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Abstract The evolution under open-circuit conditions of
iron passive films formed at 0.8 Vgcg in a borate buffer
solution at pH 8.4 was investigated with electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry.
The composition of the freshly formed passive film as
determined by X-ray photoelectron spectroscopy (XPS)
was found to be in agreement with a bilayer model, where
the inner layer is composed mainly of iron oxide and the
outer layer consists of a hydrated material. Results of XPS
measurements also showed that the open-circuit break-
down of passive films was consistent with a reductive
dissolution mechanism. When the iron electrode reached
an intermediate stage in the open-circuit potential decay
(approximately —0.3 Vgcg), the oxide film, containing
both Fe(Il) and Fe(IIl), was still protective. The imped-
ance response in this stage exhibited a mixed control by
charge transfer at the metal/film and film/solution inter-
faces and diffusion of point defects through the film. At
the final stage of the open-circuit potential decay (approx-
imately —0.7 Vgcg), the oxide film was very thin, and the
ratio of Fe**/Fe’" and O /OH  had decreased significant-
ly. The impedance response also exhibited a mixed
charge-transfer—diffusion control, but the diffusion pro-
cess was related to transport of species in the electrolyte
solution resulting from dissolution of the oxide film.

Keywords Passive films - Borates - Open-circuit -
Breakdown

L. A. Toledo-Matos - M. A. Pech-Canul (<)
Departamento de Fisica Aplicada, CINVESTAV-Mérida,
Km. 6 Ant. Carr. a Progreso, AP 73 Cordemex,

CP 97310 Mérida, Yucatan, Mexico

e-mail: max@mda.cinvestav.mx

Introduction

The structure and composition of the passive film on iron in
borate buffer solution at pH 8.4 have been investigated for
several decades. Early work by Nagayama and Cohen
suggested that the passive film is composed of an inner
Fe;04 and an outer y-Fe,Oj3 layer [1, 2]. Cahan and Chen
proposed that the passive film consists of a continuous
array of oxide ions with a gradient in average valency and
occupancy of interstitial sites [3]. M.E. Brett et al. have
indicated that the passive film on iron resembles a y-Fe,O3-
like oxide when the solution is free from Fe®" ions and y-
FeOOH when such ions are present [4]. By application of
in situ X-ray absorption near-edge spectroscopy (XANES),
it was found by other researchers that the passive film can
be described as a mixed oxidation state iron oxide
containing primarily Fe** ions, having amorphous or spinel
structure (similar to y-Fe,O; or FesOy4) [5, 6]. In recent
publications, other authors support the duplex model, but
suggesting that it consists of an outer layer mostly of iron
hydroxide and an inner layer of iron oxide [7—10]. While
there is still disagreement about the crystallographic
structure and the composition of the passive film on iron,
it is generally agreed that the passivity of iron is primarily
due to the inner barrier layer, although the outer layer
modifies the electrochemical response of the interface [11].

It is well known that the passive film, once formed, is
not an inert layer, but instead is a system in dynamic
equilibrium between growth and dissolution [12, 13],
such that concerns about its reactivity and stability are also
important [14, 15]. In the context of studies aimed at
elucidating the nature and stability of the passive oxide
film on Fe, some authors have used galvanostatic cathodic
reduction [16—18] and open-circuit breakdown experi-
ments [16, 19]. It is commonly observed from potential
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decay curves that the open-circuit potential decreases to a
value in the active region of iron a certain time after the
formation potential is switched off, and such behavior has
been interpreted in terms of dissolution of the passive film
through chemical and electrochemical effects [19]. Re-
cently H. Deng et al. have used open-circuit breakdown
experiments to study the reconstruction process in air of
iron passive films formed in a borate buffer solution at
pH 8.4 [20] and to investigate the evolution in borate
solution of air-formed films [21]. In this study, iron
passive films were formed at 0.8 Vgcg in a pH 8.4 borate
buffer solution, and the open-circuit potential decay was
recorded under de-aerated conditions. The objective was
to identify changes in surface composition using X-ray
photoelectron spectroscopy (XPS) at different stages of
the potential decay and to correlate the observations with
the corresponding electrochemical impedance response
and cyclic voltammogram.

