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Magnetite (Fe3O4) films were grown on glass substrates by formation and condensation of complex of
iron oxides in an agarose hydrogel. The obtained films were characterized by Fourier Transform
Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM),
Room Temperature Mössbauer Spectroscopy (TMS), Vibrating Sample Magnetometry (VSM), Atomic
Force Microscopy (AFM) and Voltage vs. Current measurements by the four-point method. FTIR and
TGAmeasurements showed that some polymer chains of agarose remain linked to the surface of the mag-
netic particles of the films after heat treatment. SEM measurements showed that the films are composed
by quasi spherical particles with sizes around 55 nm. Mössbauer spectroscopy measurements showed
two sextets with broaden lines, which were assigned to magnetite with a distributed particle size, and
two doublets, which were assigned to superparamagnetic phases of magnetite. For the specific dimen-
sions of the films prepared, measurements of Voltage vs. Current showed an ohmic behavior for currents
between 0 and 200 nA, with a resistance of 355 kX.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Thin films of iron oxides are materials that have attracted
increasing attention due to their broad number of technological
applications, such as magneto-resistive systems, magneto-optical
systems, Hall effect sensors, among others [1]. Many magnetic
materials have been investigated for this kind of applications, but
magnetite (Fe3O4) and maghemite (c-Fe2O3) are between most
studied compounds because their high magnetic response, half-
metallic behavior [2] and spin polarized conductivity through the
hopping current between Fe3+ and Fe2+ ions occupying neighboring
octahedra. Different methods for synthesizing thin films from iron
oxides have been reported in the literature, among them are: sput-
tering magnetron [3], Pulsed Laser Deposition (PLD) [4], Chemical
Vapor Deposition (CVD) [5], sol gel [6,7] and solid reactions [8].
The wet methods have some advantages over plasma-based meth-
ods due to their low cost and the simple instrumentation required,
which is accessible to most laboratories for research in materials.
In this paper, we present the synthesis and characterization of
magnetite films by using an agarose gel as template to control
the reaction kinetics. No much information on application of agar-
ose in this kind of systems is available, however this method could
be a good alternative for obtaining films of magnetic nanoscale
particles at low cost and with easy implementation in the labora-
tory. We studied some structural, magnetic and electrical proper-
ties of these films in order to determine their response to
physical stimuli, locking for future applications of these materials
as sensing devices. Details on the preparation and characterization
of the films are presented in the following sections.
2. Materials and methods

For the growth of the thin films, we used the following analyt-
ical grade reagents supplied by Merck: FeCl2�4H2O, FeCl3�6H2O as
precursors of Fe2+ and Fe3+ ions respectively, agarose as the poly-
mer precursor of the hydrogel which controls the reaction kinetics,
NH4OH as reagent to bring the reaction to the proper pH for the
hydrolysis of the iron cations and deionized and deaerated water
as solvent. In our experiment, 0.2 mol of FeCl3�6H2O and 0.1 mol
of FeCl2�4H2O were dissolved in 100 ml of aqueous solution of
agarose 1% previously heated at 80 �C. Afterward, square glass sub-
strates with 1 cm side and 1 mm thickness, previously washed
with isopropyl alcohol, were deposited horizontally inside a Petri
dish. We poured 20 ml of the solution of iron salts and agarose into
the Petri dish to reach a height of 3.5 mm, covering totally the sub-
strates, afterward we let rest the solution by 48 h until to obtain a
hydrogel. Subsequently we added to the hydrogel an alkaline solu-
tion of NH4OH 0.5 M (100 ml) with pH 12 for promoting the con-
densation of the magnetite crystals. Finally, we let react the
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alkaline solution with the hydrogel by 48 h until the formation of a
black gel was observed. The excess of NH4OH was removed with
successive washes with deionized and deaerated water; then the
black gel was submitted to a thermal treatment at 120 �C during
one hour into a muffle EDG 3000-Vácuo in air presence with a
heating rate of 3 �C/min.

