. 

The aim of this work was to investigate the 
electrical and corrosion properties of oxide films 
electrochemically grown in the initial stage of 
electrochemical passivation of Nb electrode, up to 
1 V/she in aqueous KOH and H2SO4 solutions, 
using EIS. An attempt to characterize the Nb/elec-
trolyte interface in the cathodic region, prior to the 
commencement of the passivation process, at  
– 0.2 V/she for 1M H2SO4 and –1 V/she for KOH 
solutions, was also made in this study.  

EXPERIMENTAL 

Annealed niobium rod (99.8 % purity; 6.35 
mm diameter, Alfa Aesar-Johnson Mattey Com-
pany) in epoxy resin was used as a working elec-
trode. Prior to each experiment, the electrode was 
mechanically polished with emery paper 600 and 
then electropolished at 15.2 V in bath consisting of 
170 ml HNO3 + 50 ml HF + 510 ml CH3OH + 5 g 
citric acid. The counter electrode was a platinum 
wire and an Hg/HgO-electrode was used as a refe-
rence electrode. All the measured potentials are 
referred to the standard hydrogen electrode (she). 

A classical three-compartment cylindrical 
electrolytic cell equipped with Luggin capillary 
and an inlet and outlet for bubbling inert gas was 
used. The solution in the cell was initially de-
aerated by flowing nitrogen gas through a fritted 
bubbler for at least 30 min prior to the run.  

Aqueous solutions of potassium hydroxide 
with concentrations of 0.1 M, 0.5 M, 1M, 2 M, 
5 M KOH, and 1M sulfuric acid were prepared 
from KOH and concentrated H2SO4 (Merck, extra 
pure) with redistilled water (k < 2⋅10–7 Scm–1). The 

electrolyte in the cell was exchanged after each 
measurement, in order to avoid an eventual build 
up of soluble Nb species. The experiments were 
carried out at room temperature. 

The EIS (electrochemical impedance spec-
troscopy) measurements were carried out in the 
frequency range from 100 kHz to 10 mHz (with 
a.c. signal of 5 mV) at several potentials: –1 V, 
0.5 V and 1 V/she in the KOH solutions, and  
–0.2 V and 0.5 V/she in the H2SO4 solutions, in 
order to determine the characteristics of the 
Nb/solution and/or Nb-oxide/solution-interface. It 
should be mentioned that the Nb-electrode was 
treated for approx. 10 minutes at these specified 
potentials (–1 V; 0.5 V and 1 V/she and/or –0.2 V 
and 0.5 V/she) before every run of impedance 
measurement. 

RESULT AND DISCUSSION 

Cyclic voltammetry 

The potentiodynamic measurements were 
performed after electrochemical treatment of the 
Nb-electrode (mechanically and electrochemically 
polished) at low cathodic potentials of –1 V/she 
for the KOH solutions and at –0.2 V/she for 1M 
H2SO4 for approx. 10 minutes. 

In Fig. 1, potentiodynamic I/E-curves for first 
and second cycle of Nb electrode in 1M KOH (a) 
and 1M H2SO4 (b) are shown. The potential 
sweeps were performed in the potential window 
from –1.2 V/she to 4 V/she for 1 M KOH, and 
from – 0.2 V/she to 1.5 V/she for 1 M H2SO4, with 
sweep rate of 200 mV/s. 

In the first positive scan three distinct regions 
for both potentiodynamic curves were observed. 

The first region can be defined as an active 
dissolution region, where the anodic current in-
creases exponentially with a scanning potential 
and an anodic current peak is formed. In this re-
gion the metal dissolution takes place following 
the reaction [11]: 

 Nb → Nb5+ + 5e–. (1) 

The second (passive) region corresponds to 
the electrochemical passivation of the Nb elec-
trode following the reaction: 

 2Nb + 5H2O → Nb2O5 + 10H+ + 10e–. (2) 
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Fig. 1. Cyclic voltammograms of Nb electrode (0.316 cm2) 

recorded in 1 M KOH (a) and 1M H2SO4 (b); (v = 200 mVs–1) 

In this region, the anodic current is almost 
constant, independent of the applied potential, and 
a surface layer of stable oxides is formed. The 
thickness of the passive films grows by reaction 
(2) and the metal dissolution reaction (1) is in-
creasingly hindered. 

