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Abstract- In this work, the role of anodic passive potential on the passive and
electrochemical response of pure Ta in 0.1 M H2SO4 solution was studied. Electrochemical
impedance spectroscopy (EIS) plots showed that corrosion resistance of the passive film on
the pure Ta increased with the increasing of anodic passive potential. In addition, the
semiconductive behavior of the passive films formed on pure Ta in 0.1 M H2SO4 solution is
evaluated by employing Mott–Schottky (M–S) analysis. Although, semiconducting response
of pure Ta in 0.1 M H2SO4 solution remains the same as n-type, anodic passive potential
significantly affect the levels of donor concentrations. Indeed, M–S analysis revealed that less
donor densities in passive film due to higher anodic passive potential deteriorated corrosion
resistance of the pure Ta. Also, M–S analysis revealed that flat band potential is quite
sensitive to anodic passive potential.
Keywords- Pure Ta, H2SO4 solution, Passive layer, Anodic passive potential, Mott–Schottky
1. INTRODUCTION
The outstanding properties of tantalum such as its high melting temperature,
biocompatibility and refractoriness has caused the growing applications of this alloy over the
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last two decades. Tantalum possesses very wide applications in different fields but the most
important uses of this strategic metal are in the areas such as manufacturing of capacitors,
implants and surgical tools, and equipment in chemical processing [1-3]. The protection of
metallic structures against corrosive environments is one of the key factors for development
of today's modern industrial processes. The application of high corrosion resistance metals
and alloys such as titanium, zirconium, platinum, tantalum and stainless steels is one of the
important solutions to achieve a high degree of corrosion protectiveness. From these resistive
materials, however, tantalum is an excellent candidate for application in hot acidic media
[4, 5].
Although tantalum has a remarkable passivation tendency in many aggressive
environments, this metal can be attacked in some media. Hydrofluoric (HF) acid, fluoride
ions in acidic medium, and hot strong alkalis are among the most detrimental and harmful
cases that reduce the resistance of tantalum [6-8]. Owing to high price of tantalum, it is not
economic to construct the entire part of the construction out of tantalum. Hence, in practice,
the equipment is constructed from traditional materials such as stainless steels, and then a
thin layer of tantalum is coated on the surface to provide a suitable protectiveness against the
aggressive medium. Such a contrivance results in the final product will benefit from both the
properties of stainless steel as a cost effective and workable substrate and the advantages of
coated tantalum on the surface.
The excellent corrosion resistance of tantalum and its alloys in acidic media are revealed
by many researchers. The investigation by Robin et al [2] showed that in boiling sulfuric acid
the Nb-Ta alloys is inactive up to 40 wt. % H2SO4. In addition, the studies by Kouril et. al.
[3] and Nikiforov et. al. [4] on the corrosion behavior of tantalum in 85 wt.% H3PO4
indicated that tantalum had a good stability at high temperature. Considering the
investigations have been done on the corrosion behavior of tantalum [9-14], it is found that
the electrochemical behavior of this alloy in acidic media is less studied. Thus, the main
purpose of this research is to evaluate the passive behavior of Ta in H2SO4 medium from
electrochemical viewpoint by potentiodynamic polarization (PDP), EIS and M–S analysis.

2. EXPERIMENTAL PROCEDURES
All pure Ta specimens were ground to 1200 grit and cleaned with deionized water prior to
the tests. The exact details of three-electrode flat cell and electrochemical (PDP, EIS and M–
S analysis) measurements were published elsewhere [15]. To evaluate the role of anodic
passive potential on the passive and electrochemical response of pure Ta in 0.1 M H2SO4
solution at 25±1 °C, we chose four potentials (0.1, 0.3, 0.5 and 0.7 VAg/AgCl) within the
passive region to do the survey for potentiostatic film growth, EIS, and M–S tests. Time
duration for film growth was considered 1800 s to make sure that the steady-state condition is
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on. To provide the EIS data with the appropriate fitted curves, NOVA 2.0.1 impedance
software was applied.

3. RESULTS AND DISCUSSION
3.1. Open circuit potential (OCP) and polarization measurements
The OCP curve of pure Ta in 0.1 M H2SO4 solution is shown in Fig. 1(a). At the start of
immersion, the open circuit potential is directed towards positive values. This trend is also
reported for pure Ta in alkaline solutions, which indicates the formation of passive film and
its role in increasing protectivity with time. The OPC curves show that within 1200 s a
complete stable condition is achieved to implement the electrochemical tests. Fig. 1(b)
depicts the PDP plot of pure Ta in 0.1 M H2SO4 solution. From the PDP plot, the passive
range was determined to be from -0.1 to 1.5 VAg/AgCl.