The presence of iron oxides as well as the presence of polymeric
groups in the films were studied by FTIR using a Spectrum two –
Perkin Elmer equipment, the thermal decomposition of organic
compounds present in the films were analyzed by Thermogravi-
metric Analysis with a Q500 – TA Instruments equipment, using
a sample mass of 48.03 mg and a rate heating of 5 �C/min in a N2

(g) atmosphere. The morphology and particle size were analyzed
with a field emission scanning electron microscope JEOL JSM-
6701F, with acceleration voltage of 15 kV and magnifications
around 85,000. Surface topography micrographs were performed
with an atomic force microscope model easyScan 2 from Nanosurf.
The magnetic phases and hyperfine interactions in the particles of
the films were studied by room temperature transmission Möss-
bauer spectroscopy by using a Mössbauer spectrometer developed
in our laboratory. This spectrometer operates in mode of constant
acceleration, with a radioactive source of 57Co(Rh), with initial
activity of 25 mCi and velocities between �12 mm/s and 12 mm/
s. The absorbers were prepared by detaching the films from the
substrates in the form of sheets, and placing them in the sample
holder of the spectrometer. The films were separated from the sub-
strates in order to prevent the attenuation of the 14.4 keV gamma
rays emitted by the radioactive source by the glass substrate. Mag-
netizationmeasurements were made with a vibrating sample mag-
netometer developed in our laboratory, which has a resolution of
3 � 10�4 emu in magnetic moment and a range of 10 kOe in mag-
netic field. The samples for VSM were prepared by detaching the
material of the films and building with it cylinders with 3 mm
diameter and 4 mm length, which were placed in the sample
holder. The electrical properties of the films were studied through
Voltage vs. Current measurements by the four-point method [9].
For these measurements we placed thin copper wire points in
the corners of the films with silver paint. Afterward we applied
current between two terminals and measured the voltage in the
other two terminals. To cancel the contribution of the potential
of contact and reduce the noise in the measurements, we reversed
the current flow in each voltage measurement and then calculated
the semi-difference of the voltages measured. We programmed
current ramps with steps of 10 nA by using a KEITHLEY 6221
source. The maximum current applied to the films was limited to
200 nA in order to prevent overheating by Joule effect. The voltage
measurements were performed with a nanovoltmeter KEITHLEY
2182A. The two devices were interconnected and then connected
to a computer through a communication interface IEEE 488-USB
from National Instruments. We automated and controlled all mea-
surements from a computer through a user graphical interface
developed in LabVIEW software.
Fig. 1. Chemical stru
Because no significant differences were observed in the mea-
surements obtained with different films, for sake of brevity, only
the results obtained with one of the films are presented in the sec-
tion of results.
3. Theory

Agarose is a polysaccharide extracted from red algae of the class
Rhodophyceae. As presented in Fig. 1, this hydrocolloid is a linear
polymer consisting of b-D-Galactopyranosyl units and 3–6 alter-
nate Anhydro-a-L-Galactopyranosyl [10].

In aqueous solution at high temperatures, the polymer chains of
agarose have a random coil structure, behaving like a semi-flexible
polymer. On cooling the solution, agarose chains form helical turn
fibers which aggregate in a rolled structure with radius between 20
to 30 nm. As presented in Fig. 2(a), when the agarose gel com-
pletely gelled, it acquires a tridimensional network structure with
a pore range between 50 and 200 nm. The mechanism proposed by
Tako [11] considers the gelation as formation of intramolecular
hydrogen bonds between the OH-4 with axial orientation of the
unit b-D-galactopyranosyl and oxygen hemiacetal adjacent unit
3,6 anhydro-a-L-galactopyranosyl, besides the formation of inter-
molecular bonds between two different units 3,6 anhydro-a-L-ga
lactopyranosyl by 3,6 of a unit oxygen and OH-2 group with axial
configuration of another unit. The pore size in the gel is related to
the concentration of agarose, its melting point and gelling. This
structure is composed by the highest density regions, where poly-
mer chains aggregate and surround regions with higher concentra-
tions of solvent corresponding to the pores. It has further been
reported [12] dependence between the size of the pores in the
gel, the ionic strength and the polymer concentration. High ionic
strength promotes the formation of pores larger diameter.

