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The surface modification of Armco
 

iron for corrosion protection was performed by using the 

formation of the passive oxide film as well as the surface treatment by an ionic liquid. The band 

structure model was employed to explain the kinetics of oxide film growth and reduction in terms of 

point defects diffusivity. Low values of the diffusion coefficient and the concentration of anion 

vacancies as well as the high charge transfer resistance values point to high protecting properties of the 

passive oxide film in the wide potential range. Protection efficiency of the spontaneously formed oxide 

film at the open circuit potential (EOCP) was markedly enhanced by adsorption of 1-butyl-3-

methylimidazolium ([C4MIm]
+
) cations on a negatively charged iron surface. The nature and the 

chemical composition of the surface oxide film on iron in the dependence of the formation potential 

were studied by X-ray photoelectron spectroscopy (XPS). XPS results showed a clear lowering of the 

iron valence through the oxide film until metallic iron. 

 

 

Keywords: iron, formation and reduction of oxide film, ionic liquids, EIS, XPS 

 

1. INTRODUCTION 

In a contact with humid air or near neutral and alkaline aqueous solutions the iron surface is 

covered by an oxide/hydroxide layer of a poor surface coverage, a low mechanical integrity, and a low 

corrosion resistance. Different types of corrosion protection have been used such as (i) inorganic 

conversion coatings (including oxide-, phosphate- and chromate-based coatings) and (ii) organic 

coatings produced by adsorption of organic molecules (corrosion inhibitors), by self-assembling of 

organic molecules, and coatings formed by adsorption of molecular ions (ionic liquids). 

http://www.electrochemsci.org/
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The majority of work in the first area is devoted to the study of oxide film 

formation/passivation and the characterization of the structural and electronic properties of the passive 

film, especially in near neutral borate buffer solutions 1-14. There are several advantages of using 

this electrolyte solution: (a) the borate ions posses the adsorption affinity much smaller than other 

anions [14, (b) the oxide layer is chemically stable in a wide potential range [4], (c) the active to 

passive transition occurs with small current densities [2,3], and (d) the potential drop in the Helmholtz 

layer is constant and depends only on the pH, and any change of the electrode potential causes a 

change of the potential drop in the oxide 11. 

During passivation, the ionic current is related to the number of defects in the oxide film, i.e., 

oxygen and cation vacancies, whose transport occurs under the influence of the electrostatic field. 

Macdonalds point defect model (PDM) uses the elementary vacancy generation and annihilation 

reactions at the metalfilm and at the filmsolution interfaces as the bases 15,16. A key parameter in 

describing the transport properties of oxygen vacancies and cation vacancies, and hence the kinetics of 

film growth is the vacancy diffusivity (Do), which appears in the Nernst-Planck equation for the flux 

and temporal dependence of the vacancy concentration. Furthermore, these defects in the passive film 

generate localized states, which can act as donors or acceptor levels. Such electronic levels in the 

band-gap can be assumed to have a decisive influence on the reactivity of passive interfaces. The Mott-

Schottky (MS) analysis in conjunction with the PDM for passive films enables determination of the 

diffusion coefficient of oxygen vacancies in passive films 17. The vacancy concentration can be as 

large as 10
21

 cm
-3

, if assumed that the defects act as the dopants; oxygen vacancies and cation 

vacancies, indicating n-type and p-type conductivity, respectively 15-17. 

The main goal of the corrosion studies is to understand the corrosion mechanism on materials 

investigated and to gain know how in their efficient corrosion protection. In this sense, the modification 

of an iron surface for corrosion protection using passive oxide films and the surface treatments by 

ionic liquids was studied. The semiconducting properties of the passive films were investigated in a 

borate buffer, pH 8.4, and correlated with their corrosion resistance.  

 

 

 

2. EXPERIMENTAL PART 

2.1. Materials and solutions 

ARMCO


 soft ingot iron, 99.8%, was obtained from Goodfellow, England. The 2 mm thick 

plate was cut into discs with the cross section area of 1 cm
2
 that was used as a working electrode. 

