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Abstract

Transition metal oxide nanoparticles were synthesized within mesoporous MCM-48 silica phases. By wet impregnation,
drying, and calcination procedures, it was possible to form iron, iron/cobalt, cobalt, nickel, and copper oxide nanoparticles
almost exclusively within the pore system. Nitrogen sorption measurements still revealed mesoporosity for the host/guest
compounds accompanied by a reduction of the surface area and pore radius, both indications of a decoration/coating of
the inner surface of the silica walls. X-ray absorption spectroscopic measurements proved the existence of small, slightly
disordered metal oxide nanoparticles. HRTEM investigations showed that the mesoporous host structure was still intact after
the treatment. Thermogravimetric investigations revealed differences in the reduction/oxidation behavior of the metal oxide
nanoparticles compared to their corresponding bulk phases. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The discovery of ordered mesoporous molecular
sieves (denoted as M41S family) [1,2] has expanded
the range of uniform pore sizes from the micropore
to the mesopore regime. Great attention arised from
that for different fields of materials science, i.e. catal-
ysis [3,4], nanostructured host/guest compounds [5,6],
and sorption materials [7–15]. Originally, this family
has been classified into three subgroups: a hexagonal
(MCM-41), a cubic (MCM-48) and a lamellar phase
(MCM-50).
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In contrast to the hexagonal MCM-41 silica phase
with its one-dimensional (1d) channel system, we
have focused our work on the cubic MCM-48 phase,
which has the great advantage of a 3d pore system.
The surface-defining MCM-48 silica is the gyroid
or G-surface, forming a structure with the space
group Ia3̄d [16–18], which is frequently observed
in water-surfactant systems [19–21]. The structure
contains a 3d network with channels running along
[1 1 1] and [1 0 0], which provides large surface areas
and a high accessibility of sites within the porous
network structure even if part of the pore entrances
cannot be used due to blockage. In comparison to
MCM-41, the synthesis of MCM-48 is more difficult,
which is the reason, why only few groups have fo-
cused their efforts on this particular cubic phase in the
beginning [22–25]. Due to its special pore structure,
the mesoporous MCM-48 phase is very interesting
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as a matrix to immobilize catalytically active metal
species [26–28], e.g. Ti [29–34], V [35,36], Cr [37],
Mn [38,39], Al [40–42], Fe [43], Cu [44,45], and
Zr [46], onto or within the silica walls or as a host
to accommodate nanostructured guest compounds
[47,48].

There are two different ways [46] to introduce
catalytic active sites into the mesoporous MCM-48
system: (i) adding the metal ions to the synthesis gel
of the MCM-48 silica phase prior to the hydrothermal
treatment or (ii) by post-synthetic incorporation. The
disadvantage of the first method is a lower long-range
order of the final material due to distortion of the
liquid crystalline template by the metal ions during
the synthesis.

The advantage of the post-synthetic treatment is the
opportunity to start with a highly ordered mesoporous
material with a very high inner surface. There are
two different ways for the post-synthetic treatment:
grafting of precursor species from the gas phase or
by wet impregnation technique. Gas phase introduc-
tion usually results in low loadings, but without any
affection of the porous host. The wet impregnation
technique, however, allows higher degrees of loading,
but requires a very careful preparation, otherwise the
host structure can be destroyed.

The main problem in all cases is the characterization
of the products and particularly the chemical nature
of the nanostructured guest compounds. The combi-
nation of comprehensive characterization techniques,
i.e. powder X-ray diffraction (PXRD), high reso-
lution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), energy
dispersive spectroscopy (EDS), nitrogen physisorp-
tion is necessary to prove that most of the catalytic
metal species are inside the porous host structure.
To characterize the metal species itself, techniques
like IR-, UV/VIS-spectroscopy, thermogravimetry
investigations coupled with differential thermal
analysis and mass spectroscopy (TG/DTA/MS)
and X-ray absorption spectroscopy (XAS) have to
be applied.

In this study we focused our work on the intra-
pore formation of the late 3d transition metal oxides
(binary iron, cobalt, nickel, copper and ternary cobalt
iron oxides) within the mesopores of the MCM-48
silica species [45,48–50]. The chosen metals are of
high interest due to their wide range of application

in catalysis, e.g. NOx reduction, Fischer–Tropsch
synthesis or methanol decomposition.

