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Abstract:

Magnetron-sputtered iron films were potentiodynamically anodized at two different sweep
rates to 50 V in an ethylene glycol electrolyte containing ammonium fluoride and water. At a
high sweep rate of 1.0 V s, a barrier-type anodic film was formed even though the current
efficiency was as low as ~50%. In contrast, a nanoporous anodic film developed at a low
sweep rate of 0.05 V s, and the film-formation efficiency reduced to 37%. The main part of
the anodic films consists of iron (111) hydroxyfluoride with a thin inner layer composed of
FeFs. The inner fluoride layer is formed owing to the faster inward migration of fluoride ions
compared to that of the oxygen species. During immersion or re-anodizing of the iron
specimen with an approximately 100-nm-thick, barrier-type anodic film at and below 15 V,
thinning of the anodic film proceeded uniformly and film dissolution was enhanced by
applying an electric field. The impact of the electric field on film formation and dissolution is

discussed.

Keywords: Anodizing, iron, porous anodic film, organic electrolyte, fluoride
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1. Introduction

Nanoporous oxide films, formed by anodizing valve metals such as Al, Ti, Zr, Nb,

Ta, and W, have been extensively explored in the last two decades because of their practical

importance as well as of fundamental interest in the growth mechanism. These films have

potential applications in corrosion protection, nanodevices, solar cells, batteries, and

templates for the fabrication of various nanomaterials [1-4]. There are three types of anodic

films: barrier-type, nanoporous-type, and nanotubular-type. Their formation depends upon the

anodizing conditions, such as the anodizing electrolyte and anodizing voltage/current. The

barrier-type anodic films are typically formed when growth proceeds at a high current

efficiency. When the films are amorphous, new film materials are developed both at the

film/electrolyte and metal/film interfaces by outward migration of cations and inward

migration of anions, respectively, in a corporative manner [5].

The formation behavior of self-organized porous oxide films has attracted much

attention in recent years. It is well accepted that porous anodic films are formed when new

film material is formed only at the metal/film interface, while cation species migrating

outwards are ejected directly to the electrolyte at the film/electrolyte interface [6]. Most recent

studies have focused on the understanding of the mechanism of pore generation, and efforts

have been made to resolve the causes of field-induced and stress-induced instabilities at the
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film/electrolyte interface, which leads to pore formation [7-10]. It is generally presumed that

pores initiate at a rough film/electrolyte interface under an electric field, where the field is

non-uniformly concentrated at the troughs of the film/electrolyte interface. Various

mechanisms have been proposed for the growth of porous oxides over the past 50 years,

namely (a) field-induced dissolution, (b) field-assisted ejection, and (c) field-assisted plastic

flow [6, 8, 11, 12]. In the field assisted dissolution model, first proposed by Hoar and Mott

[13], it is presumed that the generation of pores is associated with the dynamic equilibrium

between the rate of oxide formation at the metal/film interface and the dissolution of the oxide

at the film/electrolyte interface. Most investigations in the field-assisted dissolution model

assume that steady-state film growth Kkinetics occur due to an accelerating dissolution of the

oxide film under the influence of a high external electric field at the pore base [6, 11, 13, 14].

Recently, Garcia et al. proposed that the generation and growth of a porous anodic

structure on aluminum is associated with the field-assisted flow of oxide material by a

distribution of compressive stresses [12, 15-18]. Through a series of tracer experiments, they

concluded that pores are generated by plastic flow of material from the pore base towards the

cell walls in certain electrolytes. In parallel, Hebert and co-workers support their flow model

using a computational approach [8, 19].
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In both field-assisted dissolution and field-assisted flow models, the electric field
applied in the barrier layer sandwiched between the porous layer and metal substrate plays a
crucial role. Direct experimental evidences of the influence of the electric field on dissolution
and pore initiation and the presence of a critical field for pore initiation during the anodizing
of aluminum have been demonstrated recently by Oh and Thomson [9]. They showed that
uniform thinning of the oxide film occurs below a field of 7.46 MV cm™, and field-induced
instability and pore initiation start at this critical field. The mechanical instability that leads to

major pore formation begins at 8.9 MV cm™.

