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Abstract We report here on the synthesis of homogenous,
well-adherent composite film of Fe2O3/SiO2, up to 7 μm thick,
on the titanium substrate by anodic treatment optimized for an
aqueous suspension of K2O·SiO2 and Fe2O3 powder under
galvanostatic conditions. The end products were characterized
by scanning electron microscopy, energy-dispersive X-ray, X-
ray powder diffractometry, X-ray photoelectron spectroscopy,
and Mössbauer spectroscopy, concluding that the formation of
composite coating at the SiO2 to Fe2O3 ratio of approximately
1:1 proceeds just after formation of a thin TiO2 layer with
Fe2O3 particle inclusions without transformations via an
electrophoresis deposition of negatively charged Fe2O3

species enveloped by silica ions.

Keywords Fe2O3/SiO2 composites . Electrophoresis
deposition . Anodizing . Titanium

Introduction

Materials based on the assembly of sub micrometer and
nanometer-scaled particles of iron oxides such as magnetite
(Fe3O4), hematite (α-Fe2O3), maghemite (γ-Fe2O3), goethite
(α-FeOOH), and umangite (β-FeOOH) have been reported
as promising candidates in the production of gas sensors,
photocatalysts, and, especially, hard and soft magnets [1–4].
These materials can be fabricated by chemical vapor
condensation [5–7] and decomposition [8], electrodeposition

in the manholes of various templates [9], electrophoresis
deposition [10], sol–gel approach [11], thermally [12], and
chemically [13]. Currently, attention is focused on the films
of the spinel-type iron oxide sub-micrometer-scaled and
nanometer-scaled particles of Fe3O4 and γ-Fe2O3 exhibiting
higher coercitivity than their bulk parents [14], depending on
the shape of the end products and the processing conditions
[15]. To prevent agglomeration and magnetic separation of
particles, they are frequently immobilized onto supporting
surfaces and frameworks such as zeolites [16], glass beads
[17], porous silica [18], and alumina [19].

Hematite (α-Fe2O3) is the most stable iron oxide under
ambient conditions with a band gap of 2.1 eV. Traditionally,
α-Fe2O3 is used as catalyst [20], gas-sensing [21], and solar
energy conversion material [22]. In recent years, the unusual
magnetic properties of hematite particles have also been
reported [23, 24]. It is known that iron oxides can be directly
coated with amorphous silica because the surface of iron
oxides has strong affinity towards silica [25]. Due to this, a
wide range of different conditions have been reported for
obtaining iron oxide particles in silica matrix [26–28].

The anodizing of valve metals such as aluminum and
titanium in slurry solutions (suspensions) under galvanostatic
conditions is a rather new field of micro-arc oxidation [29].
The addition of different powdered materials such as oxides,
nitrides, borides, carbides, etc. into electrolytes allows one to
change the composition and properties of obtained coatings.
However, these processes have not been sufficiently studied
yet and variables in composition of slurry solutions can give
unexpected results.

In this study, we report on a new strategy for the formation
of α-Fe2O3/SiO2 composite coating via an electrophoresis
deposition in the anodizing bath of the titanium substrate. To
the best of our knowledge, there have been no similar studies
of the combined anodizing/plating process resulting in the
formation of composite coating from iron oxide particles and
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amorphous silica oxide on TiO2. Additionally, we also try to
understand the origin of the processes taking place on the Ti
anode surface.

Experimental

Materials

Titanium foil, 100 μm thick and 99.7 at.% purity,
purchased from Aldrich was used as a raw material for
fabrication of rectangular (10×10 mm2) samples. Prior to
use, the surface of specimens was degreased in acetone and
distilled water, then chemically cleaned in 15% hydro-
fluoric acid solution at room temperature for 60 s, rinsed
thoroughly, and dried in an air stream. The chemicals used
in this study were: 40% potassium silicate solution at the
K2O to SiO2 molar ratio of 1:3.1 purchased from Askania
AB (Sweeden), Fe2O3 powder of analytical grade (Russia),
and water from Milli-Q water system.

Fabrication

Fe2O3 powder was used as received, without any cleaning
procedure before experiments. The mean size of the
particles, determined from the scanning electron micro-
scope images, was approximately 0.1 μm, but the grain size
varied from 0.03 to 0.15 μm.

