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Abstract

The ferrimagnetism at the interface of the Co3O4 nanoparticles and microparticles used as substrate depends on different parameters

of nanoparticles dry dispersion methodology. The quantity of nanoparticles, the energy and the time employed in the process play a key

role in the dispersion efficiency. A better dispersion of the nanoparticles produces a larger covering of the Al2O3 microparticles substrate

and larger UV–vis absorbance and Ms. The magnetic order strongly depends on the number of interaction nanoparticle substrate

related to dispersion degree. UV–vis absorbance is a good parameter to measure the dispersion and, therefore, a fingerprint of the

magnetic order. Due to the relation between UV–vis absorbance and Ms, it was possible to optimize the dry dispersion parameter to

obtain the maximum Ms.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide interfaces are at the forefront of solid-state
science and materials research. Interesting properties arise at
the interface of two dissimilar transition-metal oxides due to
proximity effects [1]. Surface cations are the most sensitive part
of these materiales and their relevance increases as materials
tend to be nanosized. Nanoparticles have a large specific
surface, which provides the presence of a large number of
cation than the bulk counterpart. This fuels the search for new
fascinating properties at the interface between dissimilar
surfaces. In fact, it has been shown that outstanding properties
can be obtained as a consequence of the high surface reactivity
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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[2]. Recently, magnetic order has been observed when two
non-magnetic oxides are mixed by a simple process. The
process is based on a room temperature mechanical dry
nanoparticles dispersion by using low energy mixing for a
few minutes [3]. Magnetic signal is only shown when dissimilar
metal oxide nanoparticles are involved in the mentioned
process, but not between materials with the same chemical
composition. Therefore, arising of magnetism is ascribed to an
interfacial interaction. This phenomena could be related to a
solid state charge transference which might be the origin of the
recently discovered magnetic signals in oxide multilayers [1]
and ceramic mixtures [4]. When cobalt oxide nanoparticles are
dispersed on a different metal oxide, the different surface
basicity of metals oxides [5] could provide the charge transfer
needed to reduce Co3þ in octahedral coordination to Co2þ ,

to provide magnetic signal.
The present work studies the role that the different para-

meters of the dry disppersion (energy and time) in the observed
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magnetic ordering. In particular, it is shown how the time and
energy of the process can change the magnetic response of the
Al2O3/Co3O4 system.
2. Experimental procedure

Different Al2O3/X weight percent Co3O4 systems (X is the
weight percent of Co3O4 nanoparticles employed), hereafter
called AlCoX, were produced by dry nanodispersion proce-
dure from a-Al2O3 with a purity 499.99%, kindly provided
by Vicar, as host microparticles and Co3O4 nanoparticles,
purchased from Aldrich with a purity 499.995%, as guest
nanoparticles. Analytical grade powders were dried at 110 1C
for 2 h before the mixing process. All processes were
performed avoiding any contact with metal surfaces, such as
spatulas or tweezers, to avoid any metallic contamination.

Two different mills were used in the preparation: a shaker
turbula type working at 500 rpm with a 60 cm3 nylon
container and alumina balls with different diameters; and a
planetary mill working at 200 rpm with a 60 cm3 alumina
container and 15 mm–diameter alumina balls. Alumina was
used to avoid magnetic contamination in the mixtures.
Different mills and balls were, also, used to study the effect
of the energy in the synthesis. The milling time was also varied.

Field emission scanning electron microscopy, was used to
study the morphology of the samples (Hitachi S-4700—

FESEM). Optical reflectance was measured with a Perkin
Elmer spectrophotometer attached with an integrating sphere.

Magnetic properties were measured with a vibrating sample
magnetometer VSM (LakeShore) at room temperature.
Fig. 1. Electron microscopy of (a) a-Al2O3; (b) Co
CoAl2O4 spinel was prepared by a solid state reaction of
a stoichiometric mixture of Co3O4 and Al2O3. The material
was obtained at 1250 1C during 2 h.
The specific surface area was measured by the BET method.