The progress of metal dissolution in the ac-
tive region and passivation in the second region 
depends on the concentration of KOH and/or 
H2SO4, surface pre-treatments of the electrodes, 
and the initial electrochemical conditions. 

The thickness of the passive films (Lf) was 
determined by the following equation: 

 Lf = q MNb2O5 107 / z F ρNb2O5, (3) 

where Lf is the film thickness (nm), q is the anodic 
charge (Ccm–2) (calculated from the area under the 
registered j/E-curves, region II, Fig. 1), M is the 
molecular weight of the passive film (in our case 
for Nb2O5, M = 265.8 gmol–1), z is the number of 
electron exchanged (according to reaction 2 for 
Nb2O5 z = 10), ρNb2O5 is the density of a presumed 
homogeneous oxide (ρNb2O5 = 4.47 gcm–3) and F is 
the faradic constant (96 500 Cmol–1). 

It should be noted that the passivation current 
(nearly constant in this region-II) depends linearly 
on the sweep rate (v = dE/dt, Vs–1) between 5 and 
250 mVs–1, with a slope (djpass/dv) ranging from 
4.06 mCV–1cm–2 (or 2.5 nm/V) for H2SO4, to 
5.68 mCV–1cm–2 (or 3.5 nm/V) for KOH solutions, 
assuming Nb2O5 as a passive film on the Nb sur-
face. The calculated values of 2.5 nm/V 
(4⋅106 V/cm) and/or 3.5 nm/V (5.6⋅106 V/cm) indi-
cate that the high field mechanism of ionic migra-
tion can be assumed for the process of electro-
chemical passivation of Nb. This statement is in a 
very good agreement with numerous literature data 
[12].  

The third region is trans-passive where break-
down of the passive film and oxygen evolution 
takes place at potentials more anodic then 
1.4 V/she for sulphuric acid, and more anodic then 
3.6 V/she for KOH solutions (Fig. 1). 

In the first reverse scans, up to potential of  
–1.2 V for 1 M KOH, and up to –0.2 V for 1 M 
H2SO4 (Fig. 1), no cathodic peaks or reactivation 
anodic peaks were observed. In the second cycles, 
constant currents close to zero for both forward 
and reverse scans were recorded. It is evident that 
after the first forward cycle the Nb electrode in 
1 M H2SO4 and 1 M KOH remained passive in the 
whole investigated potential range, and the formed 
passive films blocked all possible redox reactions 
Nb/passive film/electrolyte at the interface. 

Electrochemical impedance spectroscopy (EIS) 

In order to characterize the Nb/solution and/ 
or Nb-oxide/solution-interfaces, the EIS measure-
ments were carried out in the frequency range 
from 100 kHz to 10 mHz (with a.c. signal of 
5 mV) at several potentials: –1 V (Nb/solution), 
0.5 V and 1 V/she (Nb/Nb2O5/solution) in the 
KOH solutions, and at –0.2 V and 0.5 V/she in the 
H2SO4 solution. The obtained experimental results 
were fitted using the Boukamp program [13].  

