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Early stages of iron anodic oxidation: Defective growth and density increase of oxide layer
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The early stages of anodic oxidation in the potentiostatic condition at the interface between a borate buffer
solution at pH 8.4 and Fe(100), (110), and (111) surfaces are investigated by sub-second resolution real-time
x-ray reflectometry. The growth process is composed of three stages. The electron density of the inner-oxide
layer for Fe(111) after a potential step from —0.8 to 4-0.7 V versus Ag/AgCl in the steady-state growth, stage III
(1.65 s < , where r denotes the time after the potential step), is 1.52 electrons/A%, which is close to the density of
magnetite. The growth rate is proportional to ¢!, which follows the direct logarithmic law or point-defect model.
In an earlier stage of the oxide film growth, stage IT (0.4 < ¢ < 1.65 s), the growth rate is proportional to ¢!,
while the electron density maintains the same value as that in stage III. At the first stage that can be discriminated
by our time resolution, stage I (¢ < 0.4 s), the growth rate is the same as that for stage II, i.e., proportional to =1,
while the electron density significantly decreases. The suggested structure is a highly defective spinel oxide, and
defects are filled by the end of stage I; there is no signature of the growth of other phases, such as hydroxide, as
the inner layer. This behavior indicates that the early stage of the oxide film growth is faster than the formation of
a complete spinel layer at the iron-oxide interface. The deviation of the growth rate from the point-defect model

in stages I and Il is caused by the strong electric field at the iron-oxide interface.
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I. INTRODUCTION

Surface oxidation of a metal is a general phenomenon that
is induced when a metal surface is exposed to oxygen. Some
metals form dense and stable oxides, which separate metal
surfaces from their environments and render them chemically
inactive. Despite their protective nature, oxide growth contin-
ues even after the whole surface is covered with the oxide,
and eventually the growth is ceased at a certain thickness.
The oxide film growth is a result of oxygen migration caused
by the diffusion and electric field within the oxide film. The
growth process has been electrochemically investigated for
decades [1-4], while its microscopic mechanism is still under
debate [5]. The thermodynamics of the film formation was
discussed along with treating the interfacial atomic monolayer
as a different phase from the bulk [6,7]. The key feature is a
potential profile around the interface since the potential gap at
the metal/oxide film interface, ¢, ¢, controls the oxidation
reaction, and the potential gradient in an oxide thin film
governs the ion migration. Typical models accepted so far
are the Mott-Cabrera model [8] and the point-defect model
(PDM) [9-11]. The Mott-Cabrera model assumes that the
electric field in the oxide is AV/L, where L is the film
thickness and AV is the potential difference between the
metal and the surroundings. This model leads to an inverse-
logarithmic law, 1/L = « In(¢) + B, where ¢ denotes the time
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and « and B are constants. PDM postulates the electric field
in an oxide is constant and independent of the thickness, and
leads to the direct logarithmic law L = « In(¢) + 8. Iron is a
typical material that forms a thin oxide layer at the surface.
Although the asymptotic behavior to the steady state is well
reproduced by both models, an x-ray reflectivity study of an
iron polycrystal revealed that PDM better reproduces the wide
time-range (~10 s to 4 h) growth behavior [12].

The growth of an oxide on iron is rapid, and is mostly
completed within 1-10 s [13-16]. The growth rate at the
early stage deviates from the PDM prediction [13,14,17].
The growth mechanism at the early stages has been an open
question due to the insufficiency of direct experimental in-
formation. Most studies have measured only the macroscopic
kinetics because of the difficulty in observing the microscopic
procedure of the film growth. An electrochemical and ellipso-
metric study [14] suggested oxyhydroxide formation in the
early stage of film growth from a comparison of the con-
sumed total electric charge and film thickness. However, the
electrochemical current greatly exceeded the values expected
from the film thickness obtained by ellipsometry. Since the
observed discrepancy is caused by other unidentified reac-
tions, such as iron or oxide dissolution [14], the combined
interpretation of the current and thickness is ambiguous. It
is preferable to investigate the kinetics and structure at the
same time to understand the film growth mechanism at the
early stage. The best technique for this purpose is the recently
developed time-resolved x-ray reflectometry [17].

