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Controlled 3D-coating of the pores of highly ordered
mesoporous antiferromagnetic Co3O4 replicas with
ferrimagnetic FexCo3�xO4 nanolayers†
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Sònia Estradé,de Francesca Peiró,e Zineb Saghi,f Paul Midgley,f Emma Rossinyol,g

Igor V. Golosovsky,h Alvaro Mayoral,i Joan D. Prades,j Santiago Suri~nach,a

Maria Dolors Baró,a Jordi Sortk and Josep Noguésl

The controlled filling of the pores of highly ordered mesoporous antiferromagnetic Co3O4 replicas with

ferrimagnetic FexCo3�xO4 nanolayers is presented as a proof-of-concept toward the integration of

nanosized units in highly ordered, heterostructured 3D architectures. Antiferromagnetic (AFM) Co3O4

mesostructures are obtained as negative replicas of KIT-6 silica templates, which are subsequently

coated with ferrimagnetic (FiM) FexCo3�xO4 nanolayers. The tuneable magnetic properties, with a large

exchange bias and coercivity, arising from the FiM/AFM interface coupling, confirm the microstructure

of this novel two-phase core–shell mesoporous material. The present work demonstrates that ordered

functional mesoporous 3D-materials can be successfully infiltrated with other compounds exhibiting

additional functionalities yielding highly tuneable, versatile, non-siliceous based nanocomposites.
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Introduction

Nanoscale heterostructured materials are opening new avenues
for many applications due to the synergetic combination of the
functional properties of their individual constituents.1–3 The
assembling of different inorganic components by chemical
procedures in 1D and 2D structures has already been estab-
lished.4–8 Mesoporous siliceous materials have been demon-
strated to be very versatile as platforms to attach a great variety
of molecules and/or as hosts to accommodate diverse
compounds within their channels,9–12 making them suitable for
applications including photonics,13 biomedicine14 or heteroge-
neous catalysis.15 This has led to a new generation of silica-
based smart hybrid nanomaterials with fascinating morphol-
ogies. However, owing to its rather chemical inertness and its
limited degree of additional functional properties, silica is
mainly a passive component in these hybrid structures (bringing
only large surface areas) and its main functionalities arise from
the guest compound. To increase the functionality of meso-
porous materials, signicant progress has been made toward
the fabrication of non-siliceous replicas with different symme-
tries, maintaining large surface areas, through hard-template
methods.16 Compared to silica, transition metal oxides can be
considered as chemically active and have a rich variety of prac-
tical physicochemical properties, thus signicantly broadening
the applicability of mesoporous materials to numerous novel
elds.17 Yet, successful mesoporous replication is rather chal-
lenging and largely depends on the synthesis conditions. Thus,
it is oen accompanied by a loss of mesostructural order, which
Nanoscale, 2013, 5, 5561–5567 | 5561
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precludes their use as a second template to be potentially lled
with another material. Consequently, the choice of an appro-
priate system is the rst issue for obtaining a high-quality
replica that could be thereaer employed as a host. Filling a
high-quality active template with a second material featuring a
different practical property would render a multifunctional
nanocomposite, not only by the addition of the diverse prop-
erties of the counterparts, but also due to their mutual inter-
actions. Interestingly, such mesostructures would be able to
performmore than one task at a time or allow the control of one
of the components due to the presence of the other.