Before each measurement the samples were successively ground with SiC paper (#600 to #1000 grit), 

ultrasonically cleaned in redistilled water, and degreased in acetone. A borate buffer solution, pH 8.4, 

was used as an electrolyte. The chemical composition of a borate buffer solution, which was prepared 

with redistilled water, was 0.3 mol dm
-3

 H3BO3 (Kemika, p.a.) + 0.075 mol dm
-3

 Na2B4O710H2O 

(Kemika, p.a.). The ionic liquid used in study was 1-butyl-3-methylimidazolium bromide, Sigma-

Aldrich,  98.5%). 

  



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

9234 

2.2. Electrochemical and X-Ray photoelectron spectroscopy measurements 

All electrochemical measurements were performed at 25 2  C   in a standard three electrode 

cell (PAR, Corrosion Cell System, Model K47). Graphite rods were used as the counter electrode and 

the reference electrode, to which all potentials in the paper are referred, was an Ag | AgCl, 3.0 mol dm
-

3
 KCl (E = 0.210 V vs. SHE) 18. Prior to all measurements, the surface oxide layer was removed by 

cathodic polarization at -1.2 V for 60s. A Solartron potentiostat/galvanostat 1287 with FRA 1260 was 

used in these measurements. 

Cyclic voltammetry (CV) measurements were carried out at a scan rate of 1 mV s
-1

 in a 

potential range from -1.2 to 1.0 V. Electrochemical impedance spectroscopy (EIS) measurements were 

performed in the frequency range between 10
5
 and 510

-3
 Hz with an ac voltage amplitude of 5 mV. 

Prior to each measurement the electrode was stabilized at a chosen potential for 24 h. Impedance data 

were fitted by a suitable electrical equivalent circuit (EEC) model, employing the complex non-linear 

least squares (CNLS) fit analysis offered by the Solartron ZView
®

 software 19. The fitting quality 

was evaluated by the chi-squared and relative error values, which were in the order of 10
−3

-10
−4

 and 

below 4 %, respectively, indicating that the agreement between the proposed EEC model and the 

experimental data was very good. 

Due to a well known frequency dispersion on a solid electrode surface the interfacial 

capacitance in this work has been expressed in term of the constant phase element (CPE) [20]. Its 

impedance can be defined as Z(CPE) = Q(j)
n


-1
, where Q is the constant,  is the angular frequency, 

and n is the CPE exponent. The interfacial capacitance (Ci) is calculated using the expression given by 

Brug et al. 21: 

 
n 1 1 1-n

i i el i  ( )-Q C R R         (1) 

 

where Rel is the ohmic resistance and Ri is the charge transfer resistance (Rct). 

The capacitance values of the ironsolution interface, needed for a Mott-Schottky (MS) 

analysis, were determined from the imaginary part of impedance (Zimag). After the electrode 

stabilization for 24 h at a film formation potential (Ef), the potential was swept from Ef to the negative 

direction at a sweep rate of 50 mV s
-1

 to avoid the electroreduction of the oxide layer and change in the 

film thickness during the measurements. In the MS experiments, the imaginary part of the impedance 

was recorded as a function of the potential at a frequency 10
3
 Hz. Our previous investigation of iron 

passivity 22 showed that the MS plot obtained at 10
3
 Hz correlated well with that obtained by using a 

procedure that eliminated the influence of frequency dispersion 22. From the measured values of 

Zimag and the previously determined CPE exponents n, it was possible to calculate the CPE parameter 

Q, and then the interfacial capacitance by using Eq.(1). 

The X-ray photoelectron spectra (XPS) were recorded in a UHV chamber (typical pressure in 

the 10
-7

-10
-6

 Pa range) of a SPECS system with the Phoibos MCD 100 electron analyser and 

monochromatized Al K x-rays of 1486.74 eV. For the pass energy of 10 eV used in the present study, 

the total energy resolution was around 0.8 eV. The photoemission spectra were simulated with several 

sets of mixed Gaussian-Lorentzian functions with Shirley background subtraction. 
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3. RESULTS AND DISCUSSION 

3.1. Electrochemical behaviour of iron in a borate buffer solution 

The cyclic polarization behaviour of iron in a borate buffer solution, pH 8.4, is presented in 

Fig. 1. The CV features are nearly identical to those reported in many of the earlier studies 1-6. The 

oxidation reduction processes occurring inside the characteristic potential regions can be inferred from 

the equilibrium potentials 24 and the composition studies of passive films on iron in borate buffer 

solutions 3,7-9. 