The morphological characteristic of agarose gels allows their
use as template for controlled formation of oxides. The three-
dimensional pores of this gel act as mini-reactors, where the reac-
tion of the formation of the particles take place in controlled man-
ner, because of limitation of available precursors. The polymer
chains which make up the walls of the pores act as barriers
between the particles, avoiding their aggregation in the early
stages of formation and promoting the homogeneous growth of
the crystals.

To employ the agarose as template for the formation of mag-
netite particles, the precursor salts of Fe3+ and Fe2+ are diluted in
the agarose solution after it is carried out to melting point. When
the temperature of the mixture decreases, the product becomes
gelled, being the hydrated iron ions trapped mainly in the agarose
pores, where the solvent concentration is higher. Afterward, the
addition of an alkaline solution to a high pH allows the hydrolysis
of the cations Fe3+ and Fe2+ and the subsequent condensation of
iron oxide crystals. Under thermal treatment, the polymer chains
as well as the residual solution in the mini-reactors decompose,
cture of agarose.



Fig. 2. Mechanism of formation of magnetic iron oxide particles in the agarose structure: a. Agarose template, b. Precursor solution of iron cations in the agarose template, c.
Alkaline hydrolysis of the iron cations and formation of the magnetic particles, c. Magnetic particles obtained after thermal treatment.

Fig. 3. a. Black gel formed after alkaline hydrolysis of Fe2+ and Fe3+ in the hydrogel precursor, b. View of the films obtained after thermal treatment, c. Response of the
film/substrate to a permanent magnetic field.
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being the final product iron oxide particles with polymer and car-
bonaceous material adsorbed on surface. The Fig. 2 presents the
mechanism of formation of the magnetic iron oxide particles in
the agarose gel proposed in the present work.
4. Results and discussion

4.1. The films

Fig. 3(a) shows the black gel formed after the reaction of the
precursor hydrogel of iron salts with the alkaline solution of NH3,

while Fig. 3(b) shows a view of the films obtained after thermal
treatment of the black gel in the muffle. The films were completely
adhered to the glass substrates and presented magnetic response
to a magnetic field, as evidenced in Fig. 3(c).
4.2. FT-IR measurements

Fig. 4 shows the FTIR spectrum of the aqueous agarose solution,
before addition of the iron solutions. The spectrum presents a band
around 1070 cm�1 characteristic of C–C vibrations in agarose [13].
The band around 1630 cm�1 corresponds to molecular vibrations
of water, while the broad band around 3300 cm�1 corresponds to
vibration of O–H groups in water and agarose.

Fig. 5 shows one of the FTIR spectra of the films after thermal
treatment. The bands around 407 cm�1 and 540 cm�1 correspond
to the vibrational stretching modes Fe-O in the octahedral and
tetrahedral sites of magnetite respectively [14]. The band around
1068 cm�1 is attributed to the C–C vibration of residual agarose
surrounding the magnetite particles, as a result of the polymer that
could not be decomposed during the thermal treatment. The band
around 1600 cm�1 corresponds to molecular vibrations of water,
while the band around 3250 cm�1 corresponds to vibration of O–
H groups in water and agarose. As we will see later, this result is
consistent with the TGA measurements, where is observed that
agarose is not totally decomposed during the thermal treatment.
The residual polymer present in the films was foreseen by us
because polymer chains can bond to the surface of the magnetic
nanoparticles by the surface charge present on them, increasing
thereby the temperature required for their thermal decomposition.
The polymer chains bonded to the surface of the particles do not



Fig. 4. FTIR of the agarose gel employed in the experiment.

Fig. 5. FTIR spectrum of the film.
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represent a problem because they can be used as support media for
subsequent functionalization of the films in different applications.
4.3. Thermogravimetric measurements

With the purpose to confirm the decomposition temperature of
the agarose, we took first a thermogram of the agarose solution,
before addition of the iron solutions, which is presented in Fig. 6.
The curve shows one critical weight loss around 96 �C and the
derivative of the curve confirms this critical point. This measure-
ment gave us a first criterion to choose the thermal treatment tem-
perature of the films, which was selected at 120 �C. The second
criterion to work at 120 �C was to prevent the conversion of mag-
netite (Fe3O4) to maghemite (c-Fe2O3) in the films, looking for pre-
serve their electrical conductivity. According to the literature [15]
this conversion can start from 200 �C for synthetic magnetite.