In the current study, the oxidation of iron (100), (110),
and (111) surfaces in borate buffer solution at pH 8.4 under
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potentiostatic control is investigated by means of subsecond
time-resolved synchrotron x-ray reflectivity measurements.
Compared with our previous report [17], the experimental
techniques are improved to determine the very early-stage
electron density. The growth process is unambiguously clar-
ified to comprise three distinct stages. In the early stages I and
II, the growth rate is found to be approximately proportional
to t~13, while in stage III, the rate is proportional to t~1 as
explained by PDM. Furthermore, the electron density of the
oxide layer in the initial stage of the film growth is 87% of
that in the steady state, which strongly suggests a defective
spinel oxide. Surface orientation does not affect the qualitative
features of the kinetics, while the film growth rate in stage III
depends on the surface orientation. This can be caused by the
interfacial strain.

II. EXPERIMENT

Time-resolved x-ray reflectivity experiments with a
monochromatic 25 keV x-ray beam were performed at the
BL13XU of SPring-8, Japan. The beam size was selected as
300 x 50 wm? for the grazing-incidence measurements. A
two-dimensional pixel array detector PILATUS 100K (Dec-
tris, Switzerland) was equipped to record the x-ray scattering
signal. The stationary method [17] was employed for time-
resolved measurements to realize a time resolution of 25
ms. The stationary method does not involve any mechani-
cal movements of a diffractometer, while the ordinary scan
method requires a mechanical scan involving sample rotation
and detector movement; it takes at least tens of seconds to
complete the reflectivity measurement. The camera length for
the stationary method was 915 mm and for the ordinary scan
method it was 740 mm. For time-resolved measurements, the
detector was partially covered with lead and tantalum foil to
measure the wide dynamic range scattering signal without the
counting loss. The incident angle in the stationary measure-
ment was selected as 0.1°, the critical angle of magnetite for
the 25 keV x-ray beam, to enhance the signal from the surface.
Only for the case of Fe(111) at +0.7 V were two data sets
with incident angles of 0.1° and 0.8° collected, and they were
connected at ¢, = 0.25 A~! to achieve a better quality of the
data.

Three Fe single crystals having flat (100), (110), and
(111) surfaces with a sample area of 7 mm x 9 mm were
prepared. To obtain the flat surfaces, the crystals were ground
with alumina grit, then polished with colloidal silica slurry
(COMPOL 80, Fujimi Inc., Japan). The roughness of the
bare iron surface estimated by x-ray reflectivity results for
the (100), (110), and (111) surfaces was 2.0, 2.2, and 2.6 A,
respectively. The sample was set in the electrochemical cell
[18] with the shorter side perpendicular to the incident x rays,
and immersed in borate buffer solution at pH 8.4. During
the experiment, electrolyte was continuously deoxidized by
bubbling N, gas and circulated to avoid possible effects
by dissolved iron ions [19]. The electrical potential of the
Fe, V, was controlled by an Ivium CompactStat potentiostat
(Ivium Technologies B.V., the Netherlands) using a Ag/AgCl
reference electrode. All potentials in this paper are relative
to the Ag/AgCl electrode. The detector and the potentiostat
were controlled remotely from one computer to synchronize
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FIG. 1. Time evolution of x-ray reflectivity for Fe(111). The Fe
potential was changed from —0.8 to +-0.7 V at¢ = 0. The wide range
of O-space was measured with the time resolution of 25 ms.

the instruments. The response delay of the detector to the
potentiostat was estimated by the initial change of the x-ray
reflectivity, and the origin of the detector time was shifted by
75 ms for all data.

Electrochemical current was monitored during reflectivity
measurements to confirm that no unexpected reaction oc-
curred. Prior to changing the potential, the surface oxide film
was removed by cathodic reduction at —0.8 V for 20 min. The
time evolution of the surface oxide film was investigated under
potentiostatic control with a step from cathodic (—0.8 V) to
anodic (40.3, 4+0.5, and +0.7 V) potentials. Measurement
time was 20 min for (111) and 30 min for (100) and (110)
with the highest time resolution of 25 ms.