Analyzing the obtained Bode-plots (logZ/logf 
and ϕ/logf) for impedance characterization of the 
Nb/KOH interface as a function of the potential 
(Fig. 2), as well as a function of KOH concentra-
tion (Fig. 3), the following can be concluded:  

i) logZ/logf and ϕ/logf plots (Figs. 2 and 3) 
indicate the existence of mainly three regions. In 
the first one, at high frequencies (from 100 to 10 
kHz), the measured impedances (Z) ranged be-
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tween 2 and 40 Ω (or 0.63 – 12.6 Ω cm2), with the 
phase angles from 0 to 10 degree, corresponding to 
the ohmic resistance of electrolyte (0.1 – 5 M KOH) 
between the working and the reference electrode. 

ii) The second region, from ∼ 10 kHz to 1 Hz 
(for 0.5 M and 1 M KOH); from 10 kHz to 10 Hz 
(for 2M KOH), and from 10 kHz to 100 Hz (for 
5 M KOH), shows a linear logZ/logf dependences 
with the slope: ∂(log Z)/∂(log f) ranged from –0.8 
to –0.98 and phase angles between –50 and –88 
degrees (non-ideal condenser). As far as this re-
gion is concerned, the impedance for non-ideal 
condenser (real metal-solution or passive film in-
terface) can be represented as: 

 Z = 1/Q(jω)n (4) 

where n < 1 and for ideal condenser, n = 1 as: 

 Z = 1/Cdl (jω) (5) 

where Cdl is a capacity of the electrochemical dou-
ble layer.  

 

Fig. 2. Bode-plots for impedance characterization  
of the Nb / 0.5 M KOH interface at: E = –1 V/she (– –; – –); 

E = 0.5 V/she (– –; – –); and E = 1V/she (– –; –    –) 

 

Fig. 3. Bode-plots for impedance characterization  
of the Nb/ Nb2O5/KOH interface at 0.5 V/she 

The values obtained for the exponent n (be-
tween 0.8 and 0.98) indicate a relatively high ho-
mogeneity of the metal surface. 

iii) At low frequencies (from 1 Hz to 10 mHz 
for 0.5 M and 1 M KOH, from 2 Hz to 200 mHz 
for 2 M KOH, and from 20 Hz to 1 Hz for 5 M 
KOH) the measured impendances (Z) (Fig. 3), are 
again practically insignificantly influenced by the 
frequency with a sharp decreases of the phase an-
gle (from 30o to 0o). Thus the measured imped-
ances in this region correspond to the sum of charge 
transfer resistance (Rct) or oxide resistance (Rox) 
and ohmic resistance of the electrolyte (Rel)  
(Z = Rct(ox) + Rel). 

The impedance behavior of the Nb/solution 
and/or Nb/oxide/solution-interfaces can be ade-
quately described with a simple equivalent electric 
circuit (R(QR)), presented in Fig. 4.  

 
Fig. 4. Equivalent electric circuit for impedance 

characterization of Nb/solution and Nb/Nb2O5/solution-
interface 

The best fitting impedance parameters for the 
systems Nb/KOH or Nb/1 M H2SO4, were ob-
tained for several electrode potentials and KOH 
concentrations using the experimentally obtained 
results and the Boukamp program [13]. These re-
sults are presented in Table 1. 

These data indicate: 
• The values of Rel, depends only on the KOH 

concentration, and decreases with increasing KOH 
concentration. 

• The obtained values of Q (constant phase 
element – CPE; C = Q1/n), Table 1, show that the 
double layer capacity of the Nb/KOH-interface at 
–1 V/she, ranged between 10 and 18 μFcm–2, for 
Nb/Nb2O5/KOH at 0.5 V/she between 3.8 and 
9.6 μFcm–2 or between 3.4 and 7.3 μFcm–2 at 
1V/she, depending on the KOH concentration. The 
values of the capacities at 0.5 or 1 V/she are sig-
nificantly lower compared to those at –1 V/she 
(without passive film), indicating the extension of 
the Helmholtz layer-thickness as a results of the 
passive film formation at the Nb/KOH-interface.  
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T a b l e  1  

Best fitting parameters for systems: Nb/KOH; Nb/Nb2O5/KOH and Nb/1M H2SO4; Nb/ Nb2O5/1M H2SO4 
using a simple R(QR) EEC (ANb = 0.316 cm2) 

