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Synthesis, structure and magnetic properties of Co/MCM-41 as magnetic nano-composites have been
investigated. Mesoporous materials with different degrees of metal loading were prepared by wet
impregnation and characterized by ICP, XRD, N2 adsorption, UV–vis DRS, TPR and EPMA-EDS. Cobalt
oxide clusters and Co3O4 nano-particles could be confined inside the mesopores of MCM-41, being this
fact favored by the Co loading increasing. In addition, larger crystals of Co3O4 detectable by XRD also
grow on the surface when the Co loading is enhanced. The magnetic characterization was performed in a
SQUID magnetometer using a maximum magnetic applied field m0Ha¼1 T. While the samples with the
higher Co loadings showed a behavior typically paramagnetic, a superparamagnetic contribution is more
notorious for lower loadings, suggesting high Co species dispersion.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

The synthesis and study of the properties of magnetic systems
with characteristic nano-dimensions has attracted the attention in
recent years because of the continuous increase in the potential
applications of new magnetic materials. It is known that nano-
particles display properties that differ from their bulk counter-part
giving rise to unique physical properties upon size reduction. The
use of magnetic nano-sized particles can lead to revolutionary
changes in many areas of high technology such as catalysis,
biomedicine, ultra-high density magnetic storage media, high-
frequency soft magnetic materials, electronics [1–9]. In particular,
the biomedic applications include magnetic bioseparation, biolo-
gical labeling and diagnostics, enhancement of contrast agents for
magnetic resonance imaging, hyperthermia of tumors and drug-
carrier design. The synthesis of magnetic nano-particles with a
quite small size is extremely difficult because the individual
particles tend to aggregate and/or coalesce. These problems can
be overcome by fabricating magnetic nano-particles or clusters
supported on porous solids. Thus, the production of heterogeneous
magnetic materials with controlled composition and structure is a
great challenge. Mesoporous materials, like MCM-41, have great
ll rights reserved.

cnológica Nacional-Facultad
ntina, 5016 Córdoba,

er).
advantages as supports due to the unique combination of high
surface area, pore volume and ordered pore structure with narrow
pore size distribution [10,11]. Thus, MCM-41 can be used as
template to confine conveniently magnetic compounds in a
quasi-one-dimensional array because of its particular topology of
regular hexagonal parallel channels with usual average diameters
of less than 5 nm. Therefore, these pore systems can act as nano-
reactors, allowing the stabilization of metal high loadings to obtain
nano-arrays of diverse metal species in its channels. In this
context, the synthesis of mesoporous nano-composites having
magnetic elements occluded in the nano-channels or inside the
porous framework is very promising. In the biomedical field, these
nano-composites offer high loading of drug/bioactive agents as
well as the ability of selectively deliver the drug in the desired
organs or tissues inside the body, by the application of an external
magnetic field [12–16].

Many works describing the properties of magnetic mesoporous
materials can be found in the literature [17–21]. Likewise, the
synthesis and characterization of Co containing mesoporous
molecular sieves for different applications have been extensively
investigated [22–32]. However, their structural and magnetic
properties as well as presence and location of different cobalt
species varying with the metal loading degree continue under
study. To our knowledge, until now Sato et al. have studied
magnetic properties of CoII mesoclusters dispersed in a mesopor-
ous silicate, prepared by calcination of the MCM-41 molecular
sieve soaked in CoCl2 0.01 M aqueous solution [33]; Haskouri et al.
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have reported a magnetic study of silica-based MCM-41-like
mesoporous materials with high cobalt content (1≤ Si/Co≤23)
synthesized through a one-pot surfactant-assisted procedure from
aqueous solution and using complexes (triethanolamine-like spe-
cies) as ligands of the inorganic precursors [34]; Emamian et al.
[35] have recently informed the magnetic characterization of a
MCM-41 supported cobalt ferrite nano-composite; Morey et al.
have presented a magnetic study of highly ordered Co-MCM-41
with 3 wt.% Co loading synthesized by using a direct procedure
[36]; In this work we focus on nano-composites of cobalt species
on MCM-41 prepared by a simple and fast post-synthesis method
(wet impregnation). We discuss the influence of the Co content on
the chemical and structural characteristics of the obtained materi-
als and their connection to the magnetic properties.
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Fig. 1. Low-angle XRD patterns of samples: (a) MCM-41, (b) Co/M(1), (c) Co/M(2.5),
(d) Co/M(5), (e) Co/M(10), (f) Co/M(15).
2. Experimental