III. RESULTS AND ANALYSIS

The time evolution of the x-ray reflectivity profiles of the
Fe (111) surface under a potential step from —0.8 to +0.7 V
is depicted in Fig. 1. Profiles were collected by the stationary
method and normalized by multiplying /(—0.8 V, q.)/I;(—0.8
V, q;), where I(V, q;) and I(V, q.) refer to the intensity at
q. at the potential V measured by the stationary and ordinary
scan methods, respectively. The intensity at the total reflection
condition was also measured in the scan method to scale the
reflectivity intensity. Monotonous profiles along ¢, for r < 0
represent the bare iron surface, while the oscillating features
at ¢ > 0 indicate the existence of a film whose thickness
is indicated by the frequency of oscillations. Surface oxide
rapidly formed within 1-2 s after switching the potential,
which is consistent with our previous report [17]. Profile
fittings were executed based on the Bayesian inference using
the Monte Carlo sampling [20] to derive the most probable
electron density profiles. Since this sampling method has an
advantage in evaluating the uncertainty, it was suitable for our
data with limited statistics due to the short exposure time.
In our analysis, 109 samples were made, and recorded once
in 10% to obtain 10* samples. The resultant parameter values
and error bars at each ¢t were calculated by the average and
standard deviation of the last 2 x 10° recorded samples. For
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FIG. 2. (a) X-ray reflectivity and (b) electron density distribution
for Fe(111) obtained 0.25 s after the potential step from —0.8 to 0.7
V. Closed symbols in (a) show experimental results, and the blue
curves show the 2000 samples obtained by Monte Carlo sampling.
Each curve is so thin that they appear to be a thick blurred curve.
Corresponding electron densities are presented in (b). The plane at
z =0 corresponds to the Fe—inner-layer interface and that at z ~
30 A corresponds to the inner-layer—outer-layer interface. A large
uncertainty is observed for the outer layer.

the analysis, a structural model was constructed as three slabs
with seven parameters: electron density, the thickness and
roughness of two slabs, which correspond to the inner and
outer layers [4,17], and the roughness of the iron surface. The
electron densities of the iron substrate and the borate buffer
solution were fixed. Reflectivity from the slab model was
calculated by the recursive Parratt formalism. A typical result
of the analysis is presented in Fig. 2. The x-ray reflectivity
profile for Fe(111) under +0.7 V at r = 0.25 s is displayed in
Fig. 2(a) together with 2 x 10° simulated lines from sampling.
Data points with small error bars were well reproduced by the
calculated profiles, while those with large errors were poorly
reproduced. The corresponding 2 x 103 electron density pro-
files are visualized in Fig. 2(b). The electron density for the
outer layer had a larger uncertainty, and it showed a broader
distribution than the inner layer.

The time evolution of the inner-layer thickness L and inner-
layer electron density p during the —0.8 to +0.7 V potential
step for Fe(111) is summarized in Fig. 3. We focused our
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FIG. 3. Thickness L (black) and electron density o (red) of the
inner-layer grown on Fe(111) at +-0.7 V as a function of time ¢. Three
distinct stages are observed. In stage I, the electron density is signifi-
cantly lower than that in stages Iland III, and monotonically increases
until the end of stage I. Direct logarithmic law L = « In(t) + 8 is
followed only in stage III. The pink solid line is a guide for the eye.
The error bars for L are smaller than the symbol size.

attention on the two parameters because considerable changes
were observed only in them. The observed growth process
could be divided into three stages: stage I, in which the p is
lower than the steady-state value (+ < 0.4 s); stage II, in which
the time evolution of L deviates from the PDM prediction,
aln() + B (0.4 <t < 1.65 s); and stage III, the PDM region
(1.65 s < t). The electron density at stage Iwas lower than
the density in later stages by up to 13%. It monotonically
increased during stage Iand reached 1.52 electrons A=3, the
same value as that achieved at the later stages. The time
dependence of the inner-layer thickness showed the relation of
L =« In(t) 4+ B proposed by PDM in stage III, but deviated
from the relation in stages Iand II.

The potential and surface-orientation dependences of the
inner-layer growth are presented in Fig. 4. The growth
processes at any potential and surface orientation qualitatively
exhibited similar behaviors. The potential difference shown
in Fig. 4(a) markedly effected the growth rate in stages Iand
IIand only had a small effect in stage III. However, surface ori-
entation influenced both the early and later stages [Fig. 4(b)].
A surface having a thicker film tended to show a higher growth
rate in the later stage. The time evolution of the growth rate
dL/dt is presented in Fig. 5. There was only a small voltage
[Fig. 5(a)] and surface orientation [Fig. 5(b)] dependence, and
a common trend was observed: dL/dt oc t~! in stages Iand
Iland dL/dt o<t~ in stage III. Figure 6 presents dL/dt as
a function of L under a series of potentials (a) and surface
orientations (b). Apparent transitions were observed in all
plots. The estimated electric field strengths inside the film
under the PDM formalism based on the relationship [9] Ey =
—kgT /2e x d/dL[In(dL/dt)] were 5.06(9) x 10°,3.74(7) x
10°, and 3.30(4) x 10° V cm™~! for (100), (110), and (111),
where kg, T, and e are Boltzmann’s constant, temperature
(300 K in this case), and elementary charge, respectively.
The obtained magnitude of the electric field was close to the
typical value, 1 MV cm™!.
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FIG. 4. Time evolution of the film thickness measured at (a) dif-
ferent potentials for Fe(111), and (b) different surface orientations at
V=407V