CKOH/M E/V(she) Rel/Ω Q/Ω–1sn n C/μFcm–2 Rct
*(Rox)/Ω 

0.1 

–1.0 

0.5 

1.0 

45.14 

35.12 

40.00 

7.0⋅10–5 

3.67⋅10–6 

3.73⋅10–6 

0.770 

0.919 

0.910 

12.70 

3.85 

3.43 

4.43⋅104* 

9.70⋅104 

6.65⋅105 

0.5 

–1.0 

0.5 

1.0 

6.50 

7.98 

8.14 

2.29⋅10–5 

3.53⋅10–6 

2.95⋅10–6 

0.845 

0.939 

0.932 

10.20 

4.94 

3.70 

4.15⋅104* 

1.06⋅105 

1.51⋅105 

1.0 

–1.0 

0.5 

1.0 

4.30 

5.18 

4.23 

5.47⋅10–5 

3.30⋅10–6 

3.22⋅10–6 

0.776 

0.959 

0.946 

10.2 

6.10 

4.95 

6.80⋅104* 

5.05⋅104 

4.90⋅104 

2.0 

–1.0 

0.5 

1.0 

2.21 

2.30 

2.44 

2.30⋅10–5 

3.80⋅10–6 

2.37⋅10–6 

0.863 

0.963 

0.976 

13.45 

7.45 

5.45 

1.74⋅104* 

1.79⋅104 

2.28⋅104 

5.0 

–1.0 

0.5 

1.0 

1.85 

1.95 

1.90 

1.72⋅10–5 

3.04⋅10–6 

3.00⋅10–6 

0.908 

1.000 

0.979 

17.85 

9.60 

7.30 

0.95⋅103* 

1.12⋅103 

3.41⋅103 

1M H2SO4 
–0.2 

0.5 

1.63 

1.75 

3.89⋅10–5 

6.80⋅10–6 

0.883 

0.954 

31.10 

12.10 

2.41⋅103* 

5.72⋅105 

 
 
Thus, for Nb-electrode passivated at 1 V/she 

in 1 M KOH, the value of the relative dielectric 
constant of the passive film can be calculated us-
ing the data from Table 1 and the equation: 

 εox = 1.13⋅⋅Lox⋅Cox = 1.13 ⋅ 2.5 ⋅ 5 ≅ 14.1. 

It should be noted that in this case, 
(Nb/Nb2O5/solution-interface), the capacity values 
will mainly depend on the characteristics and/or 
thickness of the passive film. 

• The double layer capacity (dlc) of the 
Nb/solution interface at –1 V/she for KOH solu-
tions, and –0.2 V/she for H2SO4 solution, is mainly 
determined by the adsorbed layer of the solvent 
(H2O) molecules (dH2O ≈ 0.4 nm) [14]. 

• The values of the charge transfer resistance 
(Rct) and/or oxide resistance (Rox) of the electro-
chemically formed passive films, Table 1, regularly 
depend on the electrode potential of passivation and 
KOH concentrations. For low concentrations of 
KOH (0.1 and 0.5 M) the value of Rox for passive 
films formed at 0.5 V/she is approx. 1⋅105 Ω (or 
3.2⋅104 Ω cm2), for 1 M KOH Rox is approx. 5⋅104 Ω 

(or 1.6⋅104 Ω cm2), for 2 M KOH Rox is approx. 
1.8⋅104 Ω (or 5.7⋅103 Ω cm2), and for 5 M KOH 
Rox is approx. 1.12⋅103 Ω (or 3.54⋅102 Ω cm2). The 
significant decrease of the oxide film resistance 
(for about two order of magnitude) at higher con-
centrations of KOH (cKOH ≥ 1 M), can be mainly 
attributed to the decreased chemical stability of the 
passive films. This statement was unambiguously 
confirmed during potentiodynamic measurements 
(dE/dt < 5 mVs–1) of electrochemical passivation 
of Nb in KOH-solutions (cKOH ≥ 5 M) where the 
repassivation process can be almost completely 
repeated in the reverse scan [15]. 