To wet and suspend uniformly Fe2O3 particles in the
potassium silicate solution, the powder was immersed into
the bath and then stirred for 1 h before initiation of the
process. The coatings were formed with continuous stirring
of the working solution at the magnetic stirrer (3.0 g) turning
velocity of 175 circle/min in a 0.25-dm3 double-walled
cylindrical glass cell through which a thermostated water
was pumped to maintain the bath temperature at 293±1 K.
Two stainless steel sheets, of 4×13-cm size, spaced ∼70 mm
apart, were used as the cathode. A working Ti electrode was
completely immersed in the central part of the cell. A direct
current supply (voltage up to 900 V, current up to 0.5 A)
under constant current density (ja) control was used in this
study. After coating, lasting for up to 1 h, specimens were
rinsed with water and dried in an air stream for morpholog-
ical, phase, and compositional analysis. The control dip
coating experiment was done in the same vigorous stirred
slurry solution for 15 min without an applied electric field.

Characterization methods

The average thickness of the resulting coatings was determined
using an optical microscope Neophot 2 from tenmeasurements
on both sides of the cross-sectioned samples encapsulated in
the epoxy tablet before cutting and mechanical polishing.

The phase composition of as-grown products was investi-
gated using an X-ray diffractometer D8 (Bruker AXS,
Germany) equipped with a Göbel mirror for CuKα radiation.
In these measurements, the scanning step of 0.02°/s in the
2Θ range from 20° to 70° was used.

A scanning electron microscope (SEM, model EVO
50 EVP) equipped with the energy-dispersive X-ray (EDX)
spectroscope (Oxford Instruments) was used for observa-
tions and elemental analysis of suspension species and as-
formed coatings.

Mössbauer spectra (MS) of iron oxide powder and
composite coatings were recorded using a constant accelera-
tion mode in the spectrometer (Wissenschaftliche Elektronik
GMBH) with a source of 57Co in rhodium. The line width
(full width at half-maximum, FWHM) obtained for a α-Fe
25-μm-thick foil, as reference, was approximately 0.28 mm·s1

at ambient temperature. Experimental spectra were fitted with
Lorentzian lines using the least-squares method. All measure-
ments were performed at least in duplicate.

The elemental analysis of the layers grown on the titanium
surface at initial stages of the process was performed by X-ray
photoelectron spectroscopy (XPS) using a spectrometer
ESCALAB-MK 11, UK. A double anode with AlKα line
radiation whose energy was 1486.6 eV and power 300 W
(15 kW, 20 mA) was used as the excitation source of
photoelectrons. Spectra were recorded in the energy ranges
of Ti 2p, Si 2p, O 1s, Fe 2p, and K 2p peaks. The energy
scale of the spectrometer was calibrated using the Cu 2p3/2
peak at 932.4±0.1 eV, Ag 3d5/2 peak at 368.0±0.1 eV, and
Au 4f7/2 peak at 83.8±0.1 eV. The pressure in the UHV
analyzer chamber was maintained at 1.33×10−7 Pa. Spectra
for every element were recorded three to five times and the
data obtained were averaged and compared with standards
[30]. The amount of each element was calculated from the
integral areas of the photoelectron peaks, their sensitivity
factors being taken from the operating instructions of the
equipment used. A Shirley background subtraction was
carried out for all XPS core level spectra. The spectra were
then fitted with Gaussian-type functions. The values of
FWHM were maintained between 1.5 and 1.7 eV.

To analyze the depth distribution of elements, the
specimens were etched in a preparation chamber at 5×
10−3 Pa by sputtering argon ions with 2 keV at a current
density of ∼50 μA cm−2 for up to 60 s.

Results and discussion

K2O·SiO2 solutions

Typical voltage–time plots recorded for the Ti anode in the
optimized solution of liquid glass at the constant current
density of 5.0 and 10 A dm−2 are shown in Fig. 1. One can
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see that the voltage during oxidation already exceeds the
vicinity of 400 V after approximately 1 to 3 min. The most
rapid rise of voltage (Ua) proceeds at ∼6.5 to 8.0 V s−1 rate
(∂Ua/∂t) during the first 15 to 17 s. With continuing
treatment and further increasing voltage at a decreasing
rate, the anode is enshrouded by the continuous plasma
luminescent sparks, accompanied by a low-frequency
acoustic emission and ∂Ua/∂t decreases down to approxi-
mately 0.14–0.15 V s−1. It was noted that the first sparks in
this solution appeared at around 390 V. The architecture of
resulting light gray coatings can be viewed as typical of
plasma electrolytic oxidation products (see inset in Fig. 1).