The particle size distribution was obtained by a laser granul-
ometer, (Malvern Mastersizer, Quantacrome, Worcestershire,
United Kingdom). The average particle size was determined
from the cumulative size of the 50% of particles size
distribution, d50.
3. Results

Fig. 1 shows the morphology of the two as received
powders and the AlCoX, X¼1 and 10, mixtures. a-Al2O3

particles have an average size of �6 mm with a nearly
hexagonal shape (Fig. 1a). Al2O3 particles present a flat
surface and absence of smaller particles. Co3O4 nanoparticles
form large agglomerates, Fig. 1c and d show mixtures AlCo1
and AlCo10 respectively, prepared by following the standard
treatment, mixer/mill during ten minutes and 1 mm alumina
balls. A random dispersion and Co3O4 nanoparticles anchor-
ing on the a-Al2o3 surface is achieved. The presence of large
agglomerates was discarded by an exhaustive FESEM exam-
ination of the sample. The sizes of the agglomerates depend on
the Co3O4 content, i.e. AlCo10 presents a larger proportion of
large agglomerates than those in AlCo1, Fig. 1c and d.
Micrographs of the dry mixtures with different mixing times
and energy are very similar to the one shown and they are not
here included for the sake of simplicity. In order to compare, a
batch of pure Co3O4 was treated following a similar procedure
3O4 nanoparticles; (c) AlCo1; and (d) AlCo10.



Fig. 2. (a) Raman spectroscopy for the different process of dry nanodis-

persion AlCoX. For comparison the raw Al2O3, Co3O4 and CoAl2O4 are

shown, (b) Hysteresis loops measured at room temperature for the

mixtures AlCoX. paramagnetic contribution has been subtracted.
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and de-agglomeration of the particles was not observed.
Hence, the de-agglomeration takes place due to the capability
of the nanoparticles to be assembled at the host surface.

Raman spectroscopy was used to rule out the possible
formation of different phases during the dry nanodispersion
process. Fig. 2a shows the Raman spectra of the samples
obtained using different energy in the nanodispersion process.
Co3O4, Al2O3 and the CoAl2O4 were also measured for
comparison. The Raman modes for Co3O4 corresponds to
Egþ2Fg1þF2gþA1g [6]. a-Al2O3 has seven Raman actives
modes which correspond to 2A1gþ5Eg

[7]. CoAl2O4 has 4
active modes 3F2gþA1g [8]. Only 2F2g were observed in our
spectra where the most intense is the one at 208 cm�1. For the
AlCoX (X¼1, 10) samples, the Raman modes related to the
Co3O4 and Al2O3, as initial materials, are observed. The
anchoring of the nanoparticles to the microparticle substrates
must be mediated by an interface interaction between the
particles through the hydroxyl groups at the surface of the
particles, as previously reported [3].

Magnetic properties at room temperature are compared
for two different samples obtained from the standard nano-
dispersion procedure, AlCo1 and AlCo10. a-Al2O3 is para-
magnetic at room temperature and Co3O4 presents weak T–T

antiferromagnetic interaction with the low Neel temperature
TN¼40 K. Thus, both materials are paramagnetic at room
temperature. This paramagnetic contribution has been sub-
tracted in all presented hysteresis loop. From the hysteresis
loops shown in Fig. 2b, it can be seen that saturation
magnetization is larger in sample AlCo1 than in sample
AlCo10. Assuming that the magnetic order is produced by
the acid–base interaction between adsorbed OH groups at the
dissimilar surfaces, which provides a further redox reaction
between the particles [3] to produce the anchoring mechanism,
the magnetic signal should be larger in samples with a better
dispersion: the better the dispersion the more interaction
between OH groups at the dissimilar surfaces.
The largest magnetic signal was provided by the sample