2.1. Synthesis

The metal-free MCM-41 mesoporous molecular sieve was
synthesized as previously reported [37] following the method B,
using cetyltrimethylammonium bromide (CTAB) (Merck 99%) as
template and tetraethoxysilane (TEOS) (Aldrich 98%) as silicon
source. The synthesis mixture (pH¼11.25) was stirred at room
temperature for 4 h. Then, this gel was heated at 70 1C under
stirring in a closed flask. The MCM-41 host, previously calcined for
5 h in oven at 500 1C, was modified with cobalt by the wet
impregnation method. Different concentrations of an aqueous
solution of the metal precursor (Co(NO3)2 �6H2O, Riedel-de Haën
98%) were used to reach the desired loadings (0.060, 0.038, 0.018,
0.0087, 0.0034 M corresponding to 15, 10, 5, 2.5 and 1 wt.%,
respectively). The MCM-41 host (0.75 g) was dispersed in
37.5 mL of the precursor solution at room temperature and then,
the solvent (water) was slowly removed by rotary evaporation at
50 1C for 30 min. The resulting powder was dried at 60 1C and
calcined for 9 h at 500 1C. The samples were designated as Co/M(x)
where M indicates the MCM-41 mesoporous structure and x
indicates the nominal percentage of metal loading.

2.2. Characterization

The X-ray diffraction patterns (XRD) were recorded in a Philips
PW 3830 diffractometer with CuKα radiation (λ¼1.5418 Å) in the
range of 2θ from 1.51 to 71 and from 201 to 801. A profile fitting was
made to each maximum in the high angle range, and the mean
crystallite size D of the corresponding phase was estimated using
the Scherrer formulae: D¼0.9λ/β cos θ, where β (in radians) is the
peak intrinsic breadth after subtraction of the instrumental con-
tribution, λ is the X-ray wavelength and θ is the Bragg angle [38]. It
is worth to note that the Scherrer equation was used in order to
perform a rough estimation of the crystallite size. The specific
surface, the pore size distribution, and the total pore volume were
determined from N2 adsorption–desorption isotherms obtained at
�196 1C using a Micromeritics ASAP 2010. The surface was
determined by the Brunauer–Emmet–Teller (BET) method in the
pressure range of P/P0: 0.01–0.21. The pore size distribution curves
were determined by the Barret–Joyner–Halenda (BJH) method.
UV–vis diffuse reflectance spectra (UV–vis DRS) in absorbance
mode were recorded using a Jasco V 650 spectrometer with an
integrating sphere in the wavelength range of 200–900 nm. The Co
content was determined by inductively coupled plasma optical
emission spectroscopy (ICP) using a VISTA-MPX CCD Simultaneous
ICP-OES-VARIAN. The reducibility of the catalysts was measured
by temperature-programmed reduction (TPR) experiments in a
Quantachrome Chembet 3000. In these experiments, the samples
were heated at a rate of 10 1C/min in the presence of H2 (5% H2/N2

flow, 20 mL/min STP), and the reduction reaction was monitored
by the H2 consumption. The surface elemental Energy-dispersive
X-ray analysis (EMPA-EDS) was conducted in an electron micro-
probe Jeol JXA 8230. The room temperature magnetization vs. field
curves were measured in a Quantum Design SQUID magnetometer
MPMS XL7 with static field up to μ0H¼1 T. The hysteresis proper-
ties as the coercive field and remanent magnetic moment were
estimated from the magnetization curves; they were well fitted by
the sum of three contributions: a linear paramagnetic or diamag-
netic contribution (LM), a ferromagnetic one (FM) [39], and a
superparamagnetic-like one (SPM) [40], so that the total magne-
tization results: TM¼LM+FM+SPM.
3. Results and discussion