Inside the potential region of the anodic current peak AI iron oxidation takes place and the main 

reaction is the formation of a monolayer of hydrous Fe(OH)2, which has been considered responsible 

for the prepassivation of iron in a borate buffer solution 4,5. The mechanism of this process was 

discussed extensively in the literature 10. The release of Fe
2+

 ions was detected at anodic potentials 

corresponding to the current peak AI 3,4,6. 

 

 
 

Figure 1. The cyclic voltammogram of the iron electrode in a borate buffer solution, pH 8.4,  = 1 

mVs
-1

. 

 

The broad current peak AII can be considered as two overlapping current peaks 4. At more 

negative potentials of AII, the Fe
2+

 ions, generated during active-passive transition, can be oxidised to 

form a deposit of Fe(III) hydrated oxide, most frequently attributed to FeOOH 3,6,11. By increasing 

anodic potential, i.e., at higher potentials of AII, the solid state oxidation of Fe(II) oxide/hydroxides 

into Fe(III) oxide/hydroxide takes place. During this process, a small release of Fe
3+

 ions from the 

passive layer was registered 6. XPS measurements performed on Fe in a borate buffer, pH 8.4, by 

Sieber et al. 9 have shown that oxygen inside the surface layer is present as O
2-

 and OH
-
 ions and the 

latter one, i.e, iron hydroxide is located in the outer part of the surface film, while iron oxide(s) in the 

inner layer. Therefore it has been widely accepted that the passive films formed at potentials of current 

peak AII are of a bilayer structure consisting of an inner layer that is similar to Fe3O4 and/or -Fe2O3 
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and an outer layer of an as yet unknown Fe(III)-oxide/hydroxide (Raman peak at 560 cm
-1

) 7. By 

increasing anodic potential during a current plateau AIII, a thickness of the oxide layer increases 9 as 

well as the amount of Fe(III) species responsible for the Raman peak at 560 cm
-1

. 

The cathodic branch of the CV shows two current maxima; the first one (CII) corresponds to the 

electroreduction of Fe(III) iron species, while the second one (CI) results from the electroreduction of 

Fe(II) iron species, which proceeds together with the hydrogen evolution reaction 9,12. The 

mechanisms of these processes are discussed in the section 3.4. 

 

3.2. Semiconducting properties of the passive film on iron 

First, we will present and discuss the electronic properties of the passive oxide film anodically 

formed on iron due to the following reasons: (i) a deep understanding of the electronic properties of the 

surface film is needed to predict long-term corrosion properties of iron and (ii) the band structure 

model was employed in this work to explain the oxide film growth and electroreduction (cathodic 

decomposition). 

The MS analysis was applied to identify the electronic (semiconducting) properties of the 

passive films on iron in a borate buffer solution, pH 8.4 as a function of the formation potential across 

the entire passive range. MS experiments (capacitance measurements) were performed under 

conditions in which electronic conductivity of the passive film prevails and the space charge layer is 

formed creating a strong electric field at the solid|liquid interface, i.e. creating the barrier for the 

corrosion processes. 

The value of the interfacial capacitance (Ci), obtained according to the procedure described in 

the Experimental part, consists of the space charge capacitance (CSC) and the Helmholtz layer 

capacitance (CH), and is equal to -1 -1

SC H( + ) 1C C , under assumption that the contribution from the surface 

states can be neglected. Since the Ci values determined using Eq. (1) are much smaller than CH for iron 

in a borate buffer solution, pH 8.4, (CH = 134 F cm
-2

 7), the measured capacitance is approximately 

equal to CSC. According to MS theory [25, the space charge capacitance of n- and p-type 

semiconductors is given by Eq. (2) and Eq. (3), respectively: 

 

fb

SC D

( )
kT

E E
C eN e

  
2

0

1 2
      (2) 

