
VOLUME 79, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 24 NOVEMBER 1997

at

ing
rsy
s

4282
Atomic Structure of the Passive Oxide Film Formed on Iron
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We have used x-ray scattering to measure the structure of the passive oxide film formed
high anodic potentials on Fe(110) and Fe(001). The crystalline film has a small crystallite size (ø50 Å)
and is oriented with the substrate. The film structure is based on Fe3O4, but with cation vacancies on
octahedral and tetrahedral sites (80% and 66% occupancies, respectively) and with cations occupy
octahedral interstitial sites (12% occupancy). These results resolve the long-standing controve
surrounding the film structure and provide a basis for understanding and modeling film propertie
important for corrosion resistance. [S0031-9007(97)04600-0]

PACS numbers: 81.65.Rv, 61.10.– i, 68.55.–a, 81.65.Mq
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As the applied potential of iron in aqueous solution i
slowly changed from negative (cathodic) to positive (an
odic), the iron first begins to dissolve, but at a sufficientl
anodic potential, a thin (ø30 Å) oxide film forms and pre-
vents further dissolution. This is known as passivity an
is illustrated in Fig. 1. This phenomenon was discovere
in the 1700s and has been extensively investigated sin
then [1]. However, despite decades of research, the
is little agreement on the atomic structure of this pa
sive film. Electron diffraction and electrochemical exper
ments [2–4] led to the suggestion that the film consists
an inner layer of Fe3O4 and an outer layer ofgFe2O3.
However, since the electron diffraction measuremen
were conductedex situ (the iron electrode was removed
from the electrolyte) and in vacuum, the film may hav
been altered through crystallization and/or removal
OH. These concerns led to studies of the passive film
iron using a variety ofin situ techniques (where the film
is measured in the environment where it was grown), f
example, Mössbauer spectroscopy [5,6], extended x-r
absorption fine structure [7–9], and surface enhanced R
man scattering [10,11]. These were interpreted, in co
trast, as showing that the passive film is amorphous an
or similar to Fe hydroxides or oxyhydroxides. Howeve
recent in situ x-ray absorption near-edge structure da
suggest that the film is either amorphous or a spinel (sim
lar to Fe3O4 or gFe2O3) [12], and in situ scanning tun-
neling microscopy (STM) measurements suggest that t
film is crystalline and consistent with Fe3O4 or gFe2O3

[13]. To resolve this long-standing controversy,in situ
andex situx-ray diffraction and STM were used to deter
mine the passive film structure at a high anodic formatio
potential.

The widespread disagreement on the passive film stru
ture is partly due to the difficulty in characterizing the
film: measurements must be conductedin situ, and the
film is thin. Disagreement regarding the film structur
0031-9007y97y79(21)y4282(4)$10.00
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has been exacerbated by the variety of film formatio
methods. We used a method that results in no diss
lution of Fe [12,14], avoiding the production of ferrous
ions and subsequent reprecipitation of iron oxyhydrox
ide. The iron crystals were immersed in pH 8.4 bora
buffer at21.4 V, and the air-formed oxide was removed
by cathodic reduction at21.8 V for 10–60 min and then
21.4 V for 20 min (all potentials are quoted relative
to mercurous sulfate electrode). The passive film wa
formed by stepping to 0.4 V and maintaining this poten
tial for 60 min. In situ data were obtained with the po-
tential continuously held at 0.4 V, while for theex situ
experiments, the electrode was emersed and placed
flowing high purity He gas. We collected extensive dat
setsex situ,where there was no background x-ray sca
tering from the electrolyte and we could measure man
diffraction peaks. We then obtainedin situ data for com-
parison. This allowed us to determine that the passi
film was not altered upon removal from the electrolyte

FIG. 1. Idealized current potential curve for a passivatin
metal. As the potential is slowly increased from cathodic t
anodic, the metal exhibits an active region where it freel
dissolves. However, at a critical potential, a passive film form
which protects the metal from further corrosion and results in
drastically lower current.
© 1997 The American Physical Society
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and thus, we could use theex situdata set for a crystallo-
graphic analysis of the film structure.

Figure 2 shows the measured diffraction patterns fro
the passive film on Fe(001) and Fe(110). For clarity, on
part of the patterns is shown. The epitaxy of the pass
film is apparent from Fig. 2. For growth on Fe(001), th
oxide(001) planes lie parallel to the iron surface, while fo
Fe(110), the oxide(111) planes are parallel to the surfa
For both crystal surfaces, the oxidef1̄10g direction is par-
allel to Fe[100]. This orientational relationship is appa
ently fixed by the similarity between the oxide(2̄20) and
Fe(100) plane spacings (2.96 and2.89 Å, respectively).
Based on the measured lattice parameters (Fig. 2),
symmetry, and a qualitative assessment of the diffra
tion intensities, the x-ray data are consistent with tho
of spinel oxides (gFe2O3, Fe3O4, or related structures).