IV. DISCUSSION

The growth behavior in stage IIlis well explained by PDM
following dL/dt < exp(—AL). Let us examine our experi-
mental results with the aid of PDM. While the voltage in
our experimental range had little effect on dL/dt in stage
I1I, the surface orientation clearly influenced the growth rate.
The steady-state thickness is known to depend on the voltage
as L = aV + b, as derived from experiments [12,21,22] and
also predicted by theory [10]. The observed values of the
steady-state thickness in our experiments also showed good
agreements with L = aV + b. Estimated parameters a for
(100), (110), and (111) were 19.9, 27.8, and 29.5 A v,
and those for b were 26.4, 27.2, and 28.5 A, respectively.
Here, the parameters were calculated from the linear fitting for
datasets of +0.3, +0.5, and +0.7 V at t = 20 min. The effect
of the Fe orientation on the oxide film growth can be ascribed
to two factors: the electronic factor and the elastic factor.
The former was estimated by the orientation dependence of
the work function. The work function of iron changes by
0.15 eV with orientation, where the work function for (100)
is 4.67 £ 0.03 eV [23] and that for (111) is 4.81 £0.02 eV
[24]. The shift of the work function with a constant anode
electric potential is equivalent to the shift of the anode electric
potential with a constant work function. The higher work
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FIG. 5. Growth rate as a function of time for (a) Fe(111) at the
potentials of +0.3, +0.5, and +0.7 V and for (b) Fe(100), (110), and
(111) at +0.7 V. All data sets exhibit the same trend in which growth
rates in the early stages follow dL/dt oc t~' and in the later stage
follow dL/dt o< t~!. The time evolutions following t~'> and ¢! are
shown by the dashed lines.

function corresponds to the higher electric potential, which
makes the film thicker. Therefore, we expected a thicker film
at steady state for (111) than (100) by a x 0.15V ~3.8 A with
a = 25.7 A/V, the average value among « for the three orien-
tations. Experimentally, the film on the (111) plane is thicker
than that on the (100) plane by 7 A, which agrees qualita-
tively with the above discussion. Quantitatively, however, the
difference was too large to be ascribed to the work function,
and some other effect is expected to explain the anisotropy
of the film thickness. In addition, the orientation dependence
of the work function could not reproduce the orientation-
dependent growth rate in stage Illsince the work function,
or electric potential, does not affect the growth rate in stage
ITas shown in Figs. 4(a) and 5(a). Therefore, some elastic
effects also play a role. It has been reported that the spinel
films grown on Fe(100) and (110) surfaces are crystalline
and the orientation is related to the substrate orientation [25].
The lattice mismatch for film(100)-Fe(100) is up to ~3%
along the Fe[010] and [001] directions, and that for film(111)—
Fe(110) is 27% along the Fe[110] direction and 3% along
the Fe[001] direction. Therefore, the films on Fe(100) feel
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FIG. 6. Growth rate vs thickness for (a) Fe(111) under +0.3,
+0.5, and 4+0.7 V, and for (b) Fe(100), (110), and (111) under +0.7
V. Three stages are observed for each set of data.

biaxial strain while those on Fe(110) feel only uniaxial strain
because of the huge lattice mismatch along the Fe[110] direc-
tion. Such a strain provides the growth-orientation-dependent
Gibbs energy of oxide formation AG,, where d denotes the
Fe surface orientation. When we take AG, into PDM, the
growth rate is proportional to exp(—2AGy,/xksT ), where x
is the valence of the Fe ion. The difference in the film growth
rate in stage IIIshown in Figs. 4(b) and 5(b) is reproduced by
assuming the difference of the value of AG, by less than room
temperature. Based on the slow growth rate for the film on the
(100) surface, a large AGjqp) is expected.

Stage [Ishowed a different time evolution of the growth rate
from the PDM formalism. Therefore, some assumptions in
PDM are not justified at this stage, such as a constant electric
field, which mainly controls the relationship between growth
rate and thickness. The depth dependence of the electric
field, which is modulated by the space charge layers at the
interfaces, has been examined by numerically solving the
transport and Poisson’s equation in a film [26-28]. The typical
thickness of the space charge layer derived in Refs. [26,28]
was on the order of 1 nm, which coincides with the critical
thickness between stage Iland stage III.