The low-angle XRD patterns of all of the materials synthesized
in this study are shown in Fig. 1. As it is observed, the XRD pattern
of the MCM-41 sample exhibits three diffraction peaks assignable
to the reflections (100), (110) and (200) typical of a mesoporous
structure with hexagonal array of their uni-dimensional pores
[41]. The high intensity and good resolution of XRD peaks indicate
the long-range ordering and high quality of the synthesized
material. All of the Co modified samples have a XRD pattern
comparable to that of MCM-41 indicating that the mesoporous
structure of the support is sustained after the impregnation and
calcination process. Thus, this structure allowed a Co loading of up
to ≈12 wt.% without collapsing. However, the XRD patterns appear
less resolved and the intensity of the (100) diffraction peak is
significantly decreased for the samples with higher Co loadings
(between≈4 and 12 wt.%). This can be attributed to the nano-size
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of impregnated Co species possibly confined inside the pores.
Nevertheless, the regularity of the structure is certainly main-
tained despite the high Co loadings. Thus, our results are contrary
to those reported by Khodakov et al. [25] who demonstrate that
the mesoporous structure of MCM-41 is dramatically distorted on
impregnation and drying and that no XRD peaks attributed to the
hexagonal lattice have been found for the calcined Co/MCM-41
materials. The collapse of MCM-41 structure seems to be attrib-
uted to the hydrolysis of Si–O–Si bonds of the relatively thin
amorphous silica walls. The pore wall thickness of MCM-41
materials corresponds to only a few SiO4 groups and the easy
reaction of these groups with water seems to be the reason why
the hexagonally organized structure readily degrades during
hydrolysis. We suggest that the higher stability of our materials,
whose long-range ordering was not destroyed during aqueous
impregnation, can be attributed to their wall thicknesses (�1 nm)
larger than that of the typical MCM-41 materials [42,43]. On the
other hand, it is observed a slight increase of lattice parameter
with the metal content, which could be consistent with some
degree of metal incorporation into the framework. In addition, the
high-angle XRD patterns of the samples with nominal Co loadings
of 10 and 15 wt.% (Fig. 2) exhibit very small peaks (2θ¼36.81,
44.81, 59.31 and 65.21) characteristic of Co3O4 nano-particles,
whose intensities increase with the higher loading level. It should
be noted that the peaks characteristic of cobalt oxide are much
attenuated in terms of intensity in relation to the major peak
corresponding to MCM-41 structure. The mean crystallite sizes of
oxide were estimated by the Scherrer equation using the most
intense reflection of the phase. These values increased from
around 6 to 771 nm when the metal content increased up to
≈12 wt.%. Since the average diameter pore of MCM-41 is around
3 nm [44], these nano-oxides would be located on the external
20 30 40 50 60 70 80

***

2 Theta (º)

In
te

ns
ity

 (a
.u

.)

(f)

(e)

(b)

(a)

(c)

(d)

*

Fig. 2. High-angle XRD patterns of samples (a) MCM-41, (b) Co/M(1), (c) Co/M(2.5),
(d) Co/M(5), (e) Co/M(10), (f) Co/M(15).
surface and in low amounts, judging by the low intensity of their
diffraction peaks. Since it is known that some cations can form
clusters in highly alkaline conditions [29], both Co oxide clusters
and nano-particles could be formed by dehydration of cobalt
hydroxide precipitated inside the mesopores or on the external
surface of MCM-41. Therefore, besides these larger oxide crystals
(detected by XRD), the presence of different metal species such as
isolated cations, noncrystalline oxide clusters or smaller crystal-
lites (non-detectable by XRD) linked or highly dispersed inside the
channels cannot be discarded. Anyway, it is evident that the higher
metal loading leads to higher amount, size and crystallinity of the
impregnated oxides.

The N2 adsorption–desorption isotherms for the samples are
shown in Fig. 3. All the solids exhibit type IV isotherms, typical of
well-defined mesoporous structure with an inflection at P/
P0�0.1–0.25 characteristic of capillary condensation inside the
mesopores in the MCM-41 structure. The results obtained from the
isotherms and other physicochemical parameters are collected in
Table 1. All of the materials show high area values and pore
volume, typical of MCM-41, although a decrease in these values is
observed for the Co nominal loading of 15 wt.%. This behavior,
consistent with the decreased structure ordering, can be also
attributed to the increase in amount and size of the cobalt oxides
formed both inside the channels and on the external surface. As it
can be observed the pore wall thickness (tw) is slightly increased
with the Co nominal content increasing up to 10 wt.%, which could
be giving account for the increased presence of different Co
species finally dispersed inside the channels. The highest Co
content would promote the growth of oxides particles on the
external surface of the samples, causing high structure deterioration.

To get an insight into the coordination environment and the
position of the cobalt in our materials, UV–vis DR spectra of the
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Fig. 3. Nitrogen adsorption–desorption isotherms of the synthesized samples.

Table 1
Structure properties and chemical composition of the synthesized samples.