2. Experimental

The syntheses of the pristine MCM-48 silica ma-
terials were carried out by mixing reactants with
the following composition: 1.0 tetraethylorthosili-
cate (TEOS):0.65 cetyltrimethylammonium bromide
(CTAB):0.5KOH:62H2O. For a pre-hydrolization of
the TEOS, the CTAB was added after 10 min of vig-
orous stirring. Stirring was continued for additional
20–30 min to homogenize the synthesis mixture. In a
teflon-lined steel autoclave under hydrothermal con-
ditions (388 K), the condensation of the silica was
performed for 48–72 h. The resultant white product
was filtered and washed several times with deionized
water. After drying, it was calcined at 773–823 K
(heating ramp of 1 K min−1) in air for 6 h within a
programmable furnace of the company GERO type
F 40-500/1300C. The obtained pristine MCM-48 sil-
ica are of high quality and thermal stability up to
923 K in air if the samples are thoroughly dried. To-
tal removal of template by calcination procedure was
proved by FTIR exhibiting no corresponding C–C,
C–H, C–N bands. The formation of the binary metal
oxides (Fe, Co, Ni, Cu) onto the inner surface of
MCM-48 was carried out by the wet impregnation
technique with 1.6 M aqueous solution of transition
metal nitrate, or a mixture of iron and cobalt nitrates
with a ratio of 1Co:2Fe, respectively [50]. In case
of the iron nitrates different loading was gained by
impregnation with 0.07, 0.37, and 1.18 M aqueous so-
lutions. After impregnation the resulting product was
dried at room temperature under vacuum for more
than 5 h. Afterwards the material was calcined at
673 (iron oxides, cobalt oxides), 773 (nickel oxides,
copper oxides), 873 and 923 K (iron cobalt oxide)
under air for 6 h, which led to a transformation of
the metal nitrate into an oxide as indicated by the
disappearance of the IR band of the NO3

− ion at
1380 cm−1.

Powder X-ray diffraction patterns were recorded
with a Bruker/AXS D8 advance diffractometer using
filtered Cu K� radiation in θ /θ geometry. The diffrac-
tometer was equipped with variable slits on the tube
and detector side and a secondary monochromator.
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The data were taken in a step scan mode with 0.02◦θ
and a counting time of 1 s per step.

The specific surface areas and pore diameters
were determined by nitrogen adsorption/desorption
isotherms, which were recorded at 77 K using an
Autosorb 1 (Quantachrome). Before the physisor-
ption measurements, the samples were outgassed at
373–423 K for 15–24 h. The surface areas were cal-
culated applying the theoretic equation of Brunauer,
Emmet and Teller (BET) for the relative pressures
between 0.05 and 0.15–0.23, depending on the number
of points that were appropriate for a linear fit. The pore
size distributions were calculated using the desorption
branch of the N2 adsorption/desorption isotherm and
the Barrett–Joyner–Halenda (BJH) formula [51].

X-ray absorption spectroscopic measurements were
carried out at the storage ring DORIS III (HASY-
LAB@DESY, Hamburg, Germany) at the EXAFS
II beam line, which was equipped with a Si(1 1 1)
double-crystal monochromator. The Fe–K, Co–K,
Ni–K, and Cu–K edge spectra were recorded at room
temperature in transmission mode; except for the
Fe–K edge spectra of the binary iron oxide MCM-48
silica materials, which were taken at 20 K. Each spec-
trum was calibrated against the first inflection point
of the corresponding K edge of a metal foil, which
was measured simultaneously. As reference for the
guest compounds, the freshly prepared corresponding
metal oxides were used. All samples were measured
as pressed polyethylene pellets in which the transi-
tion metal content was adjusted to give an absorption
jump �µd = 0.4–0.9. For further data analyses, the
program WinXAS [52] was used. Theoretical calcula-
tions of the phase shifts and backscattering amplitudes
were calculated using FEFF6.01 [53].

For electron microscopic measurements the pow-
ders were crushed in ethanol and the ground material
was dispersed on a holly carbon grid. The HRTEM
studies were carried out using a Philips CM20 oper-
ating at 200 kV with a very low illumination to avoid
destruction of the material under the electron beam.
EDS analyses were performed using a Link QX 20
analytical system.

Thermogravimetric investigations were carried
out with a Netzsch STA 409C/MS. This machine is
connected via a capillary system 403/4 to a Balz-
ers quadrupole mass spectrometer QMS 421, which
needs an inert carrier gas. The reduction of bulk and

nanostructured transition metal oxides was achieved
with a gas mixture of 5% hydrogen in 95% nitrogen
with a heating rate of 5 K min−1.