Experimental

All experiments were carried out in a three-electrode
electrochemical cell with a platinum foil as a counter
electrode and a saturated calomel electrode (SCE) as the
reference electrode. The working electrode was made from
iron rod (Goodfellow, 99.99%) embedded in epoxy resin
leaving an exposed area of 0.78 cm? Prior to each
measurement, the working surface was abraded down to a
1,200 grit SiC paper and then polished with a diamond
suspension to a l-um finish. Ultrasonic cleaning with
ethanol and distilled water and drying with air followed this
process. Experiments were performed at ambient tempera-
ture (~22 °C) in borate buffer (0.075 M Na,B,0; 10H,0,
0.3 M H3BO3;, pH 8.4). The solutions were prepared from
reagent-grade chemicals and distilled water. Prior to and
during all the experiments, the electrolyte was purged with
pure nitrogen.

For all electrochemical tests, a Gamry series G300
potentiostat—galvanostat was used. The iron electrode was
initially reduced potentiostatically at —1 Vgcg for 5 min to
remove the air-formed oxide film. In order to find the
potential range where passive behavior is observed, a
potentiodynamic polarization was carried out at a sweep
rate of 1 mV s '. It was found (Fig. 1) that the electrode
was passive in the potential range between —0.2 and 0.9
Vscg, with a pseudo-steady state current density of roughly
2 pA cm 2. Hence, a potential of 0.8 Vgcg was chosen to
grow passive films for analysis using open-circuit potential
(Eoc) decay experiments and XPS analysis. The passive
electrodes were formed by stepping the potential to 0.8
Vsce for 2 h immediately after the initial cathodic
pretreatment.
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Fig. 1 Anodic polarization curve of iron in borate buffer solution at
pH 8.4, recorded at a scan rate of 1 mV s

The first set of experiments consisted only in the
formation of the passive film at 0. 8 Vgcg and then
recording E,. for 2 h in the same de-aerated solution. The
potential decay resembled that reported by other authors
[19-21], with the following features: an abrupt potential
drop immediately after the formation potential is switched
off, a stage of slow potential decrease, then another abrupt
potential drop, and finally a stage of nearly constant
potential (presumably corresponding to the active region
of iron). In this work, the two stages with nearly constant
potential will be referred to as intermediate and final stages
of the potential decay.

For the second set of experiments, the passive film was
formed during 2 h, then the polarization was switched off
and the electrode potential was allowed to evolve freely
until it reached the intermediate stage. Since stability
conditions were fulfilled, an EIS measurement was carried
out applying a +10 mV sinusoidal signal around the
corresponding E,., with five points per decade in the
frequency range 5 kHz—0.05 Hz. Immediately after the EIS
measurement, the potential was stepped to —0.9 Vgcg and a
single sweep cyclic voltammogram was recorded at a scan
rate of 10 mV s '. In the third set of experiments, the
passive film was formed at 0.8 Vgcp, and after circuit
opening, the electrode potential was allowed to evolve
freely until it reached the final stage. Again, since stability
conditions were fulfilled, an electrochemical impedance
measurement was carried out at the corresponding E,.,
followed by a single sweep cyclic voltammogram starting
at —0.9 VSCE'

In order to elucidate changes in surface composition
during open-circuit decay, one sample was withdrawn
from the solution immediately after the 2 h potential step
at 0.8 Vgcg (freshly formed passive film), another sample
from the second set of experiments was withdrawn when
E,. was in the intermediate stage, and a third sample from
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the third set of experiments was withdrawn when its E,
had just reached the final stage. In each case, the sample
was rinsed with deionized water, dried with air, and finally
transferred to the XPS equipment. XPS analyses were
performed with a Perkin-Elmer PHI 560/ESCA-SAM
system (equipped with a double-pass cylindrical mirror
analyzer with a base pressure of 2x107° Torr) using Al
Ka as the exciting radiation. Argon ion sputtering of the
samples was performed for a few seconds with 4 keV
energy ions and a 10 LA cm 2 current beam (raster size of
5x5 mm) to remove surface contamination. The XPS
analyses consisted of (1) a survey spectrum (0—1,000 eV)
and (2) high-resolution spectra for Fe 2p and O Is. A
scanning step of 1 and 0.2 eV/step with an interval of
50 ms was utilized for the survey spectrum and high-
resolution spectra, respectively. Binding energy calibra-
tion was based on C 1s at 284.6 eV. For curve fitting and
decomposition, the XPSPEAK software [22] was used,
and a simple linear-type background removal was per-
formed on the data. As a fitting strategy for the Fe 2p
spectrum, the values for spin-orbital splitting and satellite
energy shift were constrained to typical values reported in
the literature [23-26]. To determine the Fe’':Fe’" and
O°:OH  ratios, the intensity was defined by the peak area
rather than the peak height.

