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The electronic properties of passive film formed on Fe-20Cr stainless steel in pH 8.5 buffer solution were
examined by the photocurrent measurements and Mott-Schottky analysis of the film. The passive film on
Fe-20Cr exhibited an amorphous or highly disordered n-type semiconductor. The photocurrent spectrum
for the passive films formed on Fe-20Cr was almost same in shape to that for the passive film of Fe
except for the large difference in photocurrent intensity, which demonstrated that the passive film on Fe-20Cr
is composed of Cr substituted p-Fe;Os. However, the large difference in photocurrent intensity for passive
film between Fe and Fe-20Cr was due presumably to the fact that Cr'’ ions in passive film act as effective
recombination sites of electron-hole pairs. The relatively high intensity of photocurrent and two linear regions
on Mott-Schottky plot for the passive film formed at potentials in Cr-transpassive region was associated

with Cr*" ions present in the film.
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1. Introduction

The excellent corrosion resistance of stainless steels is
largely due to the protective passive film formed on the
surface. Elucidating the nature of the passive film is a
prerequisite for understanding such a high corrosion
resistance of stainless steels. Many analytical studies have
agreed that the passive film on Fe-Cr stainless steels
consists of Cr-enriched (Fe, Cr) oxide/hydroxide, ® al-
though there is still some controversy as to the detailed
structure and composition of the passive film. The extreme
complexity of the metal/passive film/electrolyte system of
stainless steels makes the clarification of the passive film
difficult.

The electronic structure of the passive film is an
important issue in that ionic movement in the passive film
is driven by the electric field, which is in turn affected
by the electronic structure.” In this way, the electronic
structure is closely related to corrosion phenomena in-
cluding film breakdown and pitting initiation.” Recently,
photocurrent analysis and Mott-Schottky analysis via
impedance measurements for the passive film have been
employed to examine the in situ electronic properties of
the passive film.

In spite of intensive studies using the photocurrent and
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Mott-Schottky analyses,”” the electronic structure of the
passive film on stainless steels still remains obscure.
Difficulties in interpreting the electronic structure of the
film arise from high doping levels, deep traps, presence
of surface states, and complicated structure of the passive
film. Hakiki et al.” proposed that passive film formed on
Fe-Cr stainless steels in pH 9.2 borate buffer solution has
a duplex-layered structure of inner p-type chromium oxide
and outer n-type iron oxide, and hence that the electronic
structure of the passive film is a p-n heterojunction. On
the other hand, Bojinov et al.” suggested based on the
point defect model” that the passive film is a heavily
doped n-type semiconductor/insulator/p-type semicon-
ductor (n-i-p) junction.

Many researchers have attempted to determine the
structure and composition of passive film on stainless
steels by analyzing the electronic properties of the film
through the photocurrent and impedance measurement.
1 Fujimoto et al.'” proposed that the passive film on
Fe-8~18Cr alloys in 0.1 M H.SQ, solution consists of
inner Cr,O; with band gap energy (E;) of 3.6 eV and outer
Cr(OH); with E, of 2.5 eV. However, most of the
researchers analyzed the electronic structure of passive
film on Fe-Cr alloys by regarding the film as a single-
layered oxide. Sunseri et al."” and Di Paola et al."”
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reported that the passive film formed on ferritic stainless
steels in 3.5 % NaCl solution was a Cr,Os-Fe,O; solid
solution with E, ranging from 1.9 to 2.8 eV (depending
on the ratio of Cr:O; to Fe;O; and film formation
potential). Klopper et al.”” suggested that the structure of
passive film formed on Fe-5~30Cr alloys in neutral borate
buffer solution resembles that of a a-Fe;O; with E; of
1.9 eV. Simoes et al." proposed that the passive film on
type 304 stainless steel in pH 9.2 borate buffer solution
consisted of Cr-substituted Fe-oxide with E; of 2.7-2.9 eV.

Research objective of the present work is to characterize
the physical and electronic structure of the passive film
formed on Fe-20Cr ferritic stainless steel in a borate buffer
solution by examining the influences of film formation
potential on the semiconducting properties of the film
using the photo-electrochemical spectroscopy and elec-
trochemical impedance spectroscopy.