An XPS scan for the specimen anodized at 5.0 A dm−2

for 20 min indicated the elements of Ti, Si, O, and some
amounts of K. Chemical state analysis indicated the coating
composed of Ti4+ and Si4+, both bonded with oxygen, like
in forms of TiO2 and SiO2, respectively, with a negligible
content (0.2–0.7 at.%) of K2O. Furthermore, the XPS depth
profiling studies showed a significant increase in TiO2 from
the top (10–15 at%) to the bulk, as expected.

Fe2O3-containig suspensions

Typical voltage–time plots recorded for the Ti anode in the
Fe2O3 powder-containing liquid glass slurry solution under
galvanostatic conditions are presented in Fig. 2. As it is seen,
a linear growth of Ua observed at the beginning of this process
even after 30–60 s slows down, providing later approximately
the same Ua growth rate depending on the current density, ja,
value. The increase in ja results the increase of ∂Ua/∂t and also
determines the maximum Ua value which can be attained
during the film growth. Thus, the Ua value, up to approxi-
mately 300 V, can be reached during 1-h treatment of the
specimen at ja 10 A dm−2 if the solution of optimized

composition (12.5 K2O·SiO2, 5 g dm−3 Fe2O3; pH 11.0) is
used. It is noteworthy that any sparks cannot be observed in
this case for all processing time. The major parameters
determining the behavior of the Ti anode in this suspension
are the current density and the concentration of components.
The increase in the concentration of liquid glass (cK2O�SiO2 )
leads to an obvious decrease in the Ua value and the rate of
coating growth, while the decrease in cK2O�SiO2—to non-
uniform growth under the sparking conditions.

Figure 3 shows the typical SEM top (a, b) and cross-
sectional (c) view of the final products fabricated during this
process under the optimized conditions for different time laps.
From these images, it was concluded that densely packed
coating of the thickness of 6–7 μm per hour can be
successfully fabricated on the surface of Ti electrode at
10 A dm−2. This brick red coating was found to be well
adherent to the substrate and finely grained, although the
prolonged processing at high ja, approximately 10 A dm−2,
results in the formation of a ragged coating (see Fig. 3c). It
was observed that the morphology of coatings consisted of
spherical aggregates of variable size, ≤0.1 μm in diameter,
which were composed of nanometer-sized primary species. As
is also seen, some of the spherical particles are agglomerated
into larger ones of different shapes and sizes up to
approximately 0.5 μm.

The composition of coatings

The deposited coatings were further analyzed using X-ray
powder diffractometry (XRD) and EDX. In the XRD
pattern (Fig. 4), all peaks were indexed to crystalline phase

Fig. 1 Voltage–time plots for electrolytic oxidation of titanium in
alkaline solution containing 12.5 g dm−3 K2O·SiO2 (molar ratio 1:3.1)
at the constant current density: (1) 5.0; (2) 10.0 A dm−2. Inset A
presents the typical surface morphology of obtained coatings
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Fig. 2 Voltage–time variations during galvanostatic treatment of
titanium anode in a suspension of 12.5 g dm−3 K2O·SiO2 (molar ratio
1:3.1) and 5 g dm−3 Fe2O3 powder at ja: (1) 2; (2) 5; (3) 10 A dm−2
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of α-Fe2O3. The intensities of diffraction peaks in the XRD
spectrum were found to correlate well with the relative
intensities of α-Fe2O3 standard (JCPDS card no. 89-2810).
No obvious peaks attributed to crystalline phases of TiO2

were detected. The results obtained by analyzing both sides
of the film using EDX are presented in Table 1. From these

results, one can conclude that this film is mainly composed
of Fe2O3 and SiO2 with a marginal content of Ti and K
elements incorporated most likely in their amorphous oxide
phases. Somewhat larger content of Ti detected from the
coating/Ti interface side probably could be related to the
formation of a thin intermediate layer of TiO2, since a sharp
increase in the bath voltage up to 100–150 V at the onset of
processing can be related only to the anodizing of the Ti
substrate which probably took place before the deposition
of composite from Fe2O3 crystallites and amorphous SiO2.