AlCo1. Thus, this mixture was obtained by changing the
energy and the time of the process to study the magnetic order
depending on those parameters.
The energy of the process was changed by using balls of

different sizes and by using a planetary mill with balls of
15 mm, also. The energy of the process can be estimated
following the results previously published [9]. The energies
were �2 kJ/g and �10 kJ/g for the processes with alumina
balls of 1 cm and 1 mm respectively and 20 kJ/g with the
planetary mill. The average size of the Al2O3, summarized in
Table 1 gives an idea of the energy of each procedure. When
no milling balls are used, the energy is clearly smaller than the
one produced for the standard process. No changes are
observed when using alumina balls of different sizes and a
great reduction of the particle and the consequent increase of
specific surface area is obtained with the planetary mill, which
indicates that the process is clearly more energetic. Planetary
mill is a complex process which involves a scissor process that
facilitates the size reduction of the microparticles.
Fig. 3 shows the optical and magnetic properties of

different mixtures depending on the time and energy of the
process. Fig. 3b shows the magnetic properties of the AlCo1
obtained at different energies of the process. Clearly, there is
no correlation between the magnetic signal and the energy.
Previously, a relationship between the magnetic and the optical
absorbance variation was established when Co3O4 is dispersed
on ZnO [4]. Therefore, it is worthy to study the absorbance for
the different samples. Fig. 3a shows the UV–vis Co3O4 spectra
for samples obtained at different energy. The observed broad
bands centered at �700 and �400 nm are referred as Co3O4

ligand�metal charge transference (LMCT) events which are
O2�-Co3þ and O2�-Co2þ respectively [10]. There is a
clear variation of the absorbance depending on the applied
energy in the nanodispersion procedure. a-Al2O3 is transpar-
ent in the mentioned analyzed wavelength range and thus the
absorbance is negligible. Saturation of magnetization can be
plotted as a function of the measured absorbance (see Fig. 3c
finding a linear relation between both parameters.
The absorbance is related to the dispersion of the nano-

particles. a-Al2O3 is UV–vis transparent and presents a low
absorbance, but Co3O4 nanoparticles have a high absorbance
as shown in the inset of Fig. 3d. When the nanoparticles are
dispersed over the surface, the absorbance depends on how the
particles used as substrate are covered, which is directly related



Fig. 3. (a) UV–vis absorbance of the AlCo1 mixtures obtained at different energies. The inset shows the absorbance of the a-Al2O3 and Co3O4

(b) Hysteresis loops measured at room temperature (c) saturation magnetization as a function of the UV–vis absorbance, (d) UV–vis absorbance of the

AlCo1 mixtures obtained by changing the time of the standard dry nanodispersion procedure; (e) hysteresis loops of the mixtures AlCo1 obtained by

changing the time of the standard dry nanodispersion procedure.

Table 1

Particle size and specific surface area after different energy milling.

Initial Al2O3 Mixer/mill (balls 1 mm) Mixer/mill (balls 1 cm) Mixer/mill (no balls) Planetary milling

Average particle size 5.90 5.82 5.85 5.96 3.38

Specific surface area 0.5 0.5 0.5 0.5 1
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to the dispersion of the nanoparticles over substrate surface.
The larger absorbance indicates a better dispersion and there-

fore a larger number of contacts between dissimilar surfaces to

provide magnetic order.
Finally the time of the standard dispersion process was

changed between 10 and 8 h. Fig. 3d shows the UV–vis

spectra for the different samples obtained. There is a reduc-

tion of absorbance with time. This reduction means that the

dispersion is more effective as the time of the process is

shorter. The magnetic hysteresis loop was acquired for the
samples at t¼10 min and 8 h, Fig. 3e. As expected for the
optical measurements, Fig 3a the largest Ms was obtained for
the sample at 10 min.
4. Conclusion

Ferrimagnetisms is obtained by a dry nanodispersion of
Co3O4 nanoparticles over Al2O3. The smallest amount of
Co3O4 in the standard process provides the best dispersion
of the nanoparticles. The better the dispersion the more
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interactions of nanoparticles/substrate to give rise to the
largest Ms. UV–vis absorbance is a good parameter to
measure the degree of dispersion and, therefore, a finger-
print of the magnetic order.

The energy of the process and also the time can change
the effectiveness of the dry nanodispersion, as seen from
the UV–vis absorbance reducing the magnetic order in
comparison with the standard dispersion.
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