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Solid oxide interfaces are at the forefront of solid-state science and materials research, exhibiting very appealing properties for
new devices. This work describes the appearance of unexpected magnetic phenomena related to solid-state redox reaction, which
might be the origin of the recently discovered magnetic signals in oxide multilayers and ceramic mixtures. The magnetic signal
arises only when dissimilar oxide nanoparticles are simply mixed at room temperature, and it is not observed when nanoparticles
are of the same chemical composition. Therefore, the phenomenon is ascribed to an interfacial solid-state reaction. Raman and
X-ray absorption spectroscopies, scanning electron microscopy, and vibrating sample magnetometer have allowed us to identify
the origin of the ferrimagnetic response. It is due to an electrochemical surface reduction of Co3+ in octahedral coordination to
Co2+. So, Co�oct�

2+ –O–Co�tetra�
2+ interactions are produced. The reaction is driven by the different surface basicity of the oxides and has

allowed obtaining different degrees of reaction, and concomitantly a proportionally strong magnetic response, when Co3O4
nanoparticles are mixed with SiO2, Al2O3, TiO2, and ZnO �from a larger to a smaller ferrimagnetic response�. Also, a mechanism
by which Co3O4 nanoparticles become ferrimagnetic is proposed.
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Interesting properties are starting to be found at the interface of
two dissimilar transition-metal oxides due to proximity and indiffu-
sion phenomena.1-3 For instance, high conducting �electron gas�,4

superconductivity,5 or magnetic interfaces have been recently dis-
covered in carefully controlled, atomically smooth interfaces of
oxides6 prepared by high vacuum deposition techniques. Among
them, magnetic ordering is a hot topic in solid-state science. Its
underlying mechanisms are still the subject of intense research. Be-
cause the magnetic measurements provide an overall magnetic mo-
ment that includes bulk and nanoscale contributions, it is quite dif-
ficult to assign it to a particular material structure. In particular, the
interplay between localized magnetic moments and the spin of itin-
erant conduction electrons in a solid gives rise to intriguing many-
body effects such as Ruderman–Kittel–Kasuya–Yosida interactions,7

the Kondo effect,8 or carrier-induced ferromagnetism in diluted
magnetic semiconductors �DMSs�,9 with potential application in the
field of spintronics. The oxide interface now provides a versatile
system to induce and manipulate magnetic moments in otherwise
nonmagnetic materials, which is nowadays one of the most active
and pursued goals of material physics and chemistry.10

The appearance of magnetism in a priori nonmagnetic oxides has
been observed in the so-called DMSs. Recent results11-14 indicate
that the appearance of magnetism in these oxides �mainly ZnO and
TiO2� is related to the presence of defects and surface/interface
effects.1,4,15-18 The experimental observations show very weak mag-
netic signals, suggesting that only few atoms are responsible for the
measured ferromagnetism. The results are hardly reproducible, and
findings from different groups are commonly contradictory. More-
over, the mechanisms that explain its origin and how it can be pro-
duced and enhanced have not been described yet.

In this work, it is shown that these properties can be obtained as
a consequence of the high surface reactivity of the oxide nanopar-
ticles. A simple process consisting of low energy mixing of two
nonmagnetic oxides for few minutes at room temperature can induce
the formation of interfaces with magnetic properties. The reaction
mechanism and a model of how a nonmagnetic oxide can become
magnetic are presented.

z E-mail: marisol@imm.cnm.csic.es
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Experimental

The low energy oxide mixing consisted of a process where 5 g of
a mixture of 99 wt % ZnO, TiO2, Al2O3, or SiO2 particles and
1 wt % of Co3O4 nanoparticles were shaken in a 60 cm3 nylon con-
tainer for 5 min at 500 rpm using a turbula-type mixer. The process
was done with 1 mm balls. The pure powders were also measured to
ensure that no ferromagnetic contributions were due to the mixing
process. Analytical grade powders were dried at 110°C for 2 h be-
fore dry mixing. All processes were performed avoiding any contact
with metal surfaces such as spatulas or tweezers to avoid any me-
tallic contamination.19 All the Co3O4 used in this work was precal-
cinated at 400°C to avoid possible contributions of metallic
cobalt.15,17