The composition of Fe2O3 powder used in the preparation
of suspensions and the coatings obtained was further
analyzed using Mössbauer spectroscopy (MS). The MS
spectrum recorded by analyzing Fe2O3 powder is shown in
Fig. 5a. It can be seen that this spectrum can be well fitted
with a sextet with the hyperfine magnetic field of 51.8 T,
demonstrating antiferomagnetic features of crystallites of pure
hematite (α-Fe2O3) phase. We have observed in this setup
that the MS spectrum of coatings, fabricated under conditions
of this study, is similar to the spectrum of Fe2O3 powder (see
Fig. 5b) and can also be analyzed using one sextet for
hematite implying any compositional or phase transforma-
tions of the particles used during the deposition at a high
electric field. However, in this case, a single Lorenzian line is
needed to account for paramagnetic component in the central

a

b

c

Fig. 3 Top side (a, b) and cross-sectional (c) SEM images of the Ti
substrate following the anodic treatment in the same solution as in
Fig. 2 at ja 10 A dm−2 for: 5 (a), 25 (b), and 50 min (c)
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Fig. 4 Typical XRD patterns of as-grown coating

Table 1 EDX results obtained by analyzing the top and back side of
the film grown onto Ti surface by anodization in an aqueous
suspension of 12.5 g dm−3 SiO2 K2O and 5 g dm−3 Fe2O3 powder
at ja 10 A dm−2 and room temperature for 50 min

Analysis place The content of elements (at.%)

Fe O Si Ti K

Top side 19.54 64.15 15.71 0.32 0.29

Back side 15.95 66.58 14.68 2.49 0.31
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part of the spectrum which cannot be clearly attributed to one
or another iron compound. From the analysis of the isomer
shift of this singlet, equal to δ=0.04±0.03 mm s−1, we
attributed it to Fe atoms in the Ti substrate.

Initial stages of the process

In order to understand the mechanism of formation the
Fe2O3/SiO2 composite coatings, the time-dependent com-
position evolution for layers grown at initial stages was
studied carefully by SEM and XPS. In this setup, we have
found that in contrast to the behavior of the Ti electrode in
Fe2O3-free solution, the same anodic treatment in the
suspension just after first 5 s results in the formation of
colored films. At 5 A dm−2, the color of Ti surface changes
in a sequence: gray (2–4 s); light greenish (5–8 s); light
yellow (10–13 s); reddish (15–20 s). Furthermore, both
SEM and XPS depth profiling studies indicated that Fe2O3

particles are dispersed throughout the TiO2 layer at
approximately similar content of about <1.0 at.%. A typical
top view of the SEM image of Ti surface after anodic
treatment in slurry solution at 5 A dm−2 during the first 5 to
15 s is shown in Fig. 6a, while Fig. 6b demonstrates the
morphology of the surface just at the onset of composite

coating formation. In the case of short-term treatment, the
SEM image indicates the randomly distributed inclusions of
Fe2O3 spherical species (white spots) in a titania film.
Approximately the same amount of Fe, detected by XPS
depth profiling analysis, allowed us to hypothesize that
Fe2O3 species were attached to the surface of electrode at
the onset of the process. With further processing, the
amount of attached species remained approximately the
same until the electrode attained the potential drop quite
large to provoke the spontaneous deposition of negatively
charged species. It was accompanied by an obvious
decrease of ∂Ua/∂t growth slope starting at the bath voltages
from 75 to 125 V depending on the current density applied.

The control experiment was done in the same stirred slurry
solution for 15 min without an applied electric field. In this
case, however, only a small amount of adsorbed species has
been observed both onto the Ti and pre-anodized (in the same
Fe2O3-free solution at 5 A dm−2 until the bath of voltage
200 V was attained) Ti surfaces after sonication and rinsing.
These results have indicated that in contrast to extremely
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Fig. 5 Mössbauer spectrum (MS) of Fe2O3 powder used in this study
(a) and MS of the composite coating formed on the Ti surface in the
same slurry solution as in Fig. 2 at jac 10 A dm−2 for 30 min (b)

a

b

Fig. 6 Typical top side SEM view of the Ti surface at initial stages of
anodic treatment in the suspension as in Fig. 2 at 5 A dm−2 for 5 to
15 s (a) and after 2 min (b)
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small particles [31], Brownian motion of much larger Fe2O3

species did not lead to the numerous adsorptions and
formation of composite coating in our experiments.