Result and discussion

Relative changes in composition and thickness of passive
films during open-circuit potential decay measurements

Figure 2 shows a typical open-circuit decay curve obtained
in this work. As indicated above, it resembles that reported
by other authors for iron passivated potentiostatically in
borate buffer solutions [19, 20]. As pointed out by Li et al.
[19], the first potential drop from the formation potential
can be ascribed to the IR drop of the passive film while the
slow potential decrease, labeled as “intermediate stage” in
Fig. 2, is related to dissolution of the passive film and
decrease of the amount of iron with higher valence. The
“final stage” which corresponds to iron in the active region
is attained after a certain period of time, depending on film
thickness and the amount of iron atoms of higher valence
[19]. Hence, the time period before reaching the final stage
is expected to be longer for passive films more resistant to
open-circuit breakdown.

In order to evaluate changes in the composition of the
film during open-circuit potential decay, the XPS analyses
of iron electrode samples in the intermediate and final
stages (Eo.~—0.3 Vgcg and —0.7 Vgcg, respectively) were
compared to the XPS analysis for a passive film freshly
grown at 0.8 Vgck.
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Fig. 2 Potential decay of an iron electrode in the borate buffer
solution after 2-h passivation at 0.8 Vgcg

Figure 3 shows the high-resolution spectra of Fe 2p and
O Is for a freshly formed iron passive film in a borate
buffer solution pH 8.4. The Fe 2p spectrum includes the
2p1» and 2p;, peaks associated to spin-orbit splitting.
Results of deconvolution with the XPSPEAK program
showed that the Fe 2p spectrum contains peaks
corresponding to Fe*" and Fe’* plus a satellite structure
associated to the 2p3, main peak of Fe?". Parameters
resulting from the curve fit are presented in Table 1. The
binding energies for the 2p3, main peaks are consistent
with those commonly observed for metallic iron and iron
oxides [23—28]. The proportions of Fe** and Fe?" in Table 1
would appear in principle as an indication that the passive

%, 20,

sat.

735 730 725 720 715 710 705 700

(b)

Intensity/ eV

540 538 536 534 532 530 528 526 524 522
Binding Energy/ eV

Fig. 3 High-resolution XPS spectra for a freshly grown passive film
at 0.8 Vgcg.- a Fe 2p and b O 1s
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Table 1 Results of deconvolution of Fe 2p spectra in Figs. 3, 4, and 5, including the ratio of intensities for O~ and OH~

System Fe 2p (0K
Peak B.E. 2p3), A B.E. 2p12 —2p31] 2ps; satellite Proportion in 0> /OH ™ ratio
V) V) shift 2ps), envelope
Freshly grown passive Fe’
Fe?* 708.4 13.6 6 0.34
Fe’” 710 13.6 0.66
0.79
Iron electrode in intermediate stage Fe’ 706.7 13.2
Fe** 709.8 13.6 0.38
Fe*t 711.6 13.6 0.60
0.55
Iron electrode in final stage Fe’ 706 13.2
Fe?! 709 13.6 6 0.49
Fe’* 710.6 13.6 0.41
0.45
film consists of magnetite since for such oxide the Fe*":Fe’*  hydrated than at the beginning of the potential decay. This

ratio should be 1:2 or 0.33:0.67; however, deconvolution of
the corresponding O 1s spectrum (Fig. 3b) suggests that the
film is a hydrated layer containing FeOOH since OH™ (from
hydrous iron oxides) represents an important contribution
(see O* /OH ratio in Table 1). Oblonsky et al. [6] proposed
that the passive film can be described as a mixed oxidation
state iron oxide containing both Fe*" and Fe** ions even
when it is formed at high potentials. The amount of Fe*"
shown in Table 1 is higher than reported in ref. [6], but this
may be due to the presence of Fe*" ions in the solution,
associated to iron dissolution prior to formation of passive
film [4, 6].