Here we establish the feasibility to synthesize highly ordered
3D heterostructured nanocomposite structures by coating the
walls of antiferromagnetic (AFM) Co3O4 mesoporous replicas
with a ferrimagnetic (FiM) FexCo3�xO4 layer. The magnetic
performance of the core–shell nanocomposites is shown to
arise from the combination of the individual properties.
Remarkably, we demonstrate that the exchange interaction
between the AFM and FiM constituents can be used for the post-
synthesis tuning of the magnetic properties.
Fig. 1 Schematic illustration of the synthesis pathway. Step 1: preparation of KIT-
6 silica by using Pluronic P123 as the surfactant and tetraethoxysilane (TEOS) as
the silicon source. A transmission electron microscope (TEM) image of the KIT-6
silica template is shown. Step 2: impregnation of KIT-6 silica with cobalt nitrate in
ethanol media. Step 3: calcination to convert the cobalt nitrate salt into the oxide,
followed by silica removal to release the Co3O4 replica. A TEM image of Co3O4 KIT-
6 is shown. Step 4: impregnation of mesoporous Co3O4 with increasingly high
amounts of iron nitrate in ethanol media. Step 5: calcination of the impregnated
Co3O4 materials to obtain the final nanocomposites. Shown in red is the
progressively thicker iron-based layer coating the Co3O4 walls. Field emission
scanning electron microscope (FESEM) images of the FexCo3�xO4@Co3O4 nano-
composite with different Fe loading levels are shown.
Results and discussion

Shown in Fig. 1 is a schematic picture of the pathway followed
for the synthesis of the FexCo3�xO4@Co3O4 nanocomposites.
Steps 1–3 comprise the synthesis of the KIT-6 silica template
and Co3O4 as its negative replica. The Co3O4 KIT-6 replica is
subsequently inltrated with variable amounts of iron nitrate
(step 4) followed by calcination (step 5). The resulting hetero-
structured powders are denoted as Co3O4–Fe1, Co3O4–Fe2,
Co3O4–Fe4 and Co3O4–Fe6, according to the increased loading.

The scanning electron microscopy image of the mesoporous
Co3O4 replica reveals rather dense spheres, featuring a regular
porous periodicity at the surface level (Fig. 2(a)). Actually, two
coupled frameworks constitute the morphology of the material,
as expected from the KIT-6 structure (Ia3d symmetry), con-
structed by two enantiomeric sets of channel networks forming
a bicontinuous structure.18 The typical hexagonal KIT-6 rings
are clearly visible in the transmission electron microscopy
image (Fig. 2(b), top inset). The pore diameter is around 11 nm
and the wall thickness is about 5 nm (Fig. 2(b)), correlating with
the parent template. The well-dened spots in the selected area
electron diffraction prove the high crystallinity of the Co3O4

walls (Fig. 2(b), bottom inset). Importantly, the 3-dimensional
structure of pores is impressively revealed by the 3D tomo-
graphic reconstruction (see ESI Videos†).

As the Fe(III) : Co3O4 ratio increases, the spheres appear
progressively denser, with a less open pore structure (ESI,
Fig. S1†). Analysis of the apparent skeleton thickness conrms
the progressive impregnation of the 3D Co3O4 host and
evidences the structural integrity of the loaded samples
(Fig. 2(c) and (d)). The mesopore wall thickness increases from
5.1 nm in pure Co3O4 to 7.8 nm for Co3O4–Fe4. This suggests
that the iron-based material covers the Co3O4 skeleton, forming
a shell around the Co3O4 pore walls. This is clearly evidenced by
the electron energy loss spectra (EELS) mapping of Co3O4–Fe2
(Fig. 2(e) and (f)), where the green colour (Co) predominates in
5562 | Nanoscale, 2013, 5, 5561–5567
the skeleton of the Co3O4 matrix, whilst the red pixels (Fe) are
located in the vicinity of the pore edges. In concordance with
the pore thickness analysis, the EELS mapping of Co3O4–Fe1
(with less iron) shows a much thinner Fe-based wall around the
pores (ESI, Fig. S2†). Remarkably, the 3D-structure of the lled
pores is distinctly established by the 3D tomographic recon-
struction of Co3O4–Fe4, where a 3D arrangement of narrow
pores can be identied (ESI Video†). Closer inspection of
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Morphological, compositional and structural characterization. (a) FESEM image of non-infiltrated mesoporous Co3O4 powder. (b) TEM image of a single Co3O4