2. Experimental

High purity Fe-20 wt.% Cr alloy (Fe-20Cr) was used
as a working electrode. A conventional three electrode cell
of 1 L-multi neck flask with a quartz window as a photon
inlet was used for the photocurrent and impedance
measurements. The cell was equipped with a platinum
counter electrode and a saturated calomel reference
electrode (SCE). The procedures for sample preparation
and the experimental arrangement were described in detail
previously.m All the experiments were carried out at room
temperature in deaerated pH 8.5 buffer solution. Passive
film on Fe-20Cr was prepared by polarization at potentials
of 0 to 800 mVsc for about 24 hrs. The 300 W Xenon
arc lamp combined with a scanning digital monochromator
was used to impose a monochromatic illumination to the
working electrode. The monochromator was controlled at
a scanning rate of | nmvs by stepping motor, which made
it possible to provide monochromatic photons with 200
to 800 nm wavelengths to the working electrode. To
increase the photon flux, white light from the Xe lamp
was focused to the light inlet using two auxiliary focusing
lenses. The capacitance measurements for the Mott-
Schottky analysis were conducted on the passive films
formed on Fe-20Cr for | hr at various potentials ranging
from -100 mVsce to 900 mVscg, by sweeping the applied
potential in negative direction from the film formation
potential with excitation voltage of 10 mV (peak-to-peak)
using a Frequency Response Analyzer. The imaginary part
of the impedance (Z") was measured as a function of the
applied potential, and the corresponding capacitance of
space charge layer (Csc) was obtained from Csc = -1/wZ",
where @ is the angular frequency.
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Fig. 1. ipn vs. hv plots for the passive film formed on Fe-20Cr
(a) at 200 mVgcr (a potential in the passive region) and (b)
at 800 mVgcr (a potential in the Cr-transpassive region) in
deaerated pH 8.5 buffer solution.

3. Experimental results and discussion

3.1 Photoelectrochemical response

Typical photocurrent spectra for the passive film formed
on Fe-20Cr at 200 mVsce (passive region) is presented
in Fig. 1 (a), and it showed a close similarity with that
for the passive film formed at 800 mVscg (Cr-transpassive
region) that is shown in Fig, 1 (b). For both passive films,
photocurrent began to increase at approximately 2.5 eV,
exhibiting a shoulder at 3.8 eV with the peak current
density at 4.5 eV. The anodic photocurrent confirms that
the passive film formed on Fe-20Cr is an n-type
semiconductor. The gradual increase in the photocurrent
without sharp features on the photocurrent spectra is well
known as the "Urbach tail", a characteristic of amorphous
or highly disordered (or defective) semiconductor.'”’
Passive films formed on Fe-20Cr at 0, 400, and 600 mVscg
also showed the same photocurrent response as those
depicted in Fig. 1.

According to the analytical results by AES, ISS, and
XPS,™ the passive film on Fe-Cr alloys is composed of
Cr-enriched (Fe, Cr) oxide. For comparison, photocurrent
spectra for the passive films formed on pure Fe and Cr
in pH 8.5 buffer solution are presented in Fig, 2. It is
clear that the photocurrent spectra for the passive film on
Fe-20Cr closely resemble that for the passive film on pure
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Fig. 2. i vs. hv plots for the passive film formed (a) on Fe
at 400 mVser and (b) on Cr at 300 mVscp in deaerated pH
8.5 buffer solution.