As mentioned above, porous anodic films can be formed on a range of metals.
Fluoride-containing organic electrolytes with a small amount of water have been often used
for the formation of porous anodic films on titanium [20], zirconium [21], niobium [22], and
iron [23-27]. The nanoporous and nanotubular anodic films formed on iron have attracted
attention due to their future promising applications, including photoanodes for water splitting,
electrodes for lithium ion batteries, gas sensors, and electrodes for electrochemical capacitors
[27-32]. Photoelectrochemical characterization of as-anodized and thermally treated
anodicfilmson iron was also carried out in details [33]. Despite extensive investigations on
the mechanism of porous film formation on aluminum, studies on the formation mechanism

of porous anodic films on iron have been very limited [23-25].
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In the present study, we first formed barrier-type and nanoporous-type anodic films
on iron by potentiodynamic anodizing in an ethylene glycol electrolyte containing ammonium
fluoride and water, and their formation behavior was examined. Then, the influence of an
electric field on dissolution rate of anodic films on iron was investigated by applying an
electric field to the pre-formed barrier-type anodic film in order to elucidate the crucial role of

the electric field in anodizing iron.

2. Experimental

Iron thin films of ~ 460 nm thickness were prepared by DC magnetron sputtering.
The target was a 99.9% pure iron disk of 0.5 mm thickness and 100 mm diameter bonded on a
copper backing plate. Glass plates and electropolished, anodized aluminum sheets were used
as the substrate. The latter substrates were used for Rutherford backscattering spectroscopy

(RBS) analysis.

The iron thin films were potentiodynamically anodized at varying sweep rates (1.0
and 0.05 V s™) in a two-electrode cell with a platinum sheet as the counter electrode. The
electrolyte was ethylene glycol (EG) containing 0.1 mol L™ ammonium fluoride and 0.1 mol
L water at 273 K. After anodizing, the specimens were washed in EG and then in acetone.

The relatively low temperature and low water concentration in the electrolyte was selected to
6
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reduce the chemical dissolution rate and to promote the formation of a barrier —type film to

higher formation voltages.

The surfaces and cross-sections of the anodized iron specimens were observed using
a JEOL JSM-6500F field emission scanning electron microscope operated at an accelerating
voltage of 10 kV. The composition of the anodic films were determined by RBS using a He?*
ion beam of 2.0 MeV energy supplied by a tandem-type accelerator at Tohoku University.

The RBS data were analyzed using the RUMP program [34].

3. Results and Discussion

3.1. Potentiodynamic growth of anodic films

Magnetron-sputtered iron films were potentiodynamically anodized to 50 V at 1.0
and 0.05 V s in the EG electrolyte containing 0.1 mol L™ NH4F and 0.1 mol L™ H,0 at 273
K. The typical current-voltage responses are shown in Fig. 1. Initially, the current density
increases almost linearly to a current peak, followed by a current decrease to a steady-state
current density. At the potential sweep rate of 0.05 V s, a second small current peak appears
at 12 V, in addition to the first higher current peak at 4 V. Assuming that uniform thickening
of the anodic film occurs, the growth of the barrier anodic film can be described by the

following equation,
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av dh
— = E— (1)

where V is the applied voltage, t is the anodizing time, E is the electric field across the anodic
film, and h is the thickness of the anodic film. Considering Faraday’s law, the following
equation can be described,

dv _ nEMi
dt  zF (2)

where 7 is the current efficiency for film growth, M is the molar volume, i is the anodizing
current, z is the equivalent number, and F is Faraday’s constant. This equation suggests that
under a constant potential sweep rate (dV/dt = constant), current becomes constant under a
steady state condition, as in the case of Fig. 1. The presence of the current peak at a low
voltage region during potentiodynamic anodizing has been found often in the anodizing of
valve metals. The phenomenon was well discussed in a review paper by Lorengel [35] and

explained in terms of a delayed oxide formation.

Although there are only limited studies on anodic film growth under
potentiodynamic conditions [36-38], Curioni et al. potentiodynamically anodized high purity
aluminum in a sulfuric acid electrolyte [36]. In contrast to the observation of a steady-state
current in the present study, they found a continuous current increase above a narrow plateau
potential region less than 3 V. This was interpreted by the flow model, which was valid in

anodizing aluminum in sulfuric acid [7, 39]. Because of the flow of film material, part of the
8
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anodic oxide generated at the metal/film interface is displaced to the cell walls. The
displacement tends to reduce the thickness of the barrier layer, contributing to an increase in
the electric field and current density. Even though a porous film is formed at the low potential
sweep rate as indicated below, the absence of such a continuous current increase in the

present study may suggest that the flow model is not applicable here.