Figure 4 shows the high-resolution spectra of Fe 2p and O
Ls regions for an iron electrode withdrawn from the solution
when it reached the intermediate stage (Eo.~—0.3 Vscp).
Deconvolution of the Fe 2p spectrum showed the presence of
three peaks, corresponding to metallic iron, Fe**, and Fe®".
Parameters resulting from the curve fit are presented in
Table 1. The binding energies for the 2p;, main peaks are
slightly different compared to the ones obtained for the
freshly formed passive film, but still within reasonable limits.
Analysis of the O Ls spectrum showed again the presence of
three peaks although that for chemisorbed H,O decreased. It
appears that the film still contained protective oxide or
oxyhydroxide from the initial film; however, there was a
slight decrease of Fe'* (from 0.66 to 0.6) due to film
dissolution. Such dissolution led to a thickness decrease, as
suggested by the appearance of the metallic component in
the spectrum at a binding energy of 706.7 eV. Table 1 also
shows that the O /OH ™ ratio increased with respect to that
for the freshly formed passive film. Hence, at the interme-
diate stage, the film was not only thinner but also less
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result is consistent with the bilayer model for the passive
film [7-10], where the inner layer mainly consists of iron
oxide and the outer layer of iron hydroxide. These results
suggest that the outer hydrated layer was partly removed
during dissolution.

The Fe 2p and O 1s spectra obtained for an iron
electrode removed from the solution when it reached the
final stage of the potential decay (E,.~—0.7 Vgcg) are
presented in Fig. 5. Similarly to the results observed for the
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Fig. 4 High-resolution XPS spectra for an iron electrode in the
intermediate stage of potential decay (£,.=—0.3 Vgcg). a Fe 2p and b
O ls
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Fig. 5 High-resolution XPS spectra for an iron electrode in the final
stage of potential decay (E,.=—0.7 Vscg). a Fe 2p and b O 1s

passive film in the intermediate stage, the Fe 2p spectrum
exhibits contributions of Fe’, Fe**, and Fe**. Considering
that individual peaks for 0>~ and OH ™ are observable in the
O 1s spectrum (apart from the small peak for chemisorbed
H,0), it can be concluded that at the final stage of potential
decay (with a potential in the active region) the iron
electrode was still covered by a layer. The more pro-
nounced signal for metallic iron indicates that such layer
was very thin. As shown in Table 1, a further reduction in
the amount of Fe>* occurred (from 0.6 for the film in the
intermediate stage to 0.41 for the film in the final stage). It
can also be observed that the Fe’*/Fe*" and O* /OH ™ ratios
in the final stage are lower than those in the intermediate
stage. This suggests that during open-circuit decay, the
passive film was dissolved reductively and became less
protective. Due to the increased amount of Fe*", it can be
proposed that such thin layer had iron ferrous species
constituents such as FeO and Fe(OH),. While OH in the
freshly formed passive film was bound to ferric iron, in the
thin layer at the end of potential decay, it was bound to
ferrous iron.

The increasing intensity of the Fe® peak in the Fe 2p
spectra of Figs. 3, 4, and 5 has a correlation with film
thickness which decreased during potential decay. The
initial thickness (that for the freshly formed passive film)
was expected to be around 3.5 nm, according to results
obtained by other authors in the same media and formation
potential using a variety of experimental techniques such as
coulometry [1], capacitance [11], ellipsometry [29], and
Auger electron spectroscopy depth profiling [8]. XPS can

also be used to determine oxide film thickness (d),
according to [30]:

NinAmlox
d—/loxsineln<1 + ) (1)