 

fb2

SC 0 A

1 2
( )

kT
E E

C eN e


         (3) 

 

where ε0 is the vacuum permittivity (8.85  10
-14

 F cm
-1

), ε is the dielectric constant of iron 

oxide (ε = 30 26), e is the electron charge (1.602  10
-19

 C), ND and NA are the donor and acceptor 

density in the passive film, respectively, E is the applied potential, Efb is the flat band potential, k is the 

Boltzman constant (1.38  10
-23

 J K
-1

), and T is the absolute temperature (298 K). For both n- and p-
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type semiconductors, the 
SCC2  vs. E dependence should be linear with a slope that is inversely 

proportional to the donor/acceptor density. 

As an example of MS analysis, Fig. 2 represents the 
SCC2  vs. E dependence measured on iron 

passivated at several potential values inside the current peak AIII for 24 h. The positive slope of the MS 

plots implies that passive films on iron formed at potentials inside the region AIII behave as an n-type 

semiconductor. 

 

 
 

Figure 2. The Mott-Schottky plot for iron passivated at denoted potential values in a borate buffer 

solution, pH 8.4. 

 

Inside the potential region from 0.40 to 0.80 V the donor density (ND) value decreases 

exponentially (from 9  10
19

 cm
-3

 to  1  10
19

 cm
-3

), following the prediction reported by Sikora et 

al. 17: 

 
22 22

D f3.42 10 exp( 15.4 ) 1.32 10N E         (4) 

 

where the constant w2 equals to 1.32  10
22

 cm
-3

. The numerical value of Efb is almost 

independent of the formation potential and equals to -0.32 V. The ND values of the same order of 

magnitude or one order of magnitude higher were reported for iron in the same solution 7,27. The Efb 

values approximately the same [27] or about 50 mV more positive 7 were reported in the literature. 

 

3.3. The diffusivity of point defects within the growing passive film on iron 

Anodic polarization of iron in a borate buffer solution results in an increase in the film 

thickness, which takes place via point defect diffusivity inside the oxide layer. The point defect model 

yields a number of diagnostic criteria that can be used to determine the identity of the principal 

electronic and crystallographic defects (anion and cation vacancies and metal interstitial), provided that 
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the passive film is a defect semiconductor 16. One of these is that the steady state current (jss) for the 

anion vacancies (n-type of conductivity) is independent on the applied potential, as was observed for 

iron in the present study. As an example, the potentiostatic transient, obtained at Ef = 0.40 V, is 

presented in Fig. 3. The passive current density of iron in a borate buffer decreased with time at all 

potentials investigated, and it was assumed that it reached the steady state value after 24 h. Generally, 

a time period ranged from 20 to 24 h has been often reported as sufficient to reach the steady state 

current density 28-30. Inside the potential region from 0.10 to 0.50 V, the passive current density 

reached the values 1.6  0.2  10
-8

 A cm
-2

, i.e., it was independent of the potential as shown in the 

insert in Fig. 3. 

 
 

Figure 3. The potentiostatic transient of iron recorded at 0.4 V in a borate buffer solution, pH 8.4. The 

insert: The dependence of the steady-state passive current densities on the potential of oxide 

formation. 

 

An independency of jss on the formation potential indicates that the passive film on iron 

behaves as an anion conductor due to a preponderance of anion vacancies over cation vacancies. Based 

on the Nernst-Planck transport equation, Sikora et al. 17 have demonstrated that the diffusivity of 

oxygen vacancies can be determined from the expression: 

 

O O /D J RT F H  22        (5) 

 

where JO is the steady state flux of oxygen vacancies, 2 is the experimental parameter (2 = 

1.32  10
22

 cm
-3

, the section 3.2), H is the mean electric field strength (2.44  10
6
 V cm

-1
 27), while 

R and T have their usual meanings. The steady state flux of double charged oxygen vacancies can be 

determined from the steady state passive current density; JO = - jss/2e, where e is the charge of an 

electron (1.602  10
-19

 C). With jss = 1.70  10
-8

 A cm
-2

, determined from potentiostatic transients, the 

value of JO equals to 1.32  10
10

 s
-1

 cm
-2

. Substituting the above values into Eq. (5) gives the value for 

DO equal to 2.1  10
-17

 cm
2
 s

-1
. The values of the same order of magnitude were reported for passive 

films on iron in a borate buffer solution, pH, 8.4 27, and iron in 1M HNO3 31. Generally, the values 
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of DO calculated using the low-field limit are up to two orders of magnitudes higher than those 

calculated using the high-field limit approximation 32,33. 