Sample Areaa

(m2/g)
ao
(nm)

Dpb

(nm)
twc

(nm)
VTP

(cm3 g�1)
Bulk Co
(wt.%)d

Surface Co
(wt.%)e

MCM-41 996 4.09 3.2 0.89 0.70 – –

CoM(1) 888 4.18 3.0 1.18 0.63 0.80 0.77
CoM(2.5) 862 4.25 3.1 1.15 0.62 2.20 1.74
CoM(5) 862 4.27 3.0 1.27 0.64 4.35 3.54
CoM(10) 812 4.27 3.0 1.27 0.61 8.81 7.77
CoM(15) 730 4.03 3.2 0.83 0.54 11.90 9.88

a Determined by BET.
b Pore diameter determined by the BJH method.
c tw¼a0�Dp.
d Determined method ICP.
e Determined by EPMA-EDS.
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Fig. 4. UV–vis DR spectra of the samples (a) MCM-41, (b) Co/M(1), (c) Co/M(2.5),
(d) Co/M(5), (e) Co/M(10), (f) Co/M(15).
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calcined samples were recorded as presented in Fig. 4. A very
broad absorption region between 200 and 860 nm, arising from
the overlapping of absorptions corresponding to different Co
species, can be observed. A band at around 260 nm, usually
assigned to a charge transfer from the oxygen ligand to Co2+ ion
in tetrahedral symmetry [27,28,31], is suggesting the presence of
isolated Co2+ species into the framework. It is notable that this
band gets better resolved for the sample with the lower Co
loading. In this sense, Vralstad et al. [24] have recently reported
that the precipitated hydroxide precursors can interact directly
with silica species to be incorporated into the silica framework. On
the other hand, absorptions between 300 and 400 nm could be
originated from the characteristic electronic transitions of Co3+ in
disordered tetrahedral environment, suggesting thus the oxidation
of Co2+ to Co3+ after calcination [22–32]; meanwhile, absorptions
between 400 and 600 nm can be assigned to octahedral Co2+

species, probably present in cobalt oxide clusters [29,30,45,46].
The absorption in this last range is clearly increased when the
cobalt loading enhances, indicating that the octahedral Co species
are increasing. Finally, the absorption region between 600 and
800 nm indicates the presence of cobalt oxide in the form of Co3O4

where Co2+ ions are in tetrahedral coordination and Co3+ ions are
in octahedral positions [29,45–47]. This signal is also strongly
increased with increasing the Co loading which is consistent with
the presence of Co3O4 crystallites detected by XRD for the samples
with the higher Co contents [Co/M(2.5–15)]. However, it is
noteworthy that the samples with lower Co loadings also show
this signal although Co3O4 crystallites were not detected by XRD.
This suggests the low amount of Co3O4 on the samples or its very
small crystallite size, not detectable by XRD. In addition, all of the
as-synthesized samples were pink colored (corresponding to the
hydrated [Co(H2O)6]+2 octahedral complex) and after calcination
color turns to brown. This color, typical of the Co3O4 oxide,
becomes darker with increasing the Co loading, indicating the
increased presence of this phase. In addition, Table 1 shows also
the surface Co content determined by EPMA-EDS. Based on these
data, it could be concluded that part of the cobalt in our samples is
present as cobalt oxide clusters or Co3O4 nano-particles on the
external surface of MCM-41, although the presence of the cobalt
species confined inside the mesopores is increased with the Co
loading increasing.

The reducibility of metal species has been a useful means for
detecting the interactions between the metal and the support [48].
Since TPR is a bulky process, not all particles are exposed to
hydrogen at the same time producing a dependence of the
temperature maximum on the particle size. For bulky oxides is
expected an increase in the temperature maximum with the
particle size. However, metal oxides loaded or incorporated in
inert supports may exhibit different reduction behaviors com-
pared with the metal oxides unsupported. In this sense, the TPR
profile of metal oxides supported on inert matrixes, such as MCM-
41, are in general more complex than that of bulky metal oxides
because there exists a wide range of variables including the
particle size of the metal oxide and its interaction with the matrix.
It is known that a decrease in the size of the metal oxide particles
makes the reduction faster due to a higher surface/volume ratio
although these smaller particles can interact more intensely with
the support and slow down thus the reduction. Therefore, the
reducibility of the materials would be the result of the competition
of these two factors [49]. The TPR profiles of our samples with
nominal Co loadings of 2.5–15 wt.% are presented in Fig. 5. Two
reduction regions could be distinguished: one at low-temperature
(LT) and one at high-temperature (HT) which can be ascribed to
the reduction of metal oxide species with different dispersion and
interaction with the support. A first doublet that appears in the
temperature range 300–400 1C may be attributed to the Co3O4

particles not well dispersed and weekly interacting with the
surface, which give rise to reduction at lower temperature
[46,50,51]. It is well known that reduction of Co3O4 takes place
in two steps; thus the first reduction peak corresponds to the
process: Co3O4-CoO, while the second one corresponds to CoO-Co0