Noxloxlm

where A, is the inelastic mean free path of photoelectrons
emitted by the Fe 2ps/, core level in the oxide, € is the take-
off angle of photoelectrons with respect to the sample
surface, N, and N,, represent the atomic density of atomic
iron and atomic density of iron in the oxide, respectively,
and [ represents the intensity (peak area) of the Fe 2ps)
photoelectron peaks of metal (subscript m) or oxide
(subscript ox). The Fe° signal was observed only for the
iron electrode in the intermediate and final stages. Values of
oxide film thickness were estimated for these two cases
using the experimental value of #=60° and reported values
for 2 and N (An=12.4 A, N,,=0.141 mol cm >, 1,,=15.4 A,
and N,,=0.066 mol cm ) [31]. The values obtained were
4.2 and 3 nm, respectively. They appear higher than the
expected (assuming that the initial thickness was around
3.5 nm), but nevertheless they reflect the correct trend of
decreasing thickness. An additional indication of relative
changes in film thickness was obtained by recording XPS
spectra after Ar ion bombardment of the samples for 5 min.
Figure 6 shows a comparison of Fe 2p spectra for the three
samples (freshly formed passive film, iron electrode
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Fig. 6 Comparison of Fe 2p spectra for freshly formed passive film
(a, b), an iron electrode in the intermediate stage (¢, d), and an iron
electrode in the final stage (e, f). XPS spectra were recorded at the
surface (solid line) and after 5-min Ar ion etching (slash-dotted line)
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withdrawn from solution when E,.=—0.3 Vgcg and iron
electrode withdrawn from solution when E,.=—0.7 Vgcg)
obtained under two conditions (unetched and after 5 min
etching). In each case, the spectra obtained after etching
exhibits a slight shift towards lower binding energy, which
can be explained by a reduction of iron species (e.g., from
Fe’" to Fe’") due to the Argon ion sputtering [24].
Accordingly, deconvolution of the spectra obtained after
sputtering was not performed because it could lead to
misleading parameter values. However, qualitative informa-
tion can be obtained by comparing relative changes in the
Fe® component. For the freshly formed passive film, even
after sputtering (Fig. 6b) the oxide film thickness was higher
than the maximum escape depth of photoelectrons, and the
Fe” is barely perceptible. For the iron samples withdrawn
from solution at the intermediate and final stages of potential
decay, the Fe° signal was already observable at the surface
and increased significantly after sputtering, indicating that
the corresponding films were thinner than the initial passive
film.

Electrochemical response of films during open-circuit
potential decay measurements

Figures 7 and 8 show the impedance spectra obtained at the
E,. corresponding to the intermediate and final stages of the
potential decay, respectively. Fitting of the experimental
data with various equivalent circuit models proposed in the
literature [19, 32—34] for passive iron in slightly alkaline
solutions was attempted. The best agreement between
experiment and fitting was obtained with the equivalent
circuit shown in Figs. 7 and 8, similar to the Randles
circuit. Such circuit contains a constant phase element
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Fig. 7 Complex plane impedance diagrams for an iron electrode in
the intermediate stage of the potential decay (E,.=—0.3 Vgcg) and the
equivalent circuit used to model the data
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Fig. 8 Complex plane impedance diagrams for an iron electrode in
the final stage of the potential decay (E,.=—0.7 Vgcg) and the
equivalent circuit used to model the data

(CPE), which is usually introduced to account for non-ideal
capacitive behavior of the interfacial charge storage
mechanism. Its admittance is given by

YCPE = Y() (]'a))a (2)

where w is the sine wave modulation angular frequency,
Y, is the base admittance (with dimensions ' s® cm ?),
and « is an empirical exponent (0<a<1) which measures
the deviation from the ideal capacitive behavior. In this
case, the CPE is associated to the capacity of the passive
oxide film, R, corresponds to the electrolyte resistance, R
represents the charge-transfer resistance at the two inter-
faces (metal/film and film/solution), and Zyy, is the Warburg
impedance [35]

Zw = o(1 =)o '/? 3)

where o is the Warburg coefficient (with dimensions Q s~/

cm?), which for the electroactive diffusing species depends
on its diffusion coefficient (D) and concentration (C") at the
corresponding interface, according to [35]