Fig. 2 shows the scanning electron micrographs of surfaces of the
magnetron-sputtered iron films as-deposited and anodized to 50 V at 0.05 and 1.0 V s,
Associated with the columnar structure of the as-deposited film, a relatively rough surface is
observed in Fig. 2a. The apparent grain size (column width) is 50-100 nm. Similar surface
morphology is observed after anodizing to 50 V at 1.0 V s™ (Fig. 2b), with troughs along the
grain boundaries; however, the surface appears to be smoother within grains. For the iron film
anodized at the low sweep rate (Fig. 2c), nanopores develop with an average pore size of ~10
nm. The nanopores are formed preferentially at the trough region of the rough surface. Similar
results were reported previously in the anodizing of carbon steel [40] as well as aluminum [2].
This means that the site of pore initiation can be controlled by texturing of the metal surface

prior to anodizing of iron.

The formation of a barrier-type anodic film at the high sweep rate of 1.0 VV s is

confirmed from the scanning electron micrograph of a cross-section of the anodized iron
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specimen (Fig. 3a). On the columnar iron layer, a compact anodic film of 100 £ 5 nm
thickness developed. The metal/film interface is relatively flat, while the film/electrolyte
interface is rough, though barrier-type films formed at high current efficiency typically have a
flat film/electrolyte interface. A similar rough film/electrolyte interface and/or a thin porous
layer above a barrier layer was found when aluminum was potentiodynamically anodized to
40 V in a tartaric acid electrolyte; no film material was formed at the film/electrolyte interface

due to direct ejection of outwardly migrating AI**

ions [41]. As discussed later, no film
material is formed at the film/electrolyte interface because of the low current efficiency in the
formation of the present barrier-type anodic film on iron. In the anodic film formed at the low
sweep rate, cylindrical nanopore channels are developed (Fig. 3b). The thickness of the
anodic film is 400 = 7 nm and the barrier layer, sandwiched between the porous layer and iron
substrate, has a thickness of 72 £ 5 nm, which is slightly thinner than that formed at the high
sweep rate. The interpore distance is ~ 60 nm. When anodizing aluminum in acid electrolytes,
the interpore distance is controlled by the formation voltage (2.5-2.8 nm V%) [14]. Since the
thickness of the barrier layer beneath the porous alumina layer is ~1.0 nm V!, the interpore
distance of the porous layer for porous anodic alumina is 2.5-2.8 times the thickness of the
barrier layer. Compared with the morphology of the porous alumina films, the interpore

distance in the porous film on iron is too small with respect to the thickness of the barrier

layer. The interpore distance of the anodic film on iron appears to be similar to the column
10
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width of the deposited iron. Considering the preferential formation of pores at the trough
region of the as-deposited iron surface, it is likely that the interpore distance is controlled by
the morphology of the iron surface, not the anodizing parameters under the present anodizing
condition. Field-assisted dissolution, rather than field-assisted flow, appears to be dominant in

growing porous films on iron under the present conditions.

The composition of the anodic films formed on iron was examined by RBS. Fig. 4
shows the experimental and simulated RBS spectra of the as-deposited iron films and
anodized to 50 V at the sweep rates of 1.0 and 0.05 V s™. The RBS spectrum of the
as-deposited iron (Fig. 4a) shows yields from iron, aluminum, and oxygen, with the latter two
arising from the anodized aluminum substrate. In Fig. 4b, yields from fluorine and oxygen in
the anodic film appear separately from the other yields, and a higher yield of fluorine in
comparison with oxygen indicates that the anodic film is fluoride-rich. In Fig. 4c, the yield
from oxygen appears again, but the yield from fluorine is overlapped with that from iron. The
precise composition of the anodic films was examined by simulation. The simulated spectra,
shown in Figs. 4b and 4c, obtained using the composition, density, and thicknesses of
individual layers in Table 1, are fit with the respective experimental spectra. In the simulation,
probable incorporation of carbon species derived from EG into the anodic films was neglected

due to a low RBS sensitivity for carbon. The anodic film formed at the high sweep rate

11
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consists of two layers: the outer layer (composed of iron (I11) hydroxyfluoride or hydrated
oxyfluoride) and the inner layer (composed of iron (I11) fluoride). The formation of the inner
fluoride layer may be associated with the faster inward migration of fluoride ions compared
with oxygen species, as reported previously [25]. The faster migration of fluoride in growing
barrier-type anodic films has also been reported in the anodizing of tantalum [42] and
titanium [43]. The outer layer of the present barrier-type anodic film is composed of hydrated
oxide or contains hydroxide. Since the anodic film formed under the present condition is
soluble in water, there is a possibility that the hydration proceeded in laboratory air after

anodizing, not during anodizing.