transition. On the other hand, the intense peak in the HT region
can be attributed to Co3+ and Co2+ species, probably present in
very small Co3O4 particles that are finely dispersed and interact
strongly with the surface, resulting in its reduction at higher
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temperatures. For the Co/M(15) and Co/M(10) samples, the shift of
the peaks, in the LT region, to lower temperatures (from 400/
370 1C for Co/M(5) to 385/365 1C for Co/M(10) and to 375/335 1C
for Co/M(15)) indicates a lower interaction of the Co3O4 particles
(not well-dispersed and probably larger) with the support when
the Co loading is increased. Meanwhile, the shift to higher
temperatures (from 720 1C for Co/M(2.5) to 735 1C for Co/M
(5) and to �790 1C for the higher loaded samples) for the peak
in the HT region would indicate a higher interaction of the smaller
particles highly dispersed, when the Co loading is increased.

The magnetic curves at room temperature for the all of the
samples are shown in Fig. 6. Given that the Co is the only possible
source of a magnetic signal, the units of magnetization are emu
per gram of cobalt. These materials present a diamagnetic con-
tribution due to the silicon matrix [52], which is clearly observable
for the sample with the lower metal loading (Fig. 6A). As expected,
following the amount of cobalt loaded on the MCM-41 mesopor-
ous supports, the samples show different magnetic behaviors
depending on the dispersion and the size of the cobalt species. A
paramagnetic contribution is noticeable from a cobalt loading of
2.20 wt.% (Co/M(2.5)), being observed susceptibility values around
6�10–5 emu/g Co Oe. This paramagnetic contribution could be
mainly due to the isolated cobalt species as well as oxide clusters
and Co3O4 nano-particles evidenced by XRD or UV–vis DR [53]. On
the other hand, the superparamagnetic contribution can be
assigned to the smaller oxides particles finely dispersed on
MCM-41 with a size below the critical diameter. On the other
hand subtracting the lineal contributions from the magnetic
curves, the superparamagnetic and ferromagetic behaviors are
more clearly evidenced, as it is shown in Fig. 6B. These curves were
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Table 2
Magnetic parameters after fitting to data of Fig. 6B.

Sample Hca (Oe) Mrb (emu/gCo) MSp
c (emu/gCo) M

CoM(1) 82 0.017 0.177 0.
CoM(2.5) 47 0.03 1.065 0.
CoM(5) 24.6 0.0044 0.091 0.
CoM(10) 16.8 0.001 0.028 0.
CoM(15) 11.5 0.00026 0.0027 O

a Hc: coercitive field.
b Mr: remanent moment.
c MSp: superparamagnetic effective saturation moment.
d Mfm: ferromagnetic effective saturation moment.
e mμ: mean magnetic moment of the superparamagnetic units.
f Xlineal: magnetic susceptibility.
fitted and the obtained parameters are indicated in Table 2. The
coercivity shows a decrease with the Co loading increase, suggest-
ing an increase in the domain size [54]. The remanent magnetiza-
tion and superparamagnetic magnetization show a similar
behavior; the maximum observed for the loading of 2.20 wt.%
(Co/M(2.5)) could be attributed to the small Co species finely
dispersed on the matrix which then become larger for the higher
Co loadings.
4. Conclusions

Co/MCM-41 nano-composites, with Co loadings between
0.8 and 12 wt.% were successfully prepared by the wet impregna-
tion method. All the materials exhibited high specific surface, pore
volume and good structural regularity, retaining the mesoporous
structure even after the higher metal loading. However, certain
decrease in the structural ordering, area and pore volume values
was observed with increasing metal loading. The presence of
different species was investigated through UV–vis DRS and TPR.
Several metallic species such as isolated Co2+ species, oxide
clusters and Co3O4 nano-particles were detected. The two last
species increase in amount and size, when the Co loading is
increased. Thus, larger Co3O4 nanocrystals, certainly located on
the external surface could be also detected by XRD for the Co
nominal loadings of 10 and 15 wt.%. Likewise, the confining of the
cobalt species inside the mesopores could be achieved by increas-
ing the cobalt loading. These nano-composites showed different
magnetic properties depending on the dispersion and size of the
cobalt species. Thus, a paramagnetic contribution, probably arising
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fm
d (emu/gCo) mμe (μB) Hm (Oe)e Xlineal

f (emu/gCo Oe)

0057 11458 112.7 �1.5E�4
002 12000 35 6.9E�5
134 12000 196 6.8E�5
048 11316 158 5.9E�5
.024 12000 393 6.6E�5
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from oxide clusters and nano-particles, becomes dominant for the
samples highly loaded. Meanwhile, a superparamagnetic contri-
bution enhanced for the lower loadings can be assigned to oxides
of very small size finely dispersed.
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