Fig. 1. (a) OCP and (b) PDP plot of pure Ta sample in 0.1 M H2SO4 solution
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The passive behavior of pure Ta electrode is in agreement with reported literatures [15].
The passive current density appears to be nearly constant just below the breakdown potential.
Through formation of the passive layers, the progress of current density was measured during
the application of different potentials in the passive region. Fig. 2(a) shows the potentiostatic
polarization graphs for pure Ta in 0.1 M H2SO4 solution. It is seen that the current density
weakens with time until a steady state is established. Fig. 2(b) depicts the rates of the steadystate passive current density ( i ss ) versus the formation potential. The mean steady-state
current density is 2.16 0-7 A cm-2.

Fig. 2. (a) Potentiostatic polarization plots of pure Ta in 0.1 M H2SO4 solution, and (b)
steady-state passive current density obtained during the potentiostatic growth of the passive
layers
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3.2. EIS measurements
Fig. 3 reveals the role of anodic passive potential on the EIS plots of pure Ta in 0.1 M
H2SO4 solution. For all passive potential, just one capacitive loop is seen (Fig. 3(a)).

Fig. 3. Role of passive potential on the (a) Nyquist, (b) Bode, and (c) Bode-phase plots of
pure Ta in 0.1 M H2SO4 solution
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It is established that the diameters of these imperfect depressed semicircles are
proportional to the resistance of passive films such that any growth in diameter shows an
increase in the stability and compactness of the passive layer [16,17]. Also, any increase in
the passive potential results in a noticeable increase in the total resistance. Taking into
account Bode plots (Fig. 3(b)), one time constant seems to exist. As shown in the Bode-phase
plots (Fig. 3(c)), the peak of the phase angle is called to be lower than -90° which is ascribed
as an evidence of such behaviors can be interpreted as a deviance from an ideal capacitor. To
account for deviation from ideal state, raised through parameters like surface heterogeneity
and roughness, a constant phase angle element (Q) will be taken into account. Q is expressed
as follows [17,18]:
Q  Y0  j 

n

(1)

Here, Y0 shows the admittance (Ω−1 cm−2 s-1), ω is the angular frequency (rad s−1), j
reveals the imaginary unit, and n presents the Q exponent varies between 0 and 1 [17,18].
The capacitance of the constant phase element can be calculated from Eq. (2) [17,18]:
C  Y0 (max ) n1

(2)

Here, ωmax shows the angular frequency at which the maximum in the imaginary
component of the impedance occurs. To simulate the EIS data, the equivalent electrical
circuit revealed in Fig. 4 was used. In the equivalent circuit, applied to describe the passive
layers formed on Ta and Ti in 0.5 M H2SO4 solution [19], the elements of the circuit are
defined as: Rs shows the solution resistance, Rp presents the resistance of the passive layer,
and Qp is constant phase element relating to the capacitance of the passive layer.

Fig. 4. The Randles circuit for the modeling experimental EIS data [19]
Fig. 5 shows the effect of anodic passive potential on the resistance and capacitance of the
passive layers of pure Ta in 0.1 M H2SO4 solution.
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Fig. 5. Effect of passive potential on the (a) passive film resistance and (b) passive film
capacitance of pure Ta in 0.1 M H2SO4 solution
It is shown that the resistance of the passive layer increases by anodic passive potential
(Fig. 5(a)). Also, noting the Fig. 5(b), it is seen that by increasing the anodic passive
potential, the passive film capacitance decreases.

Fig. 6. Role of passive potential on the calculated passive film thickness of pure Ta in 0.1 M
H2SO4 solution
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Such drop in the passive film capacitance implies lower dissolution and the passivity
increase [15,17]. Eq. (3) is used to determine the thickness of the passive layer (L) [20,21]:
L

 0 A

(3)

C

Here, ε is the dielectric constant of passive layer (25 for Ta [15,17,20]), ε0 shows the
vacuum permittivity, and A is the effective surface area. Fig. 6 depicts the effect of anodic
passive potential on the passive layer thickness of pure Ta in 0.1 M H2SO4 solution. The
calculated passive layer thickness is in the range of 0.9-2.1 nm, which is agreement with
those reported in the literature for pure Ta [22]. Therefore, increasing the passive potential is
appropriate to form thicker and more protective passive films for pure Ta in 0.1 M H2SO4
solution.
3.3. M–S analysis
Fig. 7 shows the role of anodic passive potential on the M–S plots of pure Ta in 0.1 M
H2SO4 solution. It can be deduced when the passive potential is 0.1 VAg/AgCl, the space charge
capacitance (Csc) possesses the largest magnitude.