The porous anodic film formed at the low sweep rate also has a compositionally
layered structure. The porous layer, 328 nm thick, is composed of hydrated hydroxyfluoride
and a barrier layer of 72 nm thickness. Both layers have a composition similar to the

respective layers formed at the high sweep rate.

From the comparison, determined by the RBS spectra of as-deposited iron films
anodized to 50 V, the thicknesses consumed by anodizing were 40 + 3 and 75 £+ 3 nm at the
high and low sweep rates, respectively. Assuming that iron was oxidized to the Fe (111) state,
the respective electric charges required to oxidize iron were 0.16 £ 0.02 and 0.31 £ 0.02 C
cm, as shown in Table 2. The electric charges passed during anodizing to 50 V at the high

12
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and low sweep rates were 0.15 + 0.01 and 0.57 + 0.02 C cm™, respectively. It is obvious from
these results that the electric charge passed during anodizing is used predominantly for the
oxidation of iron at the high sweep rate, while it reduces to 54% at the low sweep rate. During
anodizing at the low sweep rate, gas generation was observed, to a minor extent, from the
specimen surface, contributing to the reduction of the efficiency of iron oxidation. The likely
presence of gas bubbles in the barrier layer may also contribute to the reduction of the barrier
layer thickness (~72 nm) in comparison with that at the high sweep rate. The electric charge
used for the formation of anodic films was also calculated from the number of iron (111) ions
in the anodic films and the current efficiency for film formation was then estimated (Table 2).
Although a barrier-type film is formed at the high sweep rate, the current efficiency is only
49%. It is likely that film materials are formed only at the metal/film interface by inward
migration of anions and the direct ejection of outwardly migrating cation species occurs at the
film/electrolyte interface; the latter contributes to the reduced efficiency of film formation. At
the low sweep rate, the current efficiency is further reduced to 37%, but 68% of the oxidized
iron was converted to the anodic film. The increased conversion efficiency during porous film
growth at the low sweep rate, compared with that for the barrier film growth at the high sweep
rate, is of interest, being related to the field-assisted dissolution process and/or the probable
presence of oxygen gas bubbles in the barrier layer formed at the low sweep rate. Thus, the

field-assisted dissolution was examined in detail.
13
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3.2. Field-assisted dissolution

In order to examine the influence of an electric field on the dissolution of anodic
films formed on iron, a barrier-type film of 100 nm thickness was first formed by anodizing
the magnetron-sputtered iron film to 50 V at the high sweep rate of 1.0 V s™. Then, several
constant voltages were applied to the anodized specimen and the change in the film thickness
was examined. Fig. 5 shows the change in the current density during the re-anodizing of the
iron/anodic film (100 nm) specimen, at 10, 15, 20, and 30 V. The current density is initially
very low at 10 V, since the pre-formed anodic film was developed to 50 V and the initial field
strength is too low for ion migration. However, the current density gradually increases with
time. The initial, very low, current is also found at 15 V, but the current increase occurs from

the commencement of re-anodizing when 20 and 30V is applied.

Fig. 6 shows scanning electron micrographs of cross-sections before and after
re-anodizing at several voltages for 1000 s. It is obvious that the anodic film of approximately
100 nm thickness (Fig. 6a) shows a uniform thickness reduction to 76 nm after re-anodizing at
10 V for 1000 s (Fig. 6b). A further reduced thickness to 67 nm is observed at 15 V (Fig. 6¢),
indicating that an electric field-assisted dissolution occurs. During re-anodizing at these

voltages, the morphology of the anodic films does not change; no porous film is developed. In

14
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contrast, thickening of the anodic film takes place at 20 V (Fig. 6d). Although the pores are
not clearly seen in the anodic film at the available SEM resolution, a porous film must be
grown for film thickening at 20 V. Thickening of the porous film was clearly observed after

re-anodizing at 30 V (Fig. 6e).