Magnetic properties were measured in a high temperature vibrat-
ing sample magnetometer �VSM� above room temperature. To in-
crease the magnetic signal and to keep the experimental uncertainty
down to 5%, samples of 3 g weight of each composition were mea-
sured. They consisted of ball pellets of isostatically pressed pow-
ders. Separated reference powders were measured the same way to
rule out magnetic impurity effects.

Raman spectra were collected on a Renishaw Micro-Raman Sys-
tem 1000. The samples were excited with the 514 nm argon line.

Results and Discussion

A mixture of ZnO with Co3O4 nanoparticles is shown in Fig. 1a.
The micrograph reveals Co3O4 nanoparticles adhered to the ZnO
surfaces. A large number of interfaces between dissimilar oxides are
observed and a few of them appear agglomerated. A simple dry
mixing process produces such a dispersion of the previously highly
agglomerated Co3O4 nanoparticles. In this sense, it seems that the
larger ZnO particles act as grinding media for the smaller Co3O4
nanoparticles. The dispersion and adherence of nanoparticles would
indicate that a spontaneous reaction occurs at room temperature be-
tween these materials. Many works pursue an effective nanoparticle
dispersion and use liquid media, which form a double electrostatic
layer that inhibits the spontaneous reactions reported here. This ef-
fect has also been observed for other mixtures of Co3O4 with other
semiconductors such as TiO2�anatase�,

18 and in mixtures with other
insulating materials such as Al2O3 particles or SiO2 film, and it is
shown in Fig. 1c and d, respectively.

In a previous work, it was shown that no variations in the X-ray
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diffractograms or in the high resolution transmission electron micro-
graph are observed after mixing without further thermal
treatment.15,17,18 But, when the magnetization curves are measured,
a clear ferromagnetic-like behavior at room temperature appears in
these mixtures of diamagnetic and paramagnetic oxides,17,15 see Fig.
1b. In this sense, optical measurements are also useful for the inves-
tigation of surface effects because they are particularly sensitive to
the material surface.

The changes in the Co3O4 nanoparticles can be followed by Ra-
man spectroscopy. A displacement of the bands is observed after
mixing Co3O4 with ZnO when compared with pure Co3O4, see Fig.
2. This displacement has been previously interpreted as a surface
reduction of the Co3O4 nanoparticles to CoO.15 This displacement is
more noticeable for mixtures Al2O3/Co3O4 and even more for
SiO2/Co3O4. This is consistent with a surface reduction that is more
intense for the case of SiO2 than that for Al2O3 and ZnO.

For further confirmation of the Co3O4 surface reduction as the
origin of the ferromagnetic signal, X-ray absorption spectroscopy
measurements at the Co K-edge were performed for Co3O4,
ZnO–Co3O4 �1%�, and TiO2�anatase�–Co3O4 �1%�. The shape of the
edge is similar for the three cases, see Fig. 3. However, for
ZnO–Co3O4 and TiO2–Co3O4, a peak is observed in the pre-edge
�7711 eV�, which is absent in Co3O4. This peak becomes more in-
tense when increasing the surface acidity of the oxide TiO2
� ZnO. This peak is also characteristic of Co2+ in octahedral coor-
dination �for which the lack of symmetry enhances the quadrupolar
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Figure 1. �Color online� �a� Field-
emission-scanning electron microscopy
micrograph of ZnO particles covered by
Co3O4 nanoparticles adhered at the sur-
face after low energy mixing. �b� Magne-
tization curves at 300 K from pure ZnO,
Co3O4 nanoparticles, and a mixture of
99% ZnO–1% Co3O4 �mol�. The curve for
the last sample is presented in emu/g
Co3O4 for clarity. �c� Co3O4 nanoparticles
dispersed over Al2O3 particles. �d� Co3O4
nanoparticles randomly distributed on a
SiO2 film on a Si single crystal.
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Figure 2. �Color online� Raman spectra comparison of pure Co3O4 treated at
400°C with mixtures of 1% of that Co3O4 with ZnO, Al2O3, and SiO2 as
milled without further thermal treatment.
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transition�.20 These results are fully consistent and support the hy-
pothesis that the magnetic signal arises from a partial reduction of
Co3+ atoms in octahedral position to Co2+.