 

3.4. Electroreduction of the passive films on iron in a borate buffer solution 

MS analysis was also performed at potentials corresponding to the potential region of the 

current peak AII. As an example, Fig. 4 presents the MS plot obtained with the iron electrode stabilized 

at the open circuit potential (- 0.265 V) for 24 h, and then subjected to the cathodic polarization up to -

1.0 V ( = 50 mV s
-1

). At potentials corresponding to the anodic current peak AII, the passive film on 

iron behaves as an n-type semiconductor. The presence of Fe
3+

 interstitials and electrons leads most 

probably to the appearance of Fe3O4 [8]. 

 

 
 

Figure 4. The Mott-Schottky plot for iron passivated at the open circuit potential (-0.265 V) in a borate 

buffer solution, pH 8.4. The insert: The energy-band diagram model for the solid-state 

electrochemical processes at the iron oxideelectrolyte interface. 

 

From the SCC2  vs. E slope and Eq. (2) the donor density, ND = 1.5  10
21

 cm
-3

 and the flat band 

potential, Efb = -0.4 V were estimated. Much higher ND values and disorder of the passive film on iron 

formed at potentials inside the region of the peak AII in the comparison with ND values obtained in the 

passive range of the peak AIII have been attributed by many authors to increased concentration of Fe
2+

 

inside the passive film 34. In the passive film formed at nobler potentials, the oxidation of Fe
2+

 to 

Fe
3+

 takes place and affects the ND, i.e., the concentration of anion vacancies 35. Namely, the 

oxidation of Fe
2+

 to Fe
3+

 is analogous to the substitution of Fe
3+

 ions for Fe
2+

 ions in the film, what 

creates ionic species (FeFe
+
) that have an effective charge of +1. Therefore, the overall concentration of 

Fe
2+

 ions in the passive film is very small. 

Inside the potential range between -0.60 and -0.85 V, the MS analysis suggests that the 

dominant point defects in the surface film become cation vacancies, i.e. iron vacancies, which can give 
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the reason to the p-type behaviour. The acceptor density (NA) (due to the p-type behaviour) was 

4.710
21

 cm
-3

 and Efb = -0.60 V as calculated by using the negative slope of the MS plot (Fig. 4) and 

Eq. (3). 

Based on the MS analysis, a “switch” in the point defect type of the surface film on iron 

suggests the onset of the surface film reduction (cathodic decomposition) and can be linked to the 

sudden rise of the current density during the cathodic sweep in Fig. 1. This process occurs at ca. -0.4 

V, i.e., close to the Efb value of the passive film formed inside the potential range of the current peak 

AII. According to the j-E characteristics of the cathodic part of the cyclic voltammogram (Fig. 1) the 

cathodic reduction process of the passive film is gradual and proceeds in two steps, primarily via a 

solid-state mechanism. In the first step the potential at which the onset of electroreduction takes place 

(see Fig. 1) is close to the Efb = -0.40 V of the passive layer formed inside the peak AII. Below this 

potential value there is no surface barrier to electron transport from the metal to the outer layer of the 

passive film at cathodic potentials. Thus, opposite to an ionic conduction mechanism of the oxide film 

formation at the metalfilm interface, its reduction takes place at the filmsolution interface via an 

electronic conduction mechanism. Electrons injected over a low energy barrier at the metalfilm 

interface being transported to the filmsolution interface ( m surface filme e  ) where they are trapped in 

the anion vacancies. Electrons trapped at the filmsolution interface cause reduction of the outer Fe2O3 

layer by the solid state reaction: Fe(III)(s) + e
-
  Fe(II)(s), followed by dissolving of Fe(II) species 

1,2,9, which can be considered as a result of the equilibrium displacement: Fe(II) doping species  

Fe
2+

(aq). 