FIG. 2. One quadrant of the diffraction pattern for the passi
film on (a) Fe(001) and (b) Fe(110). For clarity, only some o
the measured out-of-plane peaks are shown. In (a) these
collectively denoted by “L.” The diffraction peaks from the
oxide are represented by small filled and open circles (whi
are purely in-plane peaks and peaks that are nearly in pla
respectively). Substrate peaks are represented by the la
lightly shaded circles. The lattice constants of the film a
a0  8.39 6 0.01 and 8.3 6 0.1 Å, parallel and perpendicular
to the substrate surface, respectively.
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They are inconsistent with other crystalline bulk iron o
ides, hydroxides, or oxyhydroxides. We also searched
other such bulk phases (with both x-ray diffraction a
STM) but did not detect the presence of any other pha

Before describing the crystallography, it is important
demonstrate that the structure of the passive film is
altered on emersion. Figure 3 showsin situ and ex situ
structure factors for some of the reflections from the fil

FIG. 3. Measured and best-fit structure factors for a sub
of the diffraction peaks for the passive film grown o
(a) Fe(001) and (b) Fe(110). Data are shown by the so
symbols (in situ by squares andex situ by stars) and were
calculated from the integrated intensities of the diffracti
peaks. Theex situ data have been (approximately) convert
into electron units, while thein situ data have been correcte
for x-ray absorption by the x-ray cell [22]. Error bars represe
one sigma errors. The best fits for the model structures
the open symbols. In the fits to the data forgFe2O3 (open
circles) and Fe3O4 (open squares), we allowed six scale facto
to vary (in-plane and out-of-plane data sets for three differ
experiments). For the passive film structure (which we call
LAMM phase, open diamonds), four additional parameters
required: occupancies of the Fe octahedral and tetrahedral
and concentration of the octahedral and tetrahedral interstit
although the best-fit tetrahedral interstitial concentration w
zero. The iron and oxygen ions were fixed in the ideal sites
a spinel. The lateral Debye-Waller factor for the Fe catio
was varied in the rangesksFed  0.1 2 0.15 Å, while the
other Debye-Waller factors were fixed ass'sFed  0.28 Å,
sksOd  0.1 Å, ands'sOd  0.28 Å.
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As is evident, there is excellent agreement between t
in situ andex situdata. Furthermore, specific diffraction
scans show complete agreement for the peak shapes
widths. These results show that, for the passive fil
formed at high anodic potentials, the structure is n
altered by emersion.

Some previous results suggested that the passive fi
on iron is amorphous or partially amorphous [5,7–9,11
Our results rule out a purely amorphous film, but the film
could be partly amorphous. The x-ray data do not sho
any indication of an amorphous oxide or oxyhydroxide
However, to further test for the presence of such a film
we used STM, which shows there is a crystalline layer
the passive film surface, consistent with Ref. [13]. Thu
the amount of amorphous material in the passive film
less than our detectability limits (ø5%).

To deduce the passive film structure, the diffractio
peak intensities of 101 peaks were converted into stru
ture factors and reduced to 68 symmetry inequivale
peaks. These were then compared with candidate str
tures: Fe3O4 and gFe2O3, as suggested by previous
investigators. Our data demonstrate that neither Fe3O4,
gFe2O3, nor any combination of these phases can ad
quately describe the experimental data. This is evidenc
by Fig. 3, where we show the expected structure facto
for Fe3O4 and gFe2O3. Many of the expected structure
factors are well outside the experimental error [for ex
ample, the (222), (622), (400), (440), and (404) i
Fig. 3(a) and the (64̄2̄), (22̄2̄), (400), and (44̄0) in
Fig. 3(b)]. Furthermore, the goodness-of-fit paramete
are unacceptably large,x2  7.3 and 4.2 forgFe2O3 and
Fe3O4, respectively. This unambiguously establishes th
these phases arenot present in the passive film on iron.

To determine the correct passive film structure, we fir
note that the lattice constants of the film are close to tho
of bulk Fe3O4 andgFe2O3. Since the lattice constants of
spinel oxides are predominantly determined by the packi
of oxygen anions [15], this suggests that all the oxyge
sites are fully occupied. However, cation vacancies a
interstitials in spinels have a low free energy of formatio
[16], and thus, we considered models with random catio
vacancies and interstitials (Fig. 4). We find that such
model fits the experimental data very well. The mod
structure factors are shown by the open diamonds in Fig.
and with only a couple of exceptions, they are within th
error bars of the data. Furthermore, the vacancy-interstit
model hasx2  1.3, demonstrating its validity.