Fe except for the large difference in the photocurrent
intensity; the photocurrent begins to increase at 2.5 eV,
exhibits a shoulder and a subsequent peak at 3.8 eV and
at 4.5 eV, respectively. These results demonstrate that the
photocurrent of the passive film on Fe-20Cr is generated
by the same electron transition sources occurring in the
passive film on pure Fe, which are well agreed with the
previous results reported by Ferreira et al.' They observed
that Cr-oxide sputter-deposited on glassy carbon exhibited
p-type semiconducting properties, whereas the sputter-
deposited Cr-oxide on Fe substrate showed n-type semi-
conducting properties after annealing for 8 hr at 300C Lo
Based on the results, they concluded that the Cr-oxide
changed its p-type semiconducting properties to n-type
ones similar to those of Fe-oxide by alloying with a small
amount of Fe during the annealing. Thus, the semicon-
ducting properties of the passive film on Fe-20Cr can be
governed by the Fe-oxide even though it contains high
concentration of Cr. In the previous photoelectrochemical
study,” Kim et al. analyzed photocurrent responses for
the passive film on Fe as a function of film formation
potential, and suggested a modified band structure model
based on that for crystalline spinel (7-Fe-Os). Therefore,
it can be inferred that the passive film on Fe-20Cr has
a base structure of spinel 7-Fe,Os, (Cr-substituted 7-Fe.0s)
and that the photo-assisted generation of electron-hole
pairs in the passive film on the Fe-20Cr is originated by
the d-d and p-d transitions. Recently, it has been de-
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monstrated by in situ XANES and X-ray diffraction study"’
that the passive film on Fe-Cr alloys has a spinel structure
intermediate between that of Fe;Os and p-Fe.Os.

It should be noted from Figs 1 and 2 that the intensity
of photocurrent for the passive film on Fe-20Cr is almost
same as that of the passive film on pure Cr, but much
lower than that for the passive film on pure Fe more than
by one order of magnitude. This can be attributed to cr'’
of the Cr-substituted »-Fe-O; constituting the passive film
on Fe-20Cr and/or probably to a thinner passive film on
Fe-20Cr than that on Fe. Analytical study showed that
the passive tilm on Fe and Fe-Cr alloys has similar thick-
ness.”’ Therefore, under the assumption that the absorption
coefficient and quantum efficiency of the passive films
on Fe and Fe-20Cr are similar, the Cr'' in the passive
film on Fe-20Cr may act as an efficient recombination
site for electron-hole pairs generated by electron transition
sources of p-Fe.O;, thereby reducing considerably the
photocurrent intensity for the passive film (Cr-substituted
7-Fe20;) on Fe-20Cr.

Effect of presence of Cr'" in the passive film on Fe-20Cr
on the electronic properties of passive film can be explored
further by investigating the change of photocurrent
intensity with applied potential. If a - L, << 1 and a - W
<< 1, where o is light absorption coefficient of passive
film, Ly is diffusion length of holes, and W, is thickness
of the space charge layer, the intensity of photocurrent
(iph) is 21\7)function of applied potential (U) according to
Eq. (1);

|2
. 2eg 2
Lon =oteJ“[ N : ] (U-Uf-'lf )I )

where J, is the photon flux, e is electron charge, ¢ is
the dielectric constant of the passive film taken as 15.6,
" g, is the permittivity of free space (8.854 X 10"
Fem™), Ny, is the donor density, respectively, and Upp is
the flat band potential. ¢ is a constant if incident photon
energy is fixed. Fig. 3 shows a plot of i,,h3 vs. U measured
at the incident photon energy of 4.3 eV. The ilg,h2 has a
linear relationship with U in accordance with equation (1)
in the passive region (0~600 mVsce), and then increased
abruptly in the Cr-transpassive region (800 mVsci). The
abrupt increase in the photocurrent intensity at the
Cr-transpassive potential shown in Fig. 3 appears to be
caused by the decrease in the number of recombination
sites resulting from the reduction of Cr’” content due to
the oxidation of Cr'* to Cr*" in transpassive region. In
conclusion, the photocurrent of passive film on Fe-20Cr
is generated by the electron transition sources of the Cr
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Fig. 3. iph2 vs, applied potential plot for the passive film formed
on Fe-20Cr in deaerated pH 8.5 buffer solution.

substituted 7-Fe,O; involving the d-d and p-d transitions,
and the conduction of the photo-generated electrons and
holes is impeded by Cr’* ions, acting as effective recom-
bination sites of electron-hole pairs.