Fig. 7 shows the thermogram of the film, which shows a sharp
weight loss around 211 �C, which we attributed to the decomposi-
tion of residual agarose aggregated to the magnetic particles. We
attribute the second critical weight loss observed around 233 �C
to agarose adsorbed on the surface of the magnetite particles.
These results confirm that the thermal treatment of the black gel
at 120 �C does not allow the total decomposition of the agarose
when it is in presence of the magnetic particles, as observed in
the FTIR measurements.

4.4. SEM measurements

Fig. 8 shows the micrograph of the film obtained by SEM. From
the micrograph it is possible to observe aggregates of particles
with quasi spherical shape and with approximate diameter of
55 nm, although smaller particles can also be observed.
4.5. Atomic Force Microscopy measurements

The superficial topography of the film is presented in Fig. 9(a).
The image shows a uniform growth of the film, with grains of
4 lm in diameter approximately. These grains are agglomerates



Fig. 6. Thermogram of the agarose solution employed in the preparation of the films.

Fig. 7. Thermogram of the film after thermal treatment.
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of magnetic particles and the residual polymer linked to them. No
cracks are observed in the film, although the dark regions between
the grains indicate that the film does not cover totally the surface
of the substrate but some aggregates of magnetic particles form
during the film growth. The root mean square rugosity of the film
was 457 nm. To estimate the thickness of the film, we made a small
scratch on its surface with a sharp object until to discover the sub-
strate, subsequently we took the AFM micrograph around this
scratch, as presented in Fig. 9(b), which allowed us to estimate
an approximate thickness of the film of 3.9 lm.

4.6. Transmission Mössbauer spectroscopy

The room temperature Mössbauer spectrum of the film is pre-
sented in Fig. 10 and the Table 1 shows the hyperfine parameters
obtained from the fitting of the Mössbauer spectrum with the soft-
ware by least squares MOSFIT [16]. All spectral parameters
remained free during the fitting process. The spectrum was well
fitted with two sextets of broaden Lorentzian lines, which have
hyperfine parameters of Fe3+ and Fe2.5+ ions of magnetite, and
two doublets with hyperfine parameters of Fe3+ and Fe2+, attribu-
ted to superparamagnetic magnetite.

The presence of widened sextets and doublets in the Möss-
bauer spectrum gives account of a distribution of particle sizes
in the film, consistent with the SEM micrograph. The smallest
particles can present superparamagnetic behavior, giving dou-
blets in the spectrum because their magnetic moments relax in
times less than the window time in Mössbauer spectroscopy of
57Fe (10�8 s) [17]. On the other hand, the magnetic moments of
the particles with sizes slightly higher than the superparamag-
netic limit relax in times comparable with the window time of
the technique, giving a distributed hyperfine magnetic interaction



Fig. 10. Room temperature Möss

Fig. 9. a. AFM micrograph of the film, b. Estimation of the thickness

Fig. 8. SEM image of the film.

A.A. Velásquez et al. / Journal of Magnetism and Magnetic Materials 432 (2017) 190–197 195
in all particles and producing widened sextets as those observed
in Fig. 10.
4.7. Magnetization measurements

The room temperature hysteresis loop of the material of the
film is presented in Fig. 11(a). A zoom of the central zone of the
curve is presented in Fig. 11(b), in order to evidence the coercivity
and remanence of the film.

The Table 2 presents the specific saturation magnetization Ms,
specific remanent magnetization Mr and coercive magnetic field
Hc extracted from the loop.

The film presents a magnetic soft behavior, the saturation
begins at 500 Oe approximately and total saturation occurs at
4.5 kOe. The low value of the coercivity and remanence are consis-
tent with the small particle size observed in the SEM images,
where particles with dimensions less than 60 nm were observed.
The doublets and widened sextets observed in the Mössbauer spec-
trum, as well as the particle size distribution observed in the SEM
micrograph evidence that an important fraction of the particles in
the film can be in superparamagnetic state due to small particle
size effects. The saturation magnetization is less than that of a
bauer spectrum of the film.

of the film through a micrograph in the interfase film/substrate.



Table 1
Mössbauer parameters of the iron phases identified in the films.