A solid-state redox reaction then takes place at the surface of the
Co3O4 when mixed with a dissimilar oxide such as ZnO and can be
understood in terms of the high reactivity of the oxides surface. This
is something well documented in heterogeneous catalysis and is
dominated by the surface oxygen/hydroxyl ratio and the metal elec-
tronegativity. The presence of OH− groups at the surface �among
other species� is due to the hydroxylation of the M–O bonds �where
M is the metallic cation� when exposed to the environment. Because
the symmetry and coordination of the metal ions at the surface are
lost, the ions show a strong tendency to be saturated by reacting
with air molecules.21 Therefore, all oxide surfaces at ambient con-
ditions present an OH−/O2− ratio. This ratio is a “measurement” of
the so-called basicity of the surface. Duffy22 introduced the term for
oxides, and since then, it has been extended to other systems such as
silicates, borates, sulfides, fluorides, and phosphates. The optical ba-
sicity � expresses quantitatively the electron–donor power of O2−

atoms in oxides. Compounds where this electron density is low and
with high content of OH− in surface are acids. In other words, the
higher the OH−/O2− ratio at the oxide surface, the more acidic the
surface is. In heterogeneous catalysis, this acid–base behavior is
used to explain the selective oxidation of different species such as
hydrocarbons.23

According to the � scale24 and with our spectroscopy measure-
ments, ZnO is more acidic than Co3O4. Therefore, a priori, an acid–
base neutralization reaction can occur while mixing the oxides. This
process involves a chemical bond that is established between both
surfaces Zn–OH ¯ O–Co3+ during neutralization accompanied by
a solid-state electron transference. An effective half-cell reaction for
the Co3O4 can be described as

Figure 3. �Color online� X-ray absorption near-edge structure spectra at the
Co K-edge for the samples of pure Co3O4 and mixtures of 5 wt % Co3O4
with ZnO and TiO2, prepared under the same conditions. Insert I: magnifi-
cation of the Co pre-edge area. Insert II: plot of the intensity of the second
peak vs the theoretical oxide basicity.
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O2− → O− + e− �1�

Coss
3+ + e− → Coss

2+ �2�

where ss stands for the solid surface. These reactions give rise to the
general solid-state electrochemical reaction of the type

Coss
3+ + O2− → Coss

2+ + O− �3�

A schematic illustration of the mechanism is shown in Fig. 4. This
solid-state redox reaction accounts for the surface reduction of the
Co3O4 nanoparticles when approaching the surface of ZnO particles
during the low energy mixing. This process also allows the forma-
tion of oxygen vacancies at the interface if accompanied by a H2O
molecule loss.

The appearance of magnetic behavior in the Co3O4 nanoparticles
after this surface reduction can be explained by taking into account
that Co3O4 crystallizes in the spinel structure, like most of the fer-
rimagnetic materials as Fe3O4 and many other ferrites. In this struc-
ture, the primitive cell presents 8 Co2+ in tetrahedral �T� positions
�surrounded by 4 oxygens� and 16 Co3+ in octahedral �O� positions
�surrounded by 6 oxygens�, as shown in Fig. 5a. However, Co3O4 is
antiferromagnetic instead of ferrimagnetic with a Néel temperature
of �30 K.25,26 For spinel ferrites, the predominant magnetic inter-
action is the antiferromagnetic superexchange through oxygen at-
oms. The most intense interaction is T–O, which is antiferromag-
netic, while the interactions T–T and O–O are also
antiferromagnetic, but much weaker. Therefore, the atoms in T po-
sitions have a net ferromagnetic alignment �through the antiferro-
magnetic coupling with atoms in O positions� as Fig. 5b describes.
As a consequence, there are two magnetic sublattices with antipar-
allel orientations: atoms in the T position and atoms in the O posi-
tions. As the magnetic moment of each sublattice is different, the
result is the well-known ferrimagnetic behavior �see Fig. 5b�.