Band gap energy of the passive film can be obtained
from Eq. (2) derived based on the assumption that the
measured photocurrent is proportional to the optical
absorption coefficient.

im=ACh,— Ep)" I, @)

where A is a constant, hv is energy of incident photon,
E, is the band gap energy, and n describes the type of
transition between the valence and the conduction band
in a crystalline material. In amorphous material, the same
equation has been found as an empirical relation with n
having different values, but predominantly 2."¥ The band
gap energy for the film was determined by extrapolating
the (ipn - )" vs. heplots with n = 2 to the axis of photon
energy. The values of the band gap energy were 2.94 (
3.07 eV and almost same irrespective of the film formation
potential. The fact that the band gap energy is almost
constant at various film formation potentials in the passive
and Cr-transpassive region suggests that the band gap
energy for the passive film is not affected by potential-
dependent properties such as surface states, localized states
deep in the band gap, etc.'” Further, the passive film
formed at potentials in the Cr-transpassive region has
essentially identical structure with different crer
content to that formed at potentials in the passive region,
which is in a good agreement with the XANES results.”
A slight decrease or almost independence of band gap
energy with increasing potential has also been observed
by other authors. B

The value of the band gap for the passive film on Fe-20
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Cr, obtained in this study (~3.0 eV), is same as that of
the passive film on pure Fe in pH 8.5 buffer solution,'®
confirming again that the photocurrent response of passive
film on Fe-20Cr is determined by the electron transition
source occurring in spinel y-Fe,Os, that is, the passive film
on Fe. The previously reported band gap values for
stainless steels is in the range of 1.9 ~ 3.6 eV.'*"?

3.2 Mott-Schottky analysis

The electronic properties of semiconducting passive
film can be explored by measuring the capacitance of the
space charge layer (Csc) as a function of the electrode
potential (U). The Mott-Schottky relationship expresses
the potential dependence of Csc of a semiconductor
electrode under the depletion condition;'”

(U"Um ‘k_T

1 2
e j or n-type semiconductor (3)

fC:. €£,eN,

where ¢ is electron charge, ¢ is the dielectric constant
of the passive film, &, is the permittivity of free space
(8.854 x 10™ Fem™), Np is the donor density, Urs is
the flat band potential, k is the Boltzman constant, and
T is the absolute temperature. The value of Np is
determined from the slope of the experimental Csc™ vs.
U plot by taking ¢ = 15.6,'Y while Us from the
extrapolation of the Csc™ vs. U plots to the U axis at Cgc”
= 0. The Mott-Schottky relationship is based on the
assumption that the capacitance of the space charge layer
is much less than that of the Helmholtz layer.”” Normally
Helmholtz capacitance of 25 ~ 50 gFem™ satisfies this
assumption.

Influences of film formation potential on the
Mott-Schottky plot for the passive film formed on Fe-20Cr
at potentials in the passive region (-100 to 600 mVgcg)
and in the Cr-transpassive region (700 to 900 mVscg) are
presented in Fig. 4(a) and (b), respectively. The positive
slopes of the Mott-Schottky plots indicate that the passive
film formed on Fe-20Cr is an n-type semiconductor
irrespective of the film formation potential. The Mott-
Schottky plots for the passive film formed at potentials
in the passive region showed one linear region, whereas
those formed at potentials in Cr-transpassive region
exhibited linear relationship in two potential regions. The
second linear region appeared in the Mott-Schottky plots
in Fig. 4(b) in the Cr-transpassive region is due
presumably to the Cr®" ions acting as a deep donor. The
concentrations of the shallow and deep donors can be
determined from slopes S, and S of the two linear regions
in the Mott-Schottky plots using the following equations;

CORROSION SCIENCE AND TECHNOLOGY Vol 31, No.4, 2002
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Fig. 4. Mott-Schottky plots for the passive film formed on Fe-20Cr
at different potentials in deaerated pH 8.5 buffer solution.
Capacitance was measured at 1000 Hz with a scan rate of |
mV/s.
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geeN,

at lower potential region (4a)

2

2 ee,e(N, +N,,) at higher potential region (4b)

where Np; and Np, are the density of the donor at
shallow and deep donor levels, respectively. The deep
donors can be activated in the passive film formed at
potentials in the Cr-transpassive region since Cr*" ions pro-
duced at potentials noble to the Cr-transpassive potential
(about 600 mVscg) became unstable with decreasing the
potential, and eventually reduced to cr'.