particle (top: enlarged view of the hexagonal rings, bottom: selected area electron diffraction (SAED) pattern). Slices through the tomographic 3D reconstruction of (c),
non-infiltrated Co3O4 and (d), Co3O4–Fe4 particles. (e) TEM image of a pore of the Co3O4–Fe2 particle. (f) EELS map of (e) [Co – bright green, Fe – bright red]. (g) EELS
relative elemental quantification along the line indicated in (e). (h) Experimental wide-angle pattern and Rietveld-fit of the Co3O4–Fe2 sample. Shown at the bottom
are the peak positions for Co3O4. The inset shows the cobalt occupancy (d) for different samples. (i) Low-angle patterns of the KIT-6 SiO2 parent template, Co3O4 and
Co3O4–Fe2 samples.
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Fig. 2(f) seems to indicate a graded Co–Fe composition around
the pore edges. Indeed, the EELS relative elemental quanti-
cation across the pore wall (Fig. 2(g)) evidences the formation of
a graded nanolayer. In fact, a 2 nm thick pure Fe3O4–Fe2O3 layer
can be clearly identied away from the replica walls. This is
followed by a FexCo3�xO4 (with x � 3.0 to 0.7) gradient towards
the center of the replica walls. This indicates that apart from the
formation of a thin Fe3O4–Fe2O3 layer, some of the Fe ions have
diffused into the Co3O4 walls (although some contribution from
Fe-oxide grown on top of the wall cannot be ruled out). Similar
results are also observed in the Co3O4–Fe1 and Co3O4–Fe4
powders (ESI, Fig. S2, S3 and Table S1†). Interestingly, it has
This journal is ª The Royal Society of Chemistry 2013
been recently reported that for lower Fe(III):Co3O4 molar ratios
(0.48) virtually all the Fe species diffuse into the Co3O4 matrix
leading to a Fe-doped Co3O4 mesoporous material, without any
apparent increase in the wall thickness.19 In contrast, the EELS
mapping of the present FexCo3�xO4@Co3O4 nanocomposites
(obtained with higher Fe(III) : Co3O4 molar ratios) unambigu-
ously demonstrates the formation of a core–shell structure.

Signicantly, unstructured particles are not observed, except
for Co3O4–Fe6, which also shows iron oxide (a-Fe2O3) non-
mesoporous particles (revealed by energy-dispersive X-ray
spectroscopy and X-ray diffraction (XRD) analyses; see ESI,
Fig. S4†) outside the Co3O4 host. Hence, the maximum loading
Nanoscale, 2013, 5, 5561–5567 | 5563
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Fig. 3 Magnetic properties. (a) Magnetization vs. field curves, M(H), at 10 K for
pure Co3O4 and Co3O4–Fe2 samples after cooling them at room temperature
either in zero field (ZFC) or applying a magnetic field of 20 kOe (FC). The inset
shows the dependence of HC and HE at 10 K on the magnetic field applied during
the cooling procedure (HFC) for the Co3O4–Fe2 sample. (b) Temperature depen-
dence of HC and HE after field cooling with HFC ¼ 20 kOe for the Co3O4–Fe2
sample The inset shows the ZFC/FCM(T) curves of the different samples recorded
applying a magnetic field of 20 Oe.
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of the Co3O4 matrix allowing to maximize the amount of
embedded FexCo3�xO4 while avoiding the growth of the mate-
rial outside the mesoporous structure corresponds to a
Fe(III) : Co3O4¼ 2.4 molar ratio. The wide-angle XRD patterns of
the FexCo3�xO4@Co3O4 composites and the corresponding
Rietveld ts20 conrm the presence of the spinel-type Co3O4

phase (Fig. 2(h)) with an averaged correlation length �9 nm
(independent of the loading). However, the Co occupancy
diminishes (Fig. 2(h), inset) and the lattice parameter increases
with the loading indicating the incorporation of Fe ions into the
Co3O4 lattice and the concomitant exchange between Fe and Co
ions. Note that even for Co3O4–Fe2 some minor peaks corre-
sponding to a-Fe2O3 can also be identied. From the peak width
it can be concluded that the a-Fe2O3 phase is exceedingly large
(�20 nm) to be inside the pores. Consequently these peaksmust
correspond also to a tiny fraction of a-Fe2O3 nanoparticles
outside the mesoporous structure. Nevertheless, its amount is
very low (around 2 wt%).

