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Abstract—The results of studying the morphology and crystalline, local atomic, and chemical structure of
iron(III) oxide coatings on the surface of porous aluminum oxide with different morphology using methods
of scanning-electron- and atomic-force microscopy, X-ray phase analysis, X-ray photoelectron spectros-
copy, as well as X-ray absorption near edge structure (XANES) spectroscopy are presented. Films of porous
alumina are synthesized by the two-stage anodic oxidation of aluminum in 0.3 M aqueous solutions of sulfu-
ric and oxalic acids. To change the pore diameter, some of the films are etched in a phosphoric-acid solution.
Samples of iron oxide nanocoatings are obtained by oxidation of iron films in air deposited onto porous alu-
mina substrate matrices by magnetron sputtering at a temperature of 300°C for 3 h. It is shown that oxidation
leads to a twofold increase in the coating thickness of the control sample and is associated with an increase in
the density of iron oxide compared to pure iron. With a change in the nanoporous structure on the surface of
the substrates, the morphological features of the coatings change: there is overgrowth of the pores with iron
oxide. Controlling the processes leading to such overgrowth will make it possible to carry out a targeted
change in the structure-sensitive properties of composite structures based on iron oxide.

Keywords: iron oxide, porous alumina, coating, magnetron deposition, electron microscopy, atomic-force
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INTRODUCTION
Despite their long history, after the discovery of

iron oxides as functional materials for various applica-
tions, interest in them has not decreased both in fun-
damental and applied science. Nanoparticles are
actively studied for applications in medicine as active
centers in magnetic resonance imaging [1], in targeted
drug delivery [2], and for the processing of organic
compounds [3], including oil [4], in catalysis. Films
based on iron oxide have become widespread in mag-
netic recording devices [5], gas sensors [6], electrode
materials [7], and optics [8].

Nevertheless, the search continues for new forms of
materials with a characteristic size of structural fea-
tures up to 500 nm, for example, obtained using sur-
faces with a highly porous structure (with a ratio of the
area occupied by the pores to the area of the oxide film
of more than 30%). One of these materials is porous

anodic alumina, which has a structure with a highly
ordered arrangement of pores vertically oriented
toward the surface [9, 10] and is actively used as a tem-
plate for the synthesis of various materials [11–14].

Earlier, we studied the structure and cathode prop-
erties of iron coatings deposited onto porous alumina
by thermal deposition [15]. Magnetron films of mate-
rials, in contrast to thermally deposited ones, have
more stable properties due to better control over the
deposition process. It was noted [16] that during the
thermal corrosion of a powder consisting of spherical
iron particles with a diameter of 1–3 μm, materials
with a metal–oxide shell structure are formed, but
when oxidizing smaller particles with a diameter of up
to 20 nm or coatings consisting of such particles with a
thickness of no more than 200 nm, they can be com-
pletely oxidized. An analysis of the published data
showed a complete lack of studies of the structure and
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functional (cathode and magnetic) properties of
nanostructured iron films, which determines their
novelty.

Thus, the aim of this investigation is to study the
morphology, structural and chemical state, and chem-
ical composition of iron-oxide coatings on aluminum
oxide with different morphology of the porous surface.
In the future, the influence of these characteristics on
the functional (magnetic, optical, membrane, and
biocompatibility) properties of coatings will be
revealed.

EXPERIMENTAL
Films of porous anodic alumina synthesized at a

voltage of 25 V in a 0.3 M solution of sulfuric (H2SO4)
acid and a voltage of 40 V in a 0.3 M solution of oxalic
(C2H2O4) acid were used as substrates for obtaining
iron-oxide coatings with a nanostructured surface [9].
In total, three substrate samples were fabricated at an
anodizing voltage of 40 V, two of which were etched for
30 and 50 min to increase the pore diameter, and one
sample was fabricated at an anodizing voltage of 25 V.
It should be noted that etching also slightly reduces the
thickness of the porous film, which does not affect the
final result of the study. An AKIP 1134-300-5 power
supply was used as the voltage source. Synthesis was
carried out in a refrigerator at an electrolyte tempera-
ture of 5°C, which made it possible to obtain an alumi-
num-oxide surface with hexagonally ordered pores
with average diameters of 39 ± 2 and 50 ± 2 nm and
distances between the pore centers of 64 ± 3 and 96 ±
3 nm for the initial films (before etching) of porous
anodic alumina obtained by anodizing at voltages of
25 and 40 V. After etching, the average pore diameters
increased to 60 ± 3 and 73 ± 3 nm, respectively. An
iron film deposited onto a smooth polycor substrate
was used as the sample for comparison. The coating
thickness on the “smooth” substrate measured using
atomic-force microscopy (AFM) by the height differ-
ence on a specially formed “step” was 28 ± 3 nm.