Hakiki et al.* reported, by assuming the duplex structure
of inner Cr-oxide and outer Fe-oxide for the passive film
on ferritic and austenitic stainless steels, that the
Mott-Schottky behaviors in the potential range of -700 to
-1200 mVgce were controlled by the inner Cr-oxide layer
exhibiting p-type characteristics whereas those in the
potential range of -400 to -100 mVsce by the outer Fe-
oxide layer showing n-type one. However, the Mott-
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Schottky response at potentials lower than -500 mVsce
may be questionable, as they pointed out, because the
passive film is unstable at such low potentials. There is
large difference in the flat band potential between the inner
Cr-oxide layer of the passive film on stainless steel and
the passive film on pure Cr; -700 mVgce for the inner
Cr-oxide of passive film” and 700 mVsce for the passive
film on pure Cr" In this work, we analyzed Mott-
Schottky behaviors at potentials higher than -500 mVsce.

Fig. 5 shows the donor density as a function of film
formation potential for the passive films formed on
Fe-20Cr at various film formation potentials in the passive
region and also in the Cr-transpassive region. The donor
density (Npi, Npz, and Np; + Np;) decreased with in-
creasing the film formation potential, which is well agreed
with the previous results.”>*” The order of magnitude of
ND! is 10* ecm”, which is in the same range of donor
densities reported for the passive film formed on stainless
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Fig. 5. Dependence of donor densities of shallow level (Np)),
deep level (Np2) and total Np, + Np; on film formation potential
in deaerated pH 8.5 buffer solution.
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Fig. 6. Dependence of flat band potential (Ues) of the passive
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solution.
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steels.”” For passive films on iron base alloys, oxygen
vacancy and metal interstitial are reported to act as
donors.” Such a high donor concentrations also reflect the
highly disordered nature of the passive film formed on
Fe-20Cr. The flat band potential for the passive film on
Fe-20Cr as a function of the film formation potential was
obtained from the Mott-Schottky plots shown in Fig. 4,
and presented in Fig. 6. The flat band potential increased
from -480 mVSCE to -360 mVscg as the film formation

potential increased from -100 mVgce to 900 mVigce.

4. Conclusions

Electronic properties of the passive film formed on
Fe-20Cr in pH 8.5 buffer solution were examined by
photocurrent measurement and Mott-Schottky analysis.
Conclusions drawn from this study are as follows:

1) The passive film formed on Fe-20Cr in pH 8.5 buffer
solution is an amorphous or highly disordered n-type
semiconductor, which was characterized by photocurrent
spectra; anodic photocurrent, absence of sharp increase in
the photocurrent spectra, and capacitance measurement;
positive slope of Mott-Schottky plots and curved lines of
Mott-Schottky plots.

2) The photocurrent spectrum for the passive films
formed on Fe-20Cr was almost same in shape to that for
the passive film of Fe, except for the large difference in
photocurrent intensity, which demonstrated that the
passive film on Fe-20Cr is composed of Cr-substituted y
-Fe;Os involving the d-d and p-d electron transitions.
However, the large difference in photocurrent intensity for
passive film between Fe and Fe-20Cr may result from the
fact that Cr’" ions in passive film acts as effective recom-
bination sites of electron-hole pairs.

3) The band gap energy of the passive film was
measured to be ~3.0 eV, almost independent of film
formation potential ranging from 0 to 800 mVsgck.

4) With increasing film formation potential from -100
to 900 mVsce, the donor density of the passive film
decreased from 5 x 10 to 1 x 10% ecm” and the flat band
potential increased from -480 to -370 mVscg.

5) The additional deep donor observed in Mott-Schottky
plots for the passive film formed at potentials in Cr-
transpassive region was associated with Cr®" jons present
in the film.
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