The low-angle XRD curve of the parent KIT-6 SiO2 template
shows the characteristic reections of a gyroidal mesostruc-
ture18,21 (Fig. 2(i)). The (211), (220) and (332) reections, though
less intense, are still observed in the Co3O4 replica. From the
(211) reection the mesostructural unit-cell parameter of Co3O4

was evaluated as 23.0 (5) nm. The extinction of the (110)
reection is indicative of the dominance of undisplaced double
gyroidal frameworks. Due to the formation of FexCo3�xO4 onto
the Co3O4 pore walls the low-angle curves of the nano-
composites became progressively less well-dened, although
the presence of the (211) peak certies the preservation of the
long-range order even in the loaded samples.22

The pure Co3O4 magnetization vs. eld, M(H), curve exhibits
a linear behaviour (Fig. 3(a)), while the temperature dependence
of the magnetization, M(T), shows a maximum at T ¼ 30 K with
only a weak dependence on the eld cooling/zero eld cooling
(FC/ZFC) conditions (Fig. 3(b), inset). This indicates that the
mesoporous Co3O4 behaves like an antiferromagnet with a Néel
temperature, TN � 30 K (as also demonstrated by neutron
diffraction, see ESI, Fig. S5†), in concordance with bulk Co3O4

23

and other studies on mesoporous Co3O4,24–26 although more
detailed investigations reveal more complex behaviour.27 The
hysteresis loop for Co3O4–Fe2 exhibits a clear ferromagnetic
nature (Fig. 3(a)), with a saturation magnetization of MS ¼ 5.6
emu g�1 and a large coercivity, HC ¼ 8730 Oe. This behaviour
must be ascribed to the presence of FexCo3�xO4, which is
FiM.28,29 In fact, given the compositional gradient and the
relatively low magnetic anisotropy of Fe3O4–Fe2O3 and the large
anisotropy of CoFe2O3, the magnetism of the nanolayer can be
thought of as a gradient anisotropy material, similar to thin
lms or core–shell nanoparticles30,31 probably leading to the
broad maxima observed in theM(T) ZFC curves (Fig. 3(b), inset).
Namely, due to the small dimensions involved the magnetically
so and hard counterparts are strongly exchange coupled
leading to smooth hysteresis loops with averaged properties.32

Co3O4–Fe1 presents a similar behaviour although with a smaller
MS, MS ¼ 3.7 emu g�1, indicating a lesser amount of
FexCo3�xO4, as expected from the synthesis and demonstrated
by the EELS mapping. The FC/ZFCM(T) curves for both samples
5564 | Nanoscale, 2013, 5, 5561–5567
display a behaviour typical for interacting superparamagnetic
(SP) nanostructures (Fig. 3(b), inset), where MZFC shows a
maximum at the SP–FiM transition (i.e., blocking temperature,
TB).33 However, TB for Co3O4–Fe1 is lower than that for Co3O4–

Fe2. Since TB ¼ KV/25kB,33 (where K, V and kB are the anisotropy,
the volume and the Boltzmann constant), the raise in TB for
Co3O4–Fe2 is in line with the FiM volume increase.