The second stage of the cathodic decomposition of the surface film commences with an abrupt 

increase in the cathodic current at potentials below Efb of the Fe(II) film (Efb = -0.6 V). The appearance 

of a sharp cathodic current peak CI indicates the segregation of a new phase of Fe-metal and can be 

written as  

 

       -

2
Fe OH s 2e  Fe s + 2OH aq      (6) 

 

The nucleation of Fe-metal in the matrix of the Fe(II) film and segregation of the new metal 

phase occur together with hydrogen evolution 10,36. Studying the electrochemical behaviour of iron 

in the system AuFeborate buffer, Diez-Perez et al. 37 have shown that the current peak 

corresponding to second stage of cathodic reduction, i.e., to Eq (6) is clearly visible because the 

hydrogen evolution is shifted to the cathodic side for ca. 100 mV in the system investigated. 

 

3.5. Electronic resistances - protecting properties of the passive film and the inhibitor film on iron  

The barrier properties of oxide passive films potentiostatically formed on the iron electrode at 

potential values corresponding to the current peaks AII and AIII were investigated using EIS 

measurements. As an example, Fig. 5 represents the spectra recorded at several potentials inside the 

potential region from -0.30 to 0.60 V and presented as the Bode plots. All measurements were made on 

films formed for 24 hours under potentiostatic conditions (see Experimental part). 
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Figure 5. The Bode plot representation of impedance spectra recorded on iron passivated at denoted 

potential values in a borate buffer, pH 8.4. 

 

The shape of the spectra suggests that the electrode process taking place inside this potential 

region can be described by a Randles circuit. The numerical values of the EIS parameters are listed in 

Table 1. The capacitance values of iron passivated at potentials ranging from 0.20 to 0.60 V range 

from 7 to 10 F cm
-2

 (Table 1), and are typical for the passive iron and steel electrodes in near neutral 

and slightly alkaline solutions 7,22,27. An increase in the passive film capacitance is observed below 

0.20 V. The values of charge transfer resistance (Rct) point to the excellent barrier properties of iron 

oxide in a borate buffer, pH 8.4, especially at potential values from 0.2 to 0.5 V. The small difference 

in the impedance in the passive range is in agreement with prediction of point defect model (PDM). 

 

Table 1. Numerical values of impedance parameters obtained for iron passivated at denoted potential 

values in a borate buffer solution, pH 8.4. 

 

Ef / V -0.3 -0.2 -0.1 0.0 0.2 0.3 0.4 0.5 0.6 

R / kΩ cm
2
 12 22 36 612 4.310

3
 3.310

3
 8.810

3
 6.610

3
 2.510

3
 

C / μF cm
-2

 73 60 47 21 8.6 9.5 8.7 7.1 7.7 

 

Since the electric field strength within the film is viewed to be constant over the passive range, 

the impedance should be independent of the film thickness or formation potential [16]. A decrease in 

the Rct values occurred by decreasing the Ef value below 0.0 V points to a significant decrease in 

barrier properties of the passive film. Since the open circuit potential (EOCP) of iron in an aerated 

borate buffer solution, pH 8.4, establishes inside the potential region between -0.3 and -0.2 V, it is 

evident that the corrosion resistance of iron in this solution is very low, and protection of iron as well 

as the carbon steels in near neutral solutions is needed. 
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As the isoelectric point of hydrated surface of iron oxide inside this potential region is at pH < 

8 38, the adsorption of ionic liquid cations was supposed to occur spontaneously and that it might 

protect iron in slightly alkaline solutions. To check this possibility, the inhibiting action of the 

imidazolium cations (C4Mim
+
) on iron corrosion was investigated. The impedance measurements 

were performed with iron immersed into a borate buffer solution, pH 8.4, containing 7 mM of 

[C4MIm]
+
Br

-
 ionic liquid during a period of 24 h. The spectra presented in Fig. 6 as Bode plots, show a 

significant increase in the low-frequency impedance modulus, which indicates an increasing corrosion 

resistance of the surface film formed by adsorption of [C4MIm]
+
 cations onto the iron surface. 