Sl @

where n is the number of electrons transferred and F' is
Faraday’s constant. Numerical values of the fit parameters
are reported in Table 2. The general observations are
consistent with the above discussion about the nature of the
oxide films at different stages of the potential decay. The
oxide film at the intermediate stage is more protective than
that at the final stage, and hence, the charge-transfer
resistance is about one order of magnitude higher. Accord-
ing to Eq. (4), the Warburg coefficient increases when
either C* or the diffusion coefficient decrease. In Table 2
the value of o for the intermediate stage is about 30 times
larger than the one corresponding to the final stage. This is
an indication that the diffusion mechanism is different in
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Table 2 Parameters from least-

squares fit of the equivalent Stage of E,. decay R/ cm? Yo/ ! s® cm 2 « R /k) cm? a/kQ) s cm?
circuit in Figs. 7 and 8 to the

corresponding impedance Intermediate 55 1.7x107* 0.88 25 9.2
spectrum Final 28 2.0x107* 0.84 2.6 0.29

the two stages of the potential decay. In the intermediate
stage, the oxide film is protective and the diffusion process
is dominated by the transport of point defects across the
film [36]. Since this process corresponds to solid state
diffusion, the diffusion coefficient is very low. On the other
hand, the oxide film in the final stage is poorly protective.
In this case, the diffusion process is most likely related to
transport of ionic species away from the electrode as the
oxide film is dissolved.

A single cyclic voltammogram was obtained for the iron
electrode in each of the selected stages of potential decay
after formation of the passive film in the borate buffer
solution at pH 8.4. Figure 9 shows the cyclic voltammo-
gram obtained at a sweep rate of 10 mV s ' when the
electrode reached the final stage. In agreement with
observations by other authors [9, 37, 38] for passive iron
in borate buffer solution pH 8.4, it exhibits three peaks. The
first peak (I) at —0.51 Vgcg, which appeared in the anodic
sweep, corresponds to the formation of a monolayer of
passive film consisting mainly of Fe*" oxide/hydroxide and
is followed by a broad anodic peak (II) at 0.02 Vgcg which
is associated to the conversion to a Fe*"/Fe*” film (possible
magnetite and maghemite). At potentials more positive than
0.2 Vgcg, the film becomes primarily an oxyhydroxide
(possibly y-FeOOH). During the reverse sweep, a peak
appeared at —0.52 Vgcg which corresponds to the inverse
process of peak II. At more negative potentials, the current
increases due to the simultaneous hydrogen evolution
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Fig. 9 Cyclic voltammogram obtained for an iron electrode in the
final stage of the potential decay (E,.=—0.7 Vgcg) recorded at a scan
rate of 10 mV s

reaction and reduction of the passive film. The presence
of peak I suggests, in consistency with results discussed
above, that the oxide film was so thin that almost all of it
disappeared during cathodic polarization. Figure 10 shows
the cyclic voltammogram for the iron electrode in the
intermediate stage compared to the one obtained in the final
stage. In this case, the current in the anodic sweep is lower
than observed in Fig. 9 and only two peaks are observed.
The peak in the anodic sweep located at —0.17 Vgcg is
quite possibly due to the transformation of Fe;O4 to o-
FeOOH [39], and the peak in the cathodic sweep at —0.42
Vscg corresponds to the inverse process. The fact that the
current measured in the anodic sweep is lower than
observed when the electrode reached the final stage is in
good agreement with results of impedance measurements,
illustrating that the oxide film in the intermediate stage was
still protective.

Conclusions

The composition of the passive film formed in borate solution
at pH 8.4 at 0.8 Vg is in agreement with a bilayer model,
where the inner layer is composed mainly of iron oxide and
the outer layer is hydrated. Results of XPS measurements
showed that the open-circuit breakdown of passive films was
consistent with a reductive dissolution mechanism. When the
iron electrode reached an intermediate stage in the
open-circuit potential decay (approximately —0.3 Vgcg),

150
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2

pA cm
&

Current density/
@
o

Intermediate stage

------- Final stage

-10 -08 06 -04 -02 00 02 04 06 08 1.0

H /
Potential/ V.

Fig. 10 Cyclic voltammograms obtained for an iron electrode in the
two stages of the potential decay recorded at a scan rate of 10 mV s~
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the oxide film, containing both Fe(Il) and Fe(Ill), was still
protective. In this stage, the impedance response exhibited a
mixed control by charge transfer at the metal/film and film/
solution interfaces and diffusion of point defects through the
film. At the final stage of the open-circuit potential decay, the
oxide film was very thin, and the ratios of Fe’"/Fe*" and
O°/OH™ had decreased significantly. In this case, the
impedance response also exhibited a mixed charge-
transfer—diffusion control, but the diffusion process was
related to transport of species resulting from dissolution of
the oxide film.
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