The spinel unit cell contains 32 oxide anions, an
16 octahedral and 8 tetrahedral cation sites [15,17].
Fe3O4 these sites are fully occupied, while ingFe2O3,
25% of the octahedral sites have a 33% occupancy, a
the other octahedral sites and all the tetrahedral si
are fully occupied. These spinels contain no interstitial
The structure of the passive film (Fig. 4) has an octah
dral site occupancy ofs80 6 10d% and a tetrahedral site
occupancy ofs66 6 10d%; there are cations occupying
4284
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FIG. 4(color). Schematic illustration of the passive film
(LAMM) structure. For clarity, only the bottom half of the
unit cell is shown and is outlined by the solid white lines.
The oxygen anions are shown by the large green spher
(fully occupied), the tetrahedral cation sites by smaller orang
spheres (66% occupancy), and the octahedral cation sites
red spheres (80% occupancy). Four of the eight octahedr
interstitial sites are shown by the small purple spheres; the
are four equivalent sites at the upper right hand section, whic
are not shown. Note that for clarity the interstitials are show
in ordered positions; in our model (LAMM) structure they are
assumed to be randomly distributed. The bonds are illustrate
by the lines: yellow for tetrahedral, magenta for octahedra
and blue for the octahedral interstitials.

s12 6 4d% of the available octahedral interstitial sites, bu
no tetrahedral interstitials [18]. It is likely that there is a
correlation between the tetrahedral vacancies and the o
tahedral interstitials: these interstitial cations have a hig
probability of occupying sites near tetrahedral vacancie
On the other hand, it is also likely that the interstitials
will predominate closer to the metal-oxide interface an
the vacancies closer to the oxide-solution interface, sinc
the iron cations are probably in a higher oxidation stat
closer to the electrolyte. However, such a distinction i
not possible with our present data; our model (LAMM
phase) assumes a uniform distribution of vacancies an
interstitials. The stoichiometry for the best-fit structure
Fes1.9 6 0.2dOs3d, indicates that most of the Fe cations
are in the Fes31d state, consistent with previous re-
sults [12,14,19]. We emphasize that the LAMM phas
is different from the proposed duplexgFe2O3yFe3O4 film
[2–4]. First, the octahedral vacancies are randomly dis
tributed in the LAMM phase, but occupy specific sites in
gFe2O3 and are absent in Fe3O4; and second, ingFe2O3

and Fe3O4, the tetrahedral sites are fully occupied and
there are no octahedral interstitials.
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From the diffraction peak widths, we find that the
lateral crystallite size of the passive film isø60 and
ø45 Å for growth on Fe(001) and Fe(110), respectively
These are small crystallites, and thus, the passive fi
is best characterized as nanocrystalline. The peak-wid
data also show that the oxide has numerous planar defe
principally stacking faults and antiphase boundaries. Th
Debye-Waller factors in the passive film are large (0.1
0.15 and0.28 Å, parallel and perpendicular to the surface
see Fig. 3 for details). This is due to static disorder i
the atomic positions resulting from bond-length variation
caused by the vacancies and interstitials.

In addition to resolving the long-standing questio
about the passive film structure, our results have oth
implications. For example, the corrosion resistance of th
passive film is influenced by its ionic and electronic trans
port properties, which are largely determined by the film’
crystallographic structure, and its defects and microstru
ture [20]. Our explicit description of these opens the wa
to detailed modeling of these properties. On the oth
hand, the most common engineering approaches to c
rosion protection involve adding alloying elements to th
metal (stainless steel) or inhibiting chemicals to aggre
sive environments. Our results on iron provide a star
ing point for understanding how these approaches affe
passive films and provide enhanced corrosion protectio
Additionally, the passive film microstructure is nanocrys
talline, and such solids are increasingly recognized as ha
ing mechanical properties (e.g., hardness and ductilit
that are distinctly better than bulk solids [21]. By con
ferring mechanical robustness, the film’s nanocrystallin
nature may be important for its corrosion resistance.
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Sweet for assistance with X20A, Chi-Chang Kao for th
generous use of his detector, Ruediger Dieckmann f
useful electronic discussions, and Joe Hriljac for initia
assistance with data analysis. This work was perform
partly under the auspices of the U.S. DOE, Division o
Materials Science, Office of Basic Energy Sciences, und
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