Fig. 7. Role of passive potential on the M–S plots of pure Ta in 0.1 M H2SO4 solution
Positive slopes are indicators of n-type semiconducting behavior [23,24]. From these positive
slopes using M–S equation, donor densities (ND) can be expressed as [24,25]:
1
C SC

2



2
 o eN D

k T

 E  E fb  B 
e 


(4)
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Here e is the electron charge, k shows the Boltzmann constant, T is the absolute
temperature, and Efb reveals the flat band potential. By extrapolating linear portion to
Csc−2=0, one can determine the flat band potential. It is interesting to note that Efb decreases
as the anodic passive potential increase. Revealing in Fig. 8, the defect structure of the
passive film formed on pure Ta is pictured through a chain of creation and annihilation of
defects that occurs at the interface of metal/passive layer as well as at the interface of passive
layer/ solution [15, 26]. A newly developed PDM offers incorporation of oxygen vacancies
along with other defects [15].

Fig. 8. The modified PDM for passivation of Ta in 0.1 M H2SO4 solution. VTa5 =Ta vacancy
on the Ta sublattice of the passive layer, Tai5 =interstitial Ta, TaTa =Ta cation on the Ta
sublattice of the passive layer, VO2 =oxygen vacancy on the oxygen sublattice of the passive

layer, OO =oxygen anion on the oxygen sublattice of the passive layer, Ta 5 aq  =Ta cation in
solution
Generally, the flux of cation interstitials and/or oxygen vacancies through the passive film
are needed for the growth process of the film. Anodic passive potential contribute
significantly to the formation of point defects. Therefore, the relative dominance of kinetics
of reaction (3) with respect to the kinetics of reaction (7) may hold accountable for the
downward trend of thickness values at the said H2SO4 concentration. The n-type electronic
behavior of the passive layer cannot be justified since the cation vacancies are electron
acceptors. Thus, it can be concluded that the governing defects in the passive layer are
possibly oxygen vacancies acting as electron donors; by this mean, the passive layer is doped
n-type as mentioned earlier in the M–S plots. For all M–S plots (Fig. 7), two linear-like
regions seems to exist in the range of -1.0 VAg/AgCl to -0.1 VAg/AgCl. Some literatures justify
these multiple slopes differently [15,17]. Some hypotheses include the presence of surface
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states, change in donor type, inhomogeneous donor distribution, as well as the presence of a
second donor level in the band gap, which is supposed to be an outcome of partial ionization
of deep donors [27, 28]. Fig. 9 depicts the effect of anodic passive potential on the calculated
donor densities of pure Ta in 0.1 M H2SO4 solution.

Fig. 9. Role of anodic passive potential on the calculated donor density of the passive layers
formed on pure Ta in 0.1 M H2SO4 solution
The donor densities are in the order of magnitude of 10 22 cm−3; this is corresponding to
those reported previously [15,17,29]. High values of the donor densities may correspond with
higher density of oxygen vacancies in the passive layer [15,17,29]. Donor density reaches its
minimum values when the passive potential is 0.7 VAg/AgCl. To assess the relationship
between donor density and the film formation potential, Eq. (5) was developed [30–33]:
N D  1 exp bE ff   2

(5)

Here, 1 ,  2 and b are unknown constants determined according to the experimental
data. Through nonlinear fitting of the experimental findings, the exponential relationship
between the donor density and the formation potential is obtained as Eq. (6) [30,31]:



N D  1.9264  10 22 exp  4.7970E ff   0.1229  10 22 cm 3



(6)

Eq. (7) expresses the calculation of the diffusion [30,31]:

DO  

iss RT
4eF 2 L

(7)

Here, R and F show the ideal gas constant and the Faraday constant. By substituting i ss ,
 L , and  2 into Eq. (7), one can find D0=7.38±0.15×10-18. Thus, the diffusion coefficient of
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defects in the passive film formed on pure Ta in 0.1 M H2SO4 solution is estimated in the
range of 10-18 cm2/s. This is in the order of the results recorded for defects diffusion
coefficient in the passive film for Ta in 0.1 M KOH [34] and 0.1 M H2SO4 [35].

4. CONCLUSIONS
In the present study, the role of anodic passive potential on the passive and
electrochemical response of pure Ta in 0.1 M H2SO4 solution was evaluated. The main
findings and conclusions are as follows:
 PDP curve showed that pure Ta sample displays a wide passive range in 0.1 M H2SO4
solution.
 Potentiostatic polarization results depicted that the steady-state current density through the
passive film of pure Ta sample was independent of formation potential, which is in good
agreement with the postulation of the PDM.
 Based on the M–S plots, with increase in the anodic formation potential, the calculated
donor density decreases exponentially.
 Linear increase in the thickness of the passive film is observed with the anodic formation
potential.
 Considering that the donors are defects including cation interstitials and oxygen vacancies,
the experimental data were justified in terms of the PDM for the passivity of pure Ta in 0.1
M H2SO4. The calculated diffusivity of defect was in the range of 10-18 cm2/s.
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