• The calculated values of the Nb-oxide resis-
tance at E = 1V/she and Lox ≈ 3.5 nm, using the 
equation: 

 ρox = (Rox ⋅ANb) / Lox (Ω cm) (6)  

and the presented data for Rox for several KOH 
concentrations (Table 1), are as follows: 
ρox = 6⋅1011 for 0.1 M KOH, 9.6⋅1010 Ω cm for 
0.5 M KOH, 4.4⋅1010 Ω cm for 1M KOH, and 
2.1⋅1010 Ω cm for 2 M KOH. 
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These values indicate that the ohmic resis-
tance (or conductivity) of the passive Nb-oxide 
films is strongly influenced by the KOH concen-
tration.  

• The same experimental and calculation pro-
cedure has also been applied for impedance char-
acterization of the Nb/1 M H2SO4 at –0.2 V/she 
and Nb/Nb2O5/1 M H2SO4 at 0.5 V/she (Fig 5). 

 
Fig. 5. Bode-plots for impedance characterization  

of the Nb / 1 M H2SO4 interface at E = –0.2 V/she (– –; – –
) and Nb / Nb2O5 /1M H2SO4 at E = 0.5 V/she (– – ; – –) 

 
Fig. 6. Bode-plots for impedance characterization  
of the Nb / Nb2O5/0.5 M KOH (– – ; – –) and  

Nb / Nb2O5/1M H2SO4-interface (–ο–; – –) at E = 0.5 V/she 

The calculated value of the oxide (Nb2O5) re-
sistivity (1.81⋅1012 Ω cm) in this case (1M H2SO4) 
(E = 0.5 V/she; Lox ≈ 1.5 nm) indicates formation 
of a more compact and homogeneous protective 
film on the Nb-surface, as compared with that 
formed in 1M KOH, Fig. 6.  

CONCLUSIONS 

1) Potentiodynamic investigations of electro-
chemical passivation of Nb, both in aqueous solu-
tions of KOH or H2SO4, indicate that the oxide-

free Nb surface can be provided with cathodic 
treatment of the previously polished Nb-electrode 
(mechanically and electrochemically) in potentio-
static conditions, and potentials more cathodic 
then –0.9 V/she (in KOH solutions) or more ca-
thodic then –0.15 V/she (in H2SO4 solutions). 

2) The constant current for the process of 
electrochemical passivation of Nb in KOH solu-
tions (jpass), both for KOH and H2SO4 solution, 
linearly depends on the rate of polarization (V/s) 
with a slope of 5.7 and 4.1 mCV–1cm–2 or 3.5 and 
2.5 nmV–1, respectively (assuming Nb2O5 passive 
layer at the Nb surface), usual value for electro-
chemical passivation of many other metals. 

3) EIS experimental data clearly show that the 
double layer capacity of Nb/KOH-interface ranged 
between 10 and 18 μFcm–2 (at E ≈ –1 V/she); for 
Nb/Nb2O5/KOH between 3.8 and 9.6 μFcm–2 (at 
E ≈ 0.5 V/she) or between 3.4 and 7.3 μFcm–2 (at 
E ≈ 1V/she), depending on the KOH concentra-
tion. 

It was also found that by increasing the KOH 
concentration over 1M (2 and 5 M KOH) the ob-
tained passive films of Nb are not protective 
enough due to their decreased chemical stability 
(increasing values of the capacity and/or decreased 
values of the passive film resistivity). 

4) The calculate values of the passive oxide 
(Nb2O5) films resistivity ranged between 1011 – 
1010 Ωcm with relative dielectric constant (εf ≈ 
14), for KOH solutions and approx. 2⋅1012 Ωcm 
for 1 M H2SO4 indicating that the Nb-passive 
films, generated in acidic solutions, are better cor-
rosion protectors then those formed in alkaline 
solutions. 
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