3. Results and discussion

3.1. Powder X-ray diffraction

Powder X-ray diffraction is one of the main char-
acterization methods for mesoporous materials of the
M41S type and nanostructured host/guest compounds,
respectively. The presence of guest species within the
mesoporous structure can be detected by a reduction
of the intensities of the M41S-typical Bragg reflec-
tions in PXRD [48,54]. In general, the introduction
of scattering material into the pores leads to an in-
creased phase cancellation between scattering from
the wall and the pore regions and therefore to reduced
scattering intensities for the Bragg reflections. Theo-
retical models have shown that this phase relationship
is very sensitive. The degree of cancellation is mainly
determined by the scattering contrast between the
framework walls and the pores [55].

Fig. 1 shows the reduction of the typical reflec-
tions of a pristine MCM-48 silica material (A) after
the impregnation and calcination with iron nitrate
solutions of different concentration (0.07 mol l−1 B,
0.37 mol l−1 C, and 1.18 mol l−1 D). The increasing
destructive interferences by the pore filling with ris-
ing amounts of the iron oxide are visible. Besides
the typical MCM-48 silica reflections, no addi-
tional peaks are observed in the higher 2θ range.
This indicates that no crystalline iron oxide phase
(e.g. haematite d104 (100%) = 2.7 Å correspond-
ing to 33.2◦2θ ) has been formed outside the pore
structure.

Similar results are obtained for nickel and copper
oxides within the mesoporous host structure. The
only difference occurs by the intrapore formation of
cobalt or cobalt iron oxide within the mesopores of
the MCM-48 silica materials. Very broad high order
Bragg reflections can be observed beyond 2θ = 30◦.
These reflections can be attributed to nanoparticles of
inverse spinel systems like Fe3O4 and CoFe2O4 [50].
A rough estimation of the crystallite size by applying
the Scherrer formula leads to particles of ca. 5–6 nm
in diameter.
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Fig. 1. PXRD patterns of pristine MCM-48 silica material (A) and
after the impregnation/calcination treatment with 0.07 (B); 0.37
(C) and 1.18 (D) M aqueous iron nitrate solution. The enlarge-
ment shows the typical MCM-48 silica pattern, its reduction with
increasing iron content, respectively.

The most sensitive step in the synthesis of the host/
guest compounds by the wet impregnation/calcination
technique is the drying procedure after the impregna-
tion. Best results are obtained if the drying process is
finished at room temperature and under vacuum. Ev-
ery attempt to use elevated temperatures (above 300 K)
leads to the premature formation of large transition
metal oxide particles outside of the pores as proved
by the respective PXRD patterns (not depicted).

3.2. Nitrogen physisorption

Besides PXRD, nitrogen physisorption is the
method of choice to characterize mesoporous materi-
als. This method gives information upon the specific
surface area and the mean pore diameter. Although
the applied theories for the calculation of the pore
diameters of small mesopores (<5 nm) are still not
perfect, they can be used to give proper information
about the differences between different mesoporous

materials. Calculations of mean pore diameter of
mesoporous materials on the basis of the BJH theory
are common. These calculations are based on the
Kelvin equation and underestimate the mean pore
diameter of small mesopores in the magnitude of at
least 1 nm [56]. Nevertheless, comprehensive studies
have shown that BJH compared to other theories for
pore size calculations like Saito–Foley (SF) [57,58]
or density functional theory (DFT) give appropriate
results to determine the differences between pristine
and modified MCM-48 silica materials [14,15].

As a representative example Fig. 2 shows the ad-
sorption/desorption branches (a) and the mean pore
diameter distribution calculated by BJH (b) of the
pristine MCM-48 silica A and the three with iron
oxide loaded materials B, C, and D. All materials
show typical type IV isotherms (IUPAC classifica-
tion [59]) as it is expected for mesoporous systems.
Between p/p0 0.2–0.3 a well-defined step occurs,
representing the spontaneous filling of the mesopores
due to capillary condensation. The amount of ph-
ysisorbed nitrogen decreases with increased loading
of the mesopores (B–D). The inflection point of the
respective steps is shifted to lower values of p/p0
as expected for smaller pores. The reduction of the
mean pore diameter is observable in the pore diam-
eter distribution, too (Fig. 2b). Besides the reduction
of the mean pore diameter, a slight broadening of
the distribution can be observed. This is probably
due to a slight inhomogeneous filling/coating of the
mesopores.