The change in the anodic film thickness during immersion and re-anodizing at 10
and 15 V (Fig. 7a) shows an accelerated dissolution under an applied electric field. During
immersion of the pre-anodized specimen, film thinning occurs at a rate of 0.47 nm min™. The
dissolution rate is enhanced by applying 10 and 15 V, with the latter voltage resulting in a
more enhanced dissolution rate. Since the thickness reduction occurs during re-anodizing, the
electric field across the barrier layer changes. The change in the electric field with
re-anodizing time is shown in Fig. 7b. Since the field-assisted dissolution is found at 10 V and
a re-anodizing time of 600 s, an electric field of 1.2 MV cm™ appears to be sufficient to
enhance the dissolution of the anodic film on iron. This electric field is much lower than that
for anodic alumina (5.5 MV cm™), as examined by Oh and Thompson [9]. Oh and Thompson
also reported the presence of a critical field (7.46 MV cm™) for pore initiation due to
field-induced instability. In the anodic film on iron, the critical field must be higher than 2.8
MV cm™, since no pores were found when the electric field was increased to this value at 15

V (Fig. 7b).
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In summary, anodizing iron in a fluoride-containing EG electrolyte, the electric field
has a crucial role in the dissolution and morphology of the anodic films, as with aluminum in
acid electrolytes. Major pores formed by the mechanical instability (flow of film materials),
found in the anodizing of aluminum, were not formed under the present anodizing condition
for iron. Thus, pores formed due to field-assisted dissolution appear to be dominant in the

anodizing of iron.

4. Conclusions

Anodic films are formed on magnetron-sputtered iron films by potentiodynamic anodizing
to 50 V at two different sweep rates of 1.0 and 0.05 V s in an EG electrolyte containing 0.1
mol L™ NH,F and 0.1 mol L™ H,0 at 273K. The film morphology is dependent upon the
sweep rate: a barrier-type at the high sweep rate and a nanoporous-type at the low sweep rate.
The barrier-type film is formed even at a low current efficiency of 49%, suggesting no film
material develops at the film/electrolyte interface. In contrast, a nanoporous anodic film
develops by anodizing to the same 50 V at the low sweep rate of 0.05 V/ s™. Pores are
developed preferentially along with the surface troughs, which corresponds to the boundaries

of the columnar morphology. The anodic films compositionally consist of an outer iron (I11)
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hydroxyfluoride layer and an inner FeF; layer; the latter layer forming because of the faster

migration of fluoride ions in comparison with that of the oxygen species.

When an electric field is applied to the barrier-type anodic film formed by sweeping

to 50 V at the high sweep rate, chemical dissolution at the film/electrolyte interface is

accelerated. The field-assisted dissolution is also of importance in anodizing iron to form

nanoporous anodic films. No evidence of plastic flow from the pore base to the cell walls is

found under the present anodizing conditions.
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Figure captions

Fig. 1 I-V responses of magnetron-sputtered iron films at potential sweep rates of 0.05 and

1.0 V st in an EG electrolyte containing 0.1 mol L™ NH,F and 0.1 mol L™ H,0 at 273 K.

Fig. 2 Scanning electron micrographs of surfaces of the magnetron-sputtered iron films (a)
as-deposited and anodized to 50 V at sweep rates of (b) 1.0 and (c) 0.05 V s in an EG

electrolyte containing 0.1 mol L™ NH,F and 0.1 mol L™ H,0 at 273 K.

Fig. 3 Scanning electron micrographs of cross-sections of the magnetron-sputtered iron
films anodized to 50 V at sweep rates of (a) 1.0 and (b) 0.05 V s in an EG electrolyte

containing 0.1 mol L™ NH4F and 0.1 mol L™ H,0 at 273 K.

Fig. 4 Experimental and simulated RBS spectra of magnetron-sputtered iron films (a)
as-deposited and anodized to 50 V at sweep rates of (b) 1.0 and (c) 0.05 V s in an EG

electrolyte containing 0.1 mol L™ NH,F and 0.1 mol L™ H,0 at 273 K.
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Fig. 5 Current transients of magnetron-sputtered iron films with a pre-formed 100-nm-thick,
barrier-type anodic film during re-anodizing at several constant voltages in an EG electrolyte

containing 0.1 mol L™ NH,F and 0.1 mol L™ H,0 at 273 K.

Fig. 6 Scanning electron micrographs of cross-sections of magnetron-sputtered iron films
with a pre-formed 100-nm-thick, barrier-type anodic film (a) before anodizing, and after
re-anodizing at (b) 10 V for 1000 s, (c) 15 V for 1000 s, (d) 20 V for 1000 s, and (e) 30 V for

1000 s in an EG electrolyte containing 0.1 mol L™ NH,F and 0.1 mol L™ H,0 at 273 K.

Fig. 7 (a) Change in thickness of the pre-formed 100-nm-thick anodic films during immersion
and re-anodizing at 10 and 15 V in an EG electrolyte containing 0.1 mol L™* NH4F and 0.1
mol L™ H,0 at 273 K and (b) the respective change in the electric field associated with the

thinning of the anodic films.
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