The deposition of iron was carried out by magne-
tron sputtering using an upgraded VUP-5 universal
vacuum setup. The vacuum chamber of the setup was
evacuated to an ultimate pressure of no worse than
10–6 mbar, the plasma discharge was ignited at a par-
tial argon pressure of 5 × 10–3 mbar, and the cathode
current was maintained at 100 mA at a voltage of about
220 V. A 99.9% iron target (TOO Girmet) was used as
the evaporated material. The substrates were fixed at a
distance of 100 mm from the magnetron. The sub-
strates were annealed at a temperature of 250°С for 2 h
before deposition for better adhesion of the coatings
and the removal of adsorbed carbon contaminants;
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deposition was carried out on heated substrates. The
samples were removed from the deposition chamber
after nitrogen purging, which made it possible to
exclude the process of abrupt oxidation of the surface
of the iron coatings.

Oxidation in air was carried out using an SK2D-2-
12TRA2 tube furnace (China) with two controlled
heating zones at a temperature of 300°C for 3 h. The
annealing temperature and time were chosen based on
the assumption [17] that, in the temperature range
from 250 to 300°C, the surface of pure iron is guaran-
teed to be oxidized. The heating rate was 10°C/min,
and the cooling time to room temperature after
annealing was about 5 h. After being removed from the
oven, the coatings changed color from gray to yellow.
Repeated measurement of the coating thickness after
oxidation showed its increase to 60 ± 9 nm.

Studying the chemical state of iron in the coatings
before and after annealing was carried out using X-ray
photoelectron spectroscopy (XPS) on a Specs X-ray
electron spectrometer. Electron emission was excited
using AlKα radiation (E = 1486.6 eV).

X-ray phase analysis of the coatings was carried out
on a Rigaku MiniFlex 600 diffractometer using CoKα
radiation in the Bragg–Brentano geometry and θ–2θ
configuration. The scanning step was 0.02°, and the
scanning speed was 3 deg/min.

The surface morphology was studied by AFM and
scanning-electron microscopy (SEM) using a soft-
ware and hardware system based on an NT-MDT
Integra Solaris atomic-force microscope in the tap-
ping mode and a Thermo Fisher Scientific Quattro S
scanning-electron microscope with a field-emission
electron gun equipped with an energy-dispersive-
analysis system based on an EDAX Octane Elect Plus
EDS System spectrometer.

XANES (X-ray absorption near edge structure)
studies were carried out in the f luorescence output
mode using the EXAFS-spectroscopy experimental
station, channel 8 of the VEPP-3 storage ring at the
Center for Collective Use of the Siberian Center for
Synchrotron Radiation, Novosibirsk. A Si(111) crystal
was used to monochromatize the radiation. The
XANES spectra for all studied samples were obtained
at the K absorption edge of Fe (EK = 7112 eV). The step in
measuring the spectra was ~0.5 eV. The spectra were pro-
cessed using the Viper (XANDA) software package [18].

RESULTS AND DISCUSSION
The film on the sample with a “smooth” substrate

was studied by XPS (Fig. 1) to confirm the metallic
state of the initial iron coatings and coatings after oxi-
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023
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Fig. 1. XPS spectrum of the Fe film deposited on the poly-
cor substrate (1) before and (2) after annealing. The vertical
lines indicate the energy positions of the Fe0 (Eb = 707 eV)
and Fe3+ (Eb = 710 eV) lines.
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Fig. 2. X-ray diffraction patterns of (a) iron and (b) iron-
oxide coatings on (1) polycor and (2–5) porous alumina
substrates obtained (2) at 25 V, (3) 40 V, (4) 40 V followed
by etching for 30 min, and (5) 40 V followed by etching for
50 min. The diffraction pattern shows the lines of (e) Fe (110)
and (r) Fe2O3 (104) and (110).
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dation. It can be seen that the initial film (curve 1) is
almost pure iron (ΔE(Fe2p1/2–Fe2p3/2) = 13.2 eV), and
after oxidation (curve 2) corresponds to the spectrum of
oxide Fe2O3 (ΔE(Fe2p1/2–Fe2p3/2) = 13.6 eV) [19].

Figure 2 shows the diffraction patterns of the sam-
ples before and after annealing. The intensity of the
reflection lines corresponding to the materials under
study is rather weak due to the small thickness of the
coatings; however, the lack of iron-oxide reflections
on films before annealing, as well as the absence of
iron reflections on the films after annealing, confirm
the complete oxidation of iron on all substrates.

As can be seen from the SEM images (Fig. 3, cen-
ter), iron deposition occurs predominantly in the area
of porous aluminum-oxide films between the pores.
As the AFM images show (Fig. 4), the coatings consist
of clusters up to several tens of nm in size. In general,
this is consistent with our earlier obtained data [15].
Images of the surface of the initial aluminum-oxide
films are also shown in Fig. 3 (left).