As all 3d metal oxide containing MCM-48 silicas
still show mesoporosity, we can assume that the
coating of the inner surface of the MCM-48 silica
was successfully. Nevertheless, no complete filling
of the pores could be observed in any case of the
host/guest compound. A summary of the reduction of
the specific surface areas SBET,N2 and mean pore size
diameters dp,N2 (BJH) from the pristine MCM-48 sil-
icas and the respective host/guest compounds is given
in Table 1. There are two different effects causing
a reduction of the specific surface area. First of all
the intrapore formation of the transition metal oxide
nanoparticles within the mesopores reduces the mean
pore diameter and second the specific surface area
itself, too. The latter effect is due to definition of the
unit for the specific surface area dp,N2 (BJH) m2 g−1

[48].
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms and (b) pore diameter distributions of pristine MCM-48 silica material (A) and after
the impregnation/calcination treatment with 0.07 (B); 0.37 (C) and 1.18 (D) M aqueous iron nitrate solution.

3.3. Transmission electron microscopy

Transmission electron microscopy (TEM) is another
method to prove the preservation of the mesoporous
structure of the MCM-48 silicas upon the intrapore
formation of the transition metal nanoparticles. Fig. 3
shows, as an example, the HRTEM photograph of a
MCM-48 silica phase with an iron oxide content of
30 wt.%. This sample was prepared by two impregna-

Table 1
Nitrogen physisorption data for different pristine MCM-48 silica
materials and the corresponding transition metal oxide containing
phasesa

Sample SBET,N2

(m2 g−1)
dp,N2 (BJH)
(nm)

Pristine MCM-48 silica A 1273 2.55
Iron oxide/MCM-48 silica B 1093 2.47
Iron oxide/MCM-48 silica C 993 2.43
Iron oxide/MCM-48 silica D 836 2.37

Pristine MCM-48 silica 1106 2.52
Cobalt oxide/MCM-48 silica 718 2.38

Pristine MCM-48 silica 1217 2.48
Cobalt iron oxide/MCM-48 silica 593 2.21

Pristine MCM-48 silica 1133 2.68
Nickel oxide/MCM-48 silica 734 2.59
Copper oxide/MCM-48 silica 678 2.58

a SBET,N2 : total surface area by BET theory; dp,N2 (BJH): mean
pore diameter by BJH calculation.

tion/calcination procedures to gather a high loading
of iron oxide within the mesopores. The view along
the 〈1 1 0〉 zone axis shows the perfect order over a
large length scale (300 nm). This proves the outstand-
ing long-range order of the MCM-48 silica material

Fig. 3. Representative HRTEM photograph of MCM-48 silica
materials with 30% iron oxide within the mesopores (〈1 1 0〉 zone
axis).
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even after wet impregnation and calcination at 673 K.
This photograph is representative for a large number
of different crystallites. EDS investigations revealed
an almost homogeneous dispersion of iron oxide over
the whole sample area although minor deviations in
the intensity have to be stated [48,49].

3.4. X-ray absorption spectroscopy (XAS)

The formation of the transition metal oxides located
within the mesoporous host structure of the MCM-
48 silica material was proved by the characteriza-
tion methods just mentioned above. However, there
is still no information upon the structure of the
nanostructured oxides itself. XAS 1 as an element-
specific technique provides qualitative and quantita-
tive information on the local structure, which is not
accessible by methods like PXRD in case of these
nanostructured host/guest compounds. Two represen-
tative results are shown here, first (part I) the quanti-
tative examination of iron oxide nanoparticles within
the MCM-48 silica host by extended X-ray absorption
fine structure (EXAFS) analysis and second (part II)
a qualitative solution of the structure problem for the
ternary guest compound CoFe2O4 in MCM-48 silica.

3.4.1. State I
Refined structure parameters of the Fe–Fe coor-

dination shells, which are extracted from the Fe–K
EXAFS of the Fe2O3/MCM-48 host/guest compound
with 30 wt.% iron oxide (already shown in Fig. 3)
are listed in Table 2. Bulk haematite powder prepared
by calcination from iron nitrate at the same tempera-
ture (673 K) was measured and refined too. The fourth
column represents data from the structure analysis of
haematite single crystals taken from the literature [60].

For data analysis the Fe–Fe coordination shells were
extracted by Fourier filtering using a Bessel window
ranging from R = 2.3–3.5 Å. Refined structure para-
meters were obtained by fitting the obtained back
transformations (BTs) in k-space within the range
of k = 3.0–14.8 Å−1 using three shells represent-
ing three different Fe–Fe linkages. In case of bulk
haematite, four shells were used. To keep the num-

1 In modern nomenclature the abbreviation XAFS will be used
too. XAFS represents the combination of the two regions of the ab-
sorption spectrum: X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS).

ber of independent parameters as small as possible
during the refinements, some conditions with respect
to the variables had to be made: (1) the amplitude
reduction factor was always kept constant to one; (2)
the energy shift �E0 was the same for each shell and
(3) the Debye–Waller factors were constrained within
the range of 0.002–0.0045 Å2.