For Co3O4–Fe2, the hysteresis loop aer eld cooling exhibits
a loop shi in the eld axis, HE ¼ 660 Oe, and an enhanced HC,
HC¼9200Oe (Fig. 3(a)). These arewell knowneffects of FiM/AFM
exchange coupling and have been observed in different types of
morphologies, e.g., thin lms,34 core–shell nanoparticles35 or FM
nanoparticles embedded in AFMmatrices.36 However, note that
the morphology of the present samples renders a 3D-ordered
FM/AFM structure in contrast to most of the systems involving
nanoparticles or 3D structures which exhibit a random distri-
bution.24,37–39 Moreover, given the inverse dependence of HE on
the FiM thickness35 and the morphology of the samples, with
thin FiM coatings on the walls of the Co3O4 AFM matrix, HE is
considerably larger than the one observed for Co3O4 based thin
lms.40 Nevertheless, Fe-doped Co3O4 mesoporous materials
This journal is ª The Royal Society of Chemistry 2013
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also exhibit large HC and HE values.19 The temperature depen-
dence ofHC andHE (Fig. 3(b)) shows thatwhileHE vanishes atT¼
40K (i.e., aroundTN ofCo3O4),HC remainsnite until 180K. This
unambiguously demonstrates the intimate contact between the
Co3O4 template and the inltrated FiMmaterial, which results in
a dramatic change of the magnetic properties. These materials
also reveal an interesting FC dependence of the FiM magnetic
properties. Namely,HC,HE (see Fig. 3(a), inset) and the remanent
magnetization, MR (i.e., magnetization at zero eld), can be
controlled by the coolingeld, similar to thinlm and core–shell
systems.35,41–43 Namely, for small HFC the FiM is not fully satu-
rated thus the FiM/AFM coupling is not optimized leading to a
small HE and HC. As HFC increases, all the FiM are aligned with
HFC during the cooling procedure, leading to the maximum
values of HE and HC. Thus, the AFM character of the Co3O4

template inuences the response of the FiM phase, allowing
for a tailoring of the magnetic properties of the overall
heterostructure.
Conclusions

Summarizing, we demonstrate that the mesopore walls of a KIT-
6 Co3O4 material can be effectively and controllably coated by a
nanolayer of a ferrimagnetic material through an all-chemical
procedure. Due to the inherited pore periodicity of the
FexCo3�xO4 nanocasting, the resulting heterostructure main-
tains a large degree of porosity. The 3D-ordered nanocomposite
is shown to have tuneable magnetic properties controlled not
only by the relative amount of each component but also by their
mutual interactions. Importantly, this approach might be
extrapolated to other types of materials with numerous different
combinations of functionalities (e.g., catalytic, magnetic, elec-
trical or optical). Thus, the versatility, simplicity and cost-
effectiveness in the synthesis of these heterostructured mate-
rials will open new opportunities for the controlled integration
of different inorganic compounds in an ordered, multifunc-
tional 3D core–shell architecture, which may further expand the
use of two-phase mesoporous materials in very diverse elds
like adsorption, separation, drug-delivery, fuel-cells, sensors,
MRI-imaging, hyperthermia or even magnetic recording.
Methods
Synthesis of the mesoporous samples

Mesoporous KIT-6 silica was synthesized by dissolving 6.0 g of
Pluronic P123 copolymer (from BASF) in diluted HCl in a plastic
bottle. Once the P123 surfactant completely dissolved, 6.0 g of 1-
butanol were added and the solution was stirred for 1 h. 12.5 g
of tetraethyl orthosilicate (TEOS) were added to the solution and
further stirred for 24 h at a constant temperature (34–35 �C).
The hydrothermal treatment of the milky suspension was
carried out at 90 �C for 24 h in a sealed container and the solid
obtained was ltered, copiously washed with water and nally
calcined at 550 �C for 5 h to remove the organics.

For the synthesis of the Co3O4 replica, 0.150 g of KIT-6 silica
was put in contact with 0.291 g of Co(NO3)2$6H2O (99.9% purity)
dissolved in ethanol. The mixture was stirred for 30 min in a
This journal is ª The Royal Society of Chemistry 2013
crucible and le for ethanol evaporation overnight. The crucible
was then placed in a tubular furnace and the impregnated silica
was calcined under atmospheric conditions. The furnace
temperature was increased to 375 �C at a rate of 3 �C min�1 and
held at this temperature for 4 h under atmospheric conditions.
At the end of this process, the furnace was slowly cooled down
to room temperature. The silica host was removed with 30mL of
2 M NaOH solution at 70 �C under stirring. The resulting
mesoporous Co3O4 powder was collected aer centrifugation
and the supernatant was decanted, copiously rinsed in ethanol,
and nally dried.