 

 
 

Figure 6. The Bode plot representation of impedance spectra recorded on iron at denoted immersion 

periods in a borate buffer, pH 8.4, containing 7.0 mM 1-butyl-3-methylimidazolium bromide. 

 

All spectra are characterized by a single time constant, and were fitted to the Randles circuit. 

The numerical values of impedance parameters, listed in Table 2, show that adsorption of [C4MIm]
+
 

ions has caused an increase in the Rct value for two orders of magnitude. The protection efficiency 

percentage (PE%) of ionic liquid was calculated using the expression: 

 

 ct,IL ct ct,ILPE / % / 100R R R          (7) 

 

where Rct and Rct,IL represent the charge transfer resistance of iron in a borate buffer solution 

alone and in the presence of ionic liquid, respectively. The value obtained was 99.4%. Data in Table 2 

also show that during the immersion period of 24 h, the EOCP value moved to the positive side for 

about 100 mV. The results obtained confirm that during a prolong immersion time the excess of 

negative surface charge decreases and the surface layer becomes more compact in structure (aging 

effects). 
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Table 2. Numerical values of impedance parameters obtained for iron in a borate buffer solution, pH 

8.4, containing 7 mM [C4MIm]
+ 

Br
-
 ionic liquid at denoted immersion time. 

 

t / 

h 

EOCP / 

V 

R / 

kΩ cm
2
 

C / 

F cm
-2

 

0 -0.265 11 205 

0.5 -0.222 66 52 

1 -0.208 131 45 

2 -0.200 243 39 

3 -0.194 345 36 

4 -0.189 464 34 

5 -0.157 622 33 

21 -0.162 1950 19 

24 -0.147 2090 28 

 

3.6. Chemical composition of the passive films on iron - X-ray photoelectron spectroscopy 

XPS spectra were recorded around iron and oxygen core-levels on the passivated iron samples 

with the aim to determine the composition of the surface film in the potential regions of the current 

peaks AII and AIII (see Fig. 1). 

Fig. 7 shows the photoemission spectra around O 1s and Fe 2p3/2 core-levels taken from the 

iron surface passivated at +0.4 V. This potential value was chosen because it falls near the center of the 

stable passive region of the current peak AIII. Fig. 7 also shows XPS results collected at –0.4 V. This 

potential value falls at the beginning of the region of the current peak AII, see Fig. 1. To identify 

changes in chemical composition of the surface passive film, during cathodic polarization, the potential 

was swept ( = 50 mV s
-1

) from +0.4 V (after 2 hours polarization) up to -0.4 V and the electrode was 

withdrawn from the solution. In both cases, the samples were rinsed with deionized water, dried with 

air, and finally transferred to the XPS vacuum chamber. 

XPS spectra of both investigated iron samples have showed two main constituents, Fe and O. 

In addition, the survey XPS spectra have also shown the presence of several contaminants, such as 

carbon, silicon and nitrogen picked up from the surface preparing, atmosphere and the UHV 

environment.  

As can be seen from Fig. 7, for both samples O 1s emission peaks were deconvoluted into four 

contributions (solid lines in Fig. 7). We assign the dominant peak at binding energy (BE) of 530 eV to 

the oxygen (O
2-

) from an iron oxide. Three other, less intensive contributions at BEs of 531.25, 532.1 

and 533.5 eV have been assign previously to OH
-
, C-O/O-C=O and H2O species [39]. In Fig. 7 we 

note a substantial increase in intensity of OH
-
-related peak in iron passivated at -0.4 V, leading to the 

decrease of O
2-

/ OH
-
 ratio from 3.5 to 2.6 in samples passivated at 0.4 V and -0.4 V, respectively. 