Discussion

Based on the results obtained, the following interpretation
of these phenomena can be presented.

The electrochemical treatment of Ti in the alkaline solution
of liquid glass, with K2O·SiO2 molar ratio 1:3.1 and pH close
to 11 under constant current density control, results in the
formation of typical plasma electrolytic oxidation coatings
[32]. On the contrary, the same procedure in the same
solution containing Fe2O3 sub-micrometer-scaled particles
leads to the formation of thick composite coatings mainly of
the same α-Fe2O3 crystalline particles and amorphous SiO2

at approximately 1:1 content by electrophoresis deposition,
preventing a sharp rise in the bath voltage and micro-arc
anodizing of Ti. It is likely that for Fe2O3 particles in alkaline
silica suspension, it is more convenient to develop a negative
charge due to adhesion of silica species, which will later be
attracted to the anode if quite high electric field strength is
achieved. To verify this idea, we have performed the
additional experiments seeking to determine the surface
charge of hematite particles used in this study, although it is
known that silica is a hydrophilic material with the negative
surface charge over a wide pH range [33]. The method used
was based on the idea that Fe2O3 particle surface becomes
negatively charged by reacting with SiO3

2− ions. The
procedure of analysis was as follows: 0.5 g of Fe2O3

particles was agitated with 100 ml of potassium silicate
solution for 1 h at room temperature. Then, the powder was
centrifuged. The initial and final pH values of the solution
were determined with a pH meter. When the Fe2O3 powder
was added to the solution, its pH increased from 11 to 11.2.

From Ua vs t plots obtained in this study, it can be
suggested that the deposition process starts after formation
of a thin TiO2 film because Ua(t) plots in Fe2O3-containing
and Fe2O3-free solutions attained within the first 7 to 10 s
are close to approximately 70 V. Additionally, chemical
state analysis of this film confirmed the formation of the
TiO2 film because the experimental value of the binding
energy for Ti 2p2/3 peak in the XPS depth profiling studies
equaled to 458.4±0.2 eV.

To gain insight into the reasons preventing a sharp
voltage growth during galvanostatic anodizing in slurry
solution, we performed SEM and XPS investigations of the
Ti surface after the first 5, 10, 15, and 20 s of this process.
In this setup, the top-down view of SEM images (Fig. 6)
indicated the attachment of iron oxide corpuscles to the Ti
surface just after onset of the anodic treatment. In addition,
the contamination of Fe2O3 at approximately the same

loading less than 1.0 at.% was confirmed by the XPS
analysis. These results are in agreement with variables in
the TiO2 film color caused by the hematite particle
inclusions in the titania film. During the first 4 s, the gray
color of Ti anode, characteristic of TiO2, remains the same
and the bath voltage of about 55 V is attained. With further
processing, the color of Ti surface changes to greenish, then
yellow, sand finally red due to the incorporation of Fe2O3

particles in the titania layer. The spontaneous packing of
Fe2O3 species, enveloped with SiO3

2−, starts when a
suitable electric field strength is reached.

Conclusions

Herein, we have demonstrated that a relatively thick coating
mainly composed of α-Fe2O3 crystalline species and amor-
phous SiO2 with the approximately 1:1 content ratio can be
produced onto Ti anode by galvanostatic treatment in
alkaline K2O·SiO2 (molar ratio 1:3.1) suspension of Fe2O3

powder. The process of electrophoresis deposition starts just
after the formation of the titania (TiO2) layer with Fe2O3

particle inclusions distributed randomly throughout the film
with approximately ≤1.0 at.% loading, preventing, however,
a further bath voltage sharp growth and micro-arc phenom-
ena typical of Fe2O3-free solution. The corresponding
morphology of products was characterized by SEM and the
composition of coatings by Mössbauer, EDX, XRD, and X-
ray photoelectron spectroscopy. Based on these results, we
suggest that Fe2O3 corpuscles in the solution of this study are
enveloped with negatively charged SiO3

2− ions and can
migrate towards the anode and be attached to the substrate
when the suitable electric field strength is reached.

The method reported herein for fabrication of the Fe2O3/
SiO2 composite coatings is simple and cheap, presenting nice
opportunities for future technological applications. Further
work is needed to determine how changes in the iron oxide
particle size and phase composition would influence the final
products which can be produced in such systems.
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