Sub-spectrum Phase Bhf (T) IS (mm/s) QS (mm/s) W (mm/s) A (%)

Sextet 1 Fe3+ (Fe3O4) 44.0 ± 0.2 0.35 ± 0.02 �0.02 ± 0.02 0.65 ± 0.02 20
Sextet 2 Fe2.5+ (Fe3O4) 31.8 ± 0.2 0.64 ± 0.02 0.06 ± 0.02 1.83 ± 0.02 70
Doublet 1 Fe3+ (Fe3O4) Superparam. __ 0.36 ± 0.02 0.86 ± 0.02 0.66 ± 0.02 8
Doublet 2 Fe2+ (Fe3O4) Superparam. __ 0.96 ± 0.02 1.07 ± 0.02 0.75 ± 0.02 2

The convention of the spectral parameters is: Bhf: hyperfine magnetic field, IS: isomer shift relative to a-Fe, QS: quadrupole splitting, W: linewidth of the inner lines, A:
spectral area.

Fig. 11. Hysteresis loop of the film.

Table 2
Hysteresis parameters of the film.

Ms (emu/g) Mr (emu/g) HC (Oe)

27.5 ± 0.2 3.8 ± 0.2 30 ± 2
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crystalline and stoichiometric bulk magnetite, near to 92 emu/g
[18], which is consistent with the nanoscale particle size, in which
the sharp surface anisotropy effect reduces the net magnetic
moment of the particles, lowering the total moment of the film.
Fig. 12. Voltage vs. Current measurem
Other important factor which reduces the magnetization of the
film is the presence of the residual polymer not decomposed dur-
ing the thermal treatment. This polymer contributes to the sample
mass but it does not contribute to the magnetic moment of the
sample, which reduces the specific magnetization measured by
VSM.

4.8. Voltage vs. Current measurements

Fig. 12 shows the behavior of the Voltage vs. Current applied
to the film, by using currents in intervals of 0–200 nA. An
ents by the four-point method.
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approximately linear behavior was observed between voltage and
the current, which indicates an ohmic nature of the films, being
their electric resistance around to 355 kX. This value represents
an average of the electric resistance of the film measured on a sur-
face of 1cm2 and a thickness around 4 lm estimated from AFM
measurements, which can variate according to the dimensions
considered for making these measurements. Given that the agarose
employed in the synthesis is dielectric, the electric conductivity
present in the films is related to the hopping current that is present
by the electron thermally activated, which travels between ions
Fe2+ and Fe3+ that occupy neighboring octahedra in the crystal
structure of the magnetite. This effect is evidenced by the presence
of the sextet attributed to an intermediate valence Fe2.5+ in the
Mössbauer spectrum discussed before. During the measurements
it was observed that currents above 200 nA can produce damage
in the film. Above this current the film behaves like an open circuit,
with null conductivity.

5. Conclusions

We grew magnetite films by alkaline hydrolysis of Fe2+ and Fe3+

cations in an agarose hydrogel deposited on glass substrates. The
presence of the polymer in the synthesis favors the formation of
nanostructured particles on the surface of the substrate. After ther-
mal treatment of the films at 120 �C, some residual polymer chains
remained bonded to the surface of the magnetic particles, these
chains can be used as support media for subsequent functionaliza-
tion of the films in applications as sensing devices. The morphology
of the particles of the films was quasi spherical, with particle sizes
around 55 nm and with a distributed diameter. The films pre-
sented a soft magnetic response, low coercivity and a saturation
magnetization whose value is around a third part of that of a bulk
crystalline and stoichiometric magnetite. The films obtained by
this method presented magnetic relaxation effects, evidenced by
the coexistence of broaden sextets and doublets in the Mössbauer
spectrum, indicating that a significant fraction of the particles are
in the superparamagnetic limit of this technique. The films pre-
sented ohmic behavior for currents bellow 200 nA, indicating the
presence of hopping effect due to the itinerant electron which trav-
els between neighboring octahedra in the structure of magnetite.
The magnetic and ohmic electrical response of the films obtained
by this method make them promising for the construction of active
sensing devices, where the magnetic and electrical properties of
the films vary as a function of the elements adsorbed on surface
of the magnetic particles.
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