In the case of Fe 2p3/2 emission, we assign the component at BE of 506.6 eV to the bulk metal, 

Fe
0
 indicating that the surface film is thin enough to allow photoelectrons, originating from the bulk 

metal, to be detected. The components at BEs of 509.85 and 511.75 eV are assigned to two different 

oxidation states of iron, Fe
3+

 and Fe
2+

 [39], in the form of surface oxides and hydroxides, respectively 
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[39,40]. The binding energy values for Fe
0
, Fe

2+
 and Fe

3+
 peaks are in agreement with the literature 

values [39,40]. 

 

 
 

Figure 7. The deconvoluted XPS spectra of O 1s and Fe 2p3/2 electrons obtained for the iron samples 

passivated at 0.4 V and -0.4 V. 

 

It is known, that the analysis of the XP spectra of the iron core level Fe 2p line is complicated 

because of spin-orbit coupling, multiple oxidation states and satellites associated with the different 

oxidation states [39]. Therefore, to achieve the best fit of experimental curves in Fig.7, an additional, 

low intensity pre-peak is required at BE of 708.1 eV [41], while the mutiplet splitting effects of Fe
3+

 

and Fe
2+

 states [39] were simulated by asymmetric tail at high energy sides of Fe 2p peaks [39]. 

Different values of Fe
3+

/Fe
2+

 ratio were found for samples in Fig.7: 1.8 for the sample 

passivated at 0.4 V and 1.4 for the sample passivated at -0.4 V. This difference can be attributed to the 

increased contribution of Fe(OH)2 in iron films passivated at -0.4 V, in full agreement with our O 1s 

spectra from Fig.7. 
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4. CONCLUSIONS 

To predict the long-term corrosion properties of iron, a deep understanding of the electronic 

properties of the surface films is needed. The electronic structure of the surface protecting film on iron 

was discussed in terms of structural sensitive parameters such as low-frequency resistance, high-

frequency capacitance, and phase angle determined in situ from EIS measurements and correlated with 

the corrosion resistance. 

The band structure model was employed to identify the stoichiometric defects and to explain 

the kinetics of oxide film growth. It was assumed that the depletion region in the film close to the 

filmelectrolyte interface dominates electronic properties of the passive film, which behaves as n-type 

semiconductor. The anion diffusion coefficient was extracted from the relationship between the donor 

density and the transport equation for low-field approximation growth law of the oxide film formation. 

A low value of diffusion coefficient and high values of the charge transfer resistance point to 

the high corrosion resistance and protecting properties of the passive oxide film in the wide range of 

potentials. The protecting efficiency of the spontaneously formed oxide film at the open circuit 

potential was markedly enhanced by adsorption of imidazolium cations. After an immersion period of 

24 h, the protection efficiency of adsorbed inhibitor is above 99%. 

It was shown that the electronic properties of the bilayer passive film on iron have a strong 

influence on its cathodic reduction (decomposition) up to metallic iron. The kinetics of the overall 

reduction reaction, regarded as a two step process, was limited by the height of the potential barrier at 

the metalfilm or filmsolution interface and the energy level of the dopand (traps) in the forbidden 

gap. 

The first step: the reduction of the outer part of the passive film takes place at the filmsolution 

interface. The kinetics of this step is determined by a low barrier at the metalfilm interface and the 

energy level of anion vacancies. Dissolution of Fe(II) species follows solid-state reaction: 

Fe(III) +e → Fe(II). 

The second step: the reduction of the inner Fe(II) hydroxide layer into metallic Fe takes place 

together with the hydrogen evolution reaction with kinetics determined by energy level of cation 

vacancies and the high of the Schottky barrier at the filmsolution interface. 

According to the XPS results the structure and the chemical composition of the oxide film 

depend on the formation potential. Species observed in passive films of samples treated at both 0.4 and 

-0.4 V include Fe
0
, Fe

2+
, and Fe

3+
. The Fe

3+
/Fe

2+
 ratio equals to 1.8 and 1.4 for samples passivated at 

0.4 V and -0.4 V, respectively. Thus, an overall description of the surface film composition would be: 

the increased contribution of Fe(OH)2 in the surface film formed at -0.4 V, i.e. in the “low passive 

range” (region of the peak AII), and predominantly contribution of Fe2O3 in the “high passive range” 

(region of the peak AIII) what is in a full agreement with O 1s spectra. 
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