The 3d level of the Co atoms in the presence of a crystal field
with an octahedral symmetry splits in a doublet and in a triplet. The
triplet has a lower energy, as Fig. 5c shows. The split is so large that
Hund’s rules do not apply and the population is described in Fig. 5c,
giving rise to a zero magnetic moment. Therefore, for Co3O4, only
atoms in the T position have nonzero magnetic moments. Conse-
quently, there are no T–O interactions and the predominant interac-
tion is T–T that is consistent with the antiferromagnetic behavior of
the Co3O4. The splitting of the 3d level by the crystal field is due to
the overlapping of the 3d orbital with the orbital of the surrounding
atoms. Consequently, this splitting depends on the number and po-
sition of the surrounding atoms and the occupation of the 3d orbital.
Figure 5d summarizes the result of the splitting for Co3+ and Co2+ in
O positions. For the Co2+, the splitting due to the crystal field in O
positions is smaller than for Co3+ �about half of the value� and
therefore Hund’s rules apply so the magnetic moment is not zero.

The surface reduction of a Co3+ in the O position according to
Reaction 2 modifies the crystal field �see Fig. 5e�. This leads to a
configuration of atoms Co2+ in O and Co2+ in T positions �as in
Fe3O4�. Then a nonzero magnetic moment appears in the T sublat-
tice, and consequently the T–O interaction becomes the predominant
one. In this situation, a ferrimagnetic behavior is estimated at the
Co3O4 interface. The expected behavior is then paramagnetic with a
ferrimagnetic component in agreement with the experimental data.

Figure 4. �Color online� Example of a
schematic representation of a mechanism
for a solid-state redox reaction taking
place at the ZnO–Co3O4 oxide interfaces.
The reduced cobalt �Co2+ in the octahedral
position generated by the electrochemical
reaction Coss

3+ + e− → Coss
2+� is displayed

in open circle �orange� with Co2+ inside
where Co3+ in octahedral coordination is
shown in a full dark circle �dark blue�
with Co3+ inside.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



CC

E34 Journal of The Electrochemical Society, 157 �3� E31-E35 �2010�E34
This behavior is the one measured experimentally and reported here
and explains the unusual properties found in mixtures of Co3O4 with
ZnO.

The above-mentioned effect is intrinsic to a surface reduction of
the Co3O4 nanoparticles and must be stabilized by the Co–O–Zn
bonding formed at the interface because the magnetic response is
still observed after heating the interfaces up at 700°C for several
hours. The surface reduced Co3O4 nanoparticles also show a small
magnetic contribution at room temperature that disappears at high
temperatures.18 Our explanation involves a difference in surface ba-
sicity between the two oxides. Taking into account that ZnO is an
oxide with a low acidity compared with Co3O4, we assume that if
more acidic oxides are chosen, then the magnetic properties of the
interfaces should be magnified. To test this hypothesis the same
amount of Co3O4 nanoparticles was mixed with more acidic oxides
such as, �-Al2O3, anatase TiO2, or quartz SiO2. If the solid-state
redox mechanism is responsible for the magnetic behavior, then
these oxides should promote a stronger surface reduction and there-
fore a stronger room-temperature magnetic behavior and more stable
Co–O–M bonds. Nevertheless, for further verification, pure Co3O4,
ZnO, TiO2, and Al2O3 powders were measured by IR spectroscopy
to rate the acidic behavior in our powders, see Fig. 6.