Stage Ifollows dL/dt oc t~! and the thickness has less of
an influence on the growth rate, as visualized in Fig. 6(a).
Although the early stage, stage Iand/or Ilin this case, has

been regarded [13,14] as a diffusion-limited process following
dL/dt o t~'/?, the detailed x-ray reflectivity study apparently
evidenced that diffusion does not dominate the growth rate.
Additionally, the electron density of the film was reduced
by up to 13%, as shown in Fig. 3. The minimum electron
density observed with the present time resolution was 1.32(7)
electrons A~3. The electron densities of possible oxides Fe3O4
[4,29-33], y-Fe,03 [30,31], and LAMM [25,34] are 1.53,
1.40, and 1.26 electrons A3, respectively. Hydroxide and
oxyhydroxide have lower electron densities such as 0.99, 0.95,
1.03, and 1.03 electrons A3 for a-FeOOH [35], y-FeOOH
[36], Fe(OH), [37], and Fe(OH); [38]. The observed electron
density in stage Iwas comparable to spinel oxides but appar-
ently higher than hydroxide and oxyhydroxide. Therefore, the
film structure in the early stage should be a defective spinel
oxide. The density monotonically increased with time in this
stage. This meant that the vacancies were filled with mi-
grated ions, and no other subphases are suggested. Compared
with Fe;Oy4, the estimated chemical formula is Fe;3(2)O4
or Fe30j 1) for the case in which the defect species was
Fe** or O*". Since Fe30j.1(2) is chemically unstable, the
defect species was likely to be iron ions or both iron and
oxygen ions.

What is happening at the iron-spinel interface in stage Iis
that Fe atoms at body-centered-cubic iron sites tend to move
spinel sites nearby. At the interface, the electric potential
changes abruptly by ¢,y = B x V — EoL + C, where B and
C are constants [9]. Therefore, the potential jump ¢,/ and the
local electric field at the interface depend on L. In the PDM
formalism, the ionic flow is treated to be proportional to the
concentration gradient and to the electric field, i.e., a contin-
uum model is employed. Here, we use an atomistic interpre-
tation for PDM [12], which is similar to the Mott-Cabrera
model [8,39]. In the atomistic interpretation, the potential
profile has minima at each atomic site. A schematic of the
potential profile of iron ions around the iron-oxide interface is
presented in Fig. 7. The profiles for the continuum model are
depicted by the thin curves, and those for the atomistic model
are depicted by the thick curves. The continuum model gives
a good picture for the small ¢,/ case in which the iron atoms
are well trapped at the potential minima, and the activation
energy for the iron hopping from the metal side to the oxide
side is larger than the thermal fluctuation. The red potential
profiles show a large ¢,,/s case. In this case, the activation
energy is smaller than the thermal fluctuation, and thus the
iron atom at the metal side of the interface moves quickly to
the oxide side of the interface. The transition is too fast to
form a defect-free spinel structure, resulting in a thick spinel
film with a lot of vacancies. The vacancies are filled with
ions later. The increased cation flow across the metal/oxide
interface reached the growth rate limited by another process,
and the rate-limiting process is changed between stage Iand
II. This is the reason why the growth rate shows no thickness
dependence in stage I.

V. CONCLUSION

The time evolution of Fe (100), (110), and (111) surface
oxidation processes in a borate buffer solution at pH 8.4 was
investigated by in situ x-ray reflectivity experiments. Three
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FIG. 7. Schematic of the iron potential profile around the metal-
oxide interface. The thin curves show the profiles for the continuum
approximation or ordinary PDM, and the thick curves show the
profiles for the atomistic model. Black and red profiles show the
situations for thick oxide film and thin oxide film cases, respectively.
¢/ denotes the potential difference between the metal and the oxide
regions (see the text). Inset: The potential curve for a wider z range
used for ordinary PDM.

distinct stages in the film growth process were observed. In
stage I, the film density was less than in the later stages

and the suggested structure was a highly defective spinel
oxide. The density monotonically increased with time and
reached the same value as a later stage at the end of stage I. An
atomistic interpretation of this defective growth is discussed.
The growth rate followed dL/dt o< t~' during stages land
II, which is not explained by the well-known growth laws
such as the diffusion limited law dL/dt o t~'/?. During stage
I, the deviation of the thickness dependence of the growth
rate from that in stage III, dL/dt ox exp(—AL), was small,
while the qualitative behavior of dL/dt as a function of ¢
was clearly different. Stage Illpresented a typical behavior
following PDM in which the relationships dL/dt oct~' and
dL/dt x exp(—AL) were expected. Surface orientation influ-
ences the growth rate as a function of thickness, which is
caused by the lattice mismatch.
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