After annealing at a temperature of 300°С for 3 h,
pores are “overgrown” with iron oxide (Fig. 3, right).
This is due to the fact that during the formation of
oxide, the volume of the film increases, which is con-
firmed by a twofold increase in the thickness of the
film on the polycor compared with the thickness of the
initial iron film. Indeed, the density of iron is
7.87 g/cm3, and that of Fe2O3 oxide is 5.24 g/cm3,
which can justify an increase in thickness by a maxi-
mum of 1.5 times. However, since the films are not
continuous, but consist of clusters (Fig. 5), during
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
annealing, along with an increase in the size of the
particles themselves due to oxidation, there is an
increase in voids between them, which justifies a two-
fold (from 28 ± 3 to 60 ± 9 nm) increase in the coating
thickness. Planned further studies by XPS with layer-
by-layer etching of the coatings will make it possible to
determine the approximate depth, to which iron oxide
penetrates into the pores of the matrix.

A coating sample obtained by the oxidation of iron
on a porous anodic alumina matrix at 40 V followed by
etching for 30 min was studied by XANES spectros-
copy (Fig. 6) in order to finally confirm the fact of the
formation of precisely Fe2O3 after annealing. The
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023
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Fig. 3. SEM images of the initial films of porous alumina (left), Fe coatings deposited onto them (in the center) and Fe2O3 after

oxidation in air (right): porous anodic alumina obtained (a) at 25 V, (b) 40 V, (c) 40 V followed by etching for 30 min, and (d) 40 V

followed by etching for 50 min.
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spectrum of the sample is presented in comparison

with the spectra of the reference standards: iron

oxide(III) and iron foil.

From a comparative analysis of the XANES spec-

tra, it was found that the position of the absorption

edge (~7116 eV) and the nature of the main features of

the spectrum of the coating sample are in good agree-

ment with those for the spectrum of the Fe2O3 refer-

ence standard. Since the samples are quite thin, it can

be argued that the emission of photons in the f luores-

cence output shooting mode occurs from the entire

thickness of the coating. It should be noted that the

contributions to the spectrum of oxide phases FeO,
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Fe3O4, as well as metallic iron Fe0 were not detected

within the error of the method.

It should be noted that the mechanism of low-tem-

perature (from 150 to 300°C) oxidation of thin iron

films deposited onto substrates of another material has

not yet been described in detail. It is known [20] that

when iron is oxidized at temperatures of 250–300°С,

magnetite Fe3O4 is formed directly on the metal sur-

face and hematite Fe2O3 is formed on it. In the case of

the oxidation of thin films and iron nanoparticles, the

mechanism may differ; as is shown by the results pre-

sented in this study, Fe2O3 oxide is formed in the entire
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023
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Fig. 4. 2D and 3D AFM images of Fe2O3 coatings on a porous anodic alumina substrate obtained at (a) 25 V, (b) 40 V, and

(c) 40 V followed by etching for 30 min, and (d) 40 V followed by etching for 50 min.
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Fig. 5. 2D and 3D AFM images of (a) Fe and (b) Fe2O3 coatings on a polycor substrate.
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metal layer, which requires separate experimental and

theoretical studies.

CONCLUSIONS

A study of the morphology, structural and chemi-

cal state, and chemical composition of iron-oxide

coatings on aluminum oxide with different porous sur-

face morphology was carried out. It was shown that

the deposition of iron occurs mainly in the area of

porous films of aluminum oxide between the pores

and the coatings consist of clusters up to several tens of

nm in size. After annealing the iron coatings at a tem-

perature of 300°C for three hours, overgrowth of the

pores by iron oxide was found associated with an

increase in the volume of films due to a change in their

density, which is confirmed by a twofold increase in
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
the thickness of the oxide film on the polycor surface

compared to the thickness of the initial (before

annealing) iron film, but establishing the exact mech-

anism of oxidation requires additional experimental

and theoretical studies. X-ray diffraction analysis,

XPS, and XANES confirmed that annealing results in

the formation of a coating of Fe2O3 oxide; in this case,

with a change in the morphology of the surface of the

substrates, a change in the morphological features of

the coatings occurs, in particular, a decrease in the

pore diameter on the surface and an increase in the

size of oxide particles compared to nonoxidized iron,

which will make it possible to carry out a targeted

change in the structure-sensitive properties of com-

posite structures based on iron oxide.
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 3  2023
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Fig. 6. XANES spectra of the studied Fe2O3 coating sam-

ples on porous anodic alumina obtained (1) at 40 V fol-
lowed by etching for 30 min, (2) standard Fe2O3, and

(3) Fe foils.
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