The Co3O4 KIT-6 replica was subsequently loaded with vari-
able amounts of Fe(NO3)3$9H2O (99.9% purity). Typically, 6 mg
of Co3O4 powder was dispersed in ethanol and put in contact
with the iron nitrate salt in the following Fe(III) : Co3O4 molar
ratios: 0.6, 1.2, 2.4, and 3.6. The suspensions were gently stirred
for 30 min in a crucible and le again for ethanol evaporation
overnight. The impregnated Co3O4 powders were heated up at a
rate of 1 �C min�1 and held at 375 �C for 4 h to allow the
conversion of the iron salt into the oxide product. The lled
Co3O4 hosts have been denoted as Co3O4–Fe1, Co3O4–Fe2,
Co3O4–Fe4 and Co3O4–Fe6, respectively, according to the
increased loading of the iron precursor.
Details of the characterization methods

The morphology and chemical composition of the materials
were investigated by eld emission scanning electron micros-
copy (FESEM) and transmission electron microscopy (TEM).
FESEM characterization was performed on a Merlin Zeiss
microscope operated at 2 kV. The powders were spread onto a
silicon substrate and directly imaged under the electron beam
without using any conducting surface coating. TEM character-
ization was carried out on Jeol-JEM 2011 equipment operated at
200 kV. ElectronEnergy Loss Spectra (EELS) characterizationwas
carried out on a Jeol-JEM 2010F at 200 kV coupled with a Gatan
Image Filter (GIF). Tomography experiments were performed on
a FEI Tecnai F20-G2 TEM also operated at 200 kV. Aberration
corrected (Cs) STEM data coupled with EELS spectrum imaging
was performed on a X-FEG FEI TITAN operated at 300 kV tted
with a CEOS Probe Corrector and a Gatan Tridiem Energy Filter.
For relative compositional map construction, the background
was substracted using the powder law tmethod and the relative
composition was calculated using the Hartree–Slater-cross-
section model. The pixel time was set to 0.07 s per pixel and a
collection angle b of 55 mrad. Samples were prepared by
dispersing a small amount of thepowder in ethanol and thenone
or twodrops of the suspensionwereplaceddropwise onto aholey
carbon supported grid. High angle annular dark eld (HAADF)
images for tomographywere acquired every 2� in tilt serieswhich
ranged at least from�64� to 64�. The tilt series were aligned and
subsequently reconstructed using 40 iterations of SIRT algo-
rithm using Inspect3D. Visualization of the reconstruction was
achieved using the Amira soware.

Low-angle X-ray diffraction (XRD) patterns were recorded on
a Panalytical X'Pert Pro diffractometer operating in trans-
mission mode with Cu Ka radiation. Wide-angle XRD patterns
Nanoscale, 2013, 5, 5561–5567 | 5565
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were collected on a Philips X'Pert diffractometer in the 20–80�

2q range (step size ¼ 0.03�, step time ¼ 10 s) using Cu Ka
radiation, at a voltage of 50 kV and 40 mA of current. The
structural parameters were evaluated by tting the full XRD
patterns using the Fullprof program.20

The magnetic properties were evaluated on tightly packed
powdered samples using a superconducting quantum interfer-
ence device (SQUID, Quantum Design) magnetometer with a 70
kOe maximum eld. The temperature dependence of the
magnetization, M(T), for samples Co3O4–Fe1 and Co3O4–Fe2
was measured at 20 Oe for increasing temperatures aer either
zero eld cooling (ZFC) or eld cooling (FC) in the 20 Oe from
300 K. For pure Co3O4, ZFC/FCM(T) was obtained using 500 Oe.
Hysteresis loops were carried out (i) at 10 K aer FC from 300 K
using different cooling magnetic eld values, HFC ¼ 2, 7, 10, 30,
50 and 70 kOe and (ii) at different increasing values of
temperatures aer FC in HFC ¼ 20 kOe from 300 K to 10 K. Note
that the magnetizations are given per total mass.

Neutron diffraction measurements were carried out at 300 K
and 10 K (i.e., below TN(Co3O4) ¼ 30 K) at the diffractometer
D1B of the Institute Laue-Langevin with a neutron wavelength
of 2.4 Å.
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