According to Zecchina et al.,27 bands in the region
3800–3650 cm−1 correspond to stretching modes of OH groups,
which are not involved in hydrogen bonding. These groups include
isolated OH and terminal hydroxyls of hydrogen-bonded sequences
and are responsible for the electrochemical reduction. As observed,
the one that presents a larger amount of OH groups is SiO2, while
Co3O4 has very few OH groups. This implies that a sequence of
surface acidity can be established as follows

SiO2 � Al2O3 � TiO2 � ZnO � Co3O4

where SiO2 is more acidic and the Co3O4 is more basic. Because
this sequence is qualitative in the present study, we will use the
theoretical optical basicity scale values.

To confirm that the electrochemical reduction observed depends
on the acidic behavior of the oxide with which Co3O4 is mixed,
oxide mixed with Co3O4, Al2O3, TiO2, and SiO2 powders with the
same particle size that ZnO were low energy mixed with Co O
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using the same particle size as ZnO. Room-temperature magnetic
properties of the mixture without further thermal treatment were
measured and are shown in Fig. 7.

All the mixtures exhibit a room-temperature paramagnetic com-
ponent phase and a ferrimagnetic one. The hysteresis loops exhibit
saturation magnetization values and coercivities larger than the pre-
viously observed for ZnO mixtures. Moreover, both coercivity and
saturation magnetization values �Hc and Ms� scaled up with their
optical acidity. These values also relate to the number of Co3O4
nanoparticles dispersed in the supporting oxide. Again, the disper-
sion of Co3O4 nanoparticles on the SiO2 surface is of a higher num-
ber and better quality than the dispersion of Co3O4 on Al2O3 and at
the same time better than in ZnO, as shown in Fig. 1d, c, and a,
respectively. These experimental results confirm that a spontaneous
redox electrochemical reaction occurs between oxides at the inter-
faces that establish Co–O–M chemical bonds and that the magne-
tism is a consequence of such reaction.
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Figure 5. �Color online� �a� Co3O4 spinel
structure �001� and arrows show the mag-
netic structure �A tetrahedral sites and B
octahedral sites�. �b� Ferromagnetic align-
ment of atoms in the tetrahedral position
through the antiferromagnetic coupling
with atoms in octahedral positions. �c�
Splitting of the 3d level for Co3+ in the
presence of an octahedral field leading to
a zero spin value. �d� 3d level and popu-
lation of Co3+ and Co2+ in the O symme-
try. �e� 3d level and population of Co3+

and Co2+ in the T symmetry. Level con-
figurations of cobalt in tetrahedral and oc-
tahedral cubic fields �Ref. 26� have been
used.
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Conclusions

A spontaneous solid-state electrochemical reaction at the oxide
nanoparticle interfaces such as ZnO/Co3O4, TiO2/Co3O4,
Al2O3/Co3O4, and SiO2/Co3O4 mixtures can raise interesting prop-
erties such as the appearance of ferrimagnetic behavior. The mecha-
nism by which the ordered magnetic phase appears is related to a
surface reduction of the Co3O4 to CoO during mixing. This ferri-
magnetic behavior is similar to that of ferrites with a spinel struc-
ture. This magnetism exists not only in semiconductors such as ZnO
or TiO2 �previously described in the literature� but also in other
oxides with insulating properties such as SiO2 or Al2O3. The
strength of the interface reaction scales approximately with the dif-
ference in surface basicity of the oxides.

Interesting properties can be obtained at oxide surfaces by dry
mixing for a few minutes that does not require complex preparation
procedures or atomically flat surfaces. The presented reaction is also
useful to deagglomerate particles without the need of liquids or dis-
persants that might modify the oxide particles. Finally, the idea of
the surface reduction �or depletion of charge on the Co3O4 nanopar-
ticles� could explain the origin of the magnetism observed in nano-
particles prepared by other methods.
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