Bulk haematite, which is isostructural with corun-
dum, can be described as consisting of hcp arrays of
oxygen ions with two-thirds of the octahedral sites
filled with Fe(III) ions [61]. In case of crystalline
haematite four different Fe–Fe coordination shells
exist within the range of 2.9–3.7 Å (see Table 2).
While the nearest (2.90 Å) and next-nearest (2.97 Å)
neighbor shells are formed by face- and edge-shared
octahedra, respectively, the other two (3.36 and
3.71 Å) are due to a corner-shared linkage.

To check the accuracy of the least-squares refine-
ments, we also fitted the data of the bulk haematite,
which were treated in the same way as the data of the
nanostructured Fe2O3/MCM-48. The received results
are in nice agreement with the values obtained from
single-crystal XRD data as listed in Table 2 (fourth
column).

In contrast to the bulk haematite, the first Fe–Fe
shell of the nanoparticles appears at 3 Å, a distance
that can only be formed by edge-shared octahe-
dra. The host/guest compound does not contain any
face-shared FeO6 octahedra. In addition, the other
two Fe–Fe shells of the nanoparticles occur at dis-
tances of ca. 3.12 and 3.46 Å, which corresponds to
another edge- and a corner-shared linkage. The facts
that no face-shared FeO6 octahedra are found and that
the coordination numbers for each shell are relatively
small compared to those in haematite indicates the
small size of the iron oxide nanoparticles within the
mesopores of MCM-48. This is in agreement with
the physisorption experiments and the microscopic
investigations. It proves the coating of the mesopores
with a very thin layer of iron oxide [48].

3.4.2. State II
The second example for the use of XAFS in a more

qualitative way is given in Figs. 4 and 5. Cobalt iron
oxide within the mesopores is formed via the im-
pregnation with the 1:2 Co/Fe nitrate solution, which
might lead to one of the following oxides: Fe2O3,
Co2O3, Fe3O4, Co3O4 or CoFe2O4. As the calcination
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Table 2
Refined structure parameters of the Fe–Fe coordination shells, extracted from the Fe–K EXAFS of Fe2O3/MCM-48 host/guest compounds,
and bulk haematitea

Sample

Nanostructured Fe2O3/
MCM-48 (�E0 = 3.9)

Bulk haematite
powder (�E0 = −1.6)

Single crystal data
for haematite [60]

Iron–iron shells
N 0.91 1
R (Å) 2.91 2.90
�σ 2 (Å2) 0.0025 –

N 0.98 2.95 3
R (Å) 2.99 2.97 2.97
�σ 2 (Å2) 0.003 0.0039 –

N 1.12 2.80 3
R (Å) 3.13 3.37 3.36
�σ 2 (Å2) 0.003 0.0034 –

N 0.51 3.12 6
R (Å) 3.46 3.70 3.71
�σ 2 (Å2) 0.004 0.002 –

a N: coordination number; R: bond length; �σ 2: Debye–Waller factor; �E0: energy shift.

temperature for the formation of the oxides from the
nitrates was 875 K, we can exclude all oxy hydroxides
of iron and cobalt. A water uptake of the final products
was not detected; post-synthetic formation of hydrox-
ides can be excluded too. By PXRD it is known that
an inverse spinel structure has been formed. From the
phases just listed above only the Fe3O4, CoFe2O4 are
of this type, Co3O4 forms a normal spinel structure.

Fig. 4 shows the X-ray absorption near edge struc-
ture (XANES) of the Co–K edge of the respective
compounds (a) and the modified radial distribution
functions (not phase-shift corrected) (mRDF) extrac-

Fig. 4. (a) Co–K edge absorption jump and (b) mRDF of the Fe–K edge EXAFS oscillations for Co3O4, CoFe2O4, and mesoporous
Co/Fe/O-MCM-48 silica material.

ted from the corresponding EXAFS regions (b). As
reference samples bulk Co3O4 and CoFe2O4 were
used.

In the XANES region of the absorption spectra,
which is like a fingerprint, the Co/Fe/O-MCM-48
compound has the same energy position for the edge
as the one of the bulk CoFe2O4. Therefore, cobalt in
the oxidation state II is present in bulk CoFe2O4 as
well as in the nanostructured host/guest compound.
In contrast, the reference compound Co3O4 contains
two Co(III) ions for every Co(II), which is the reason
for the shift of the absorption edge to higher energies.
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Fig. 5. (a) Fe–K edge absorption jump and (b) mRDF of the Fe–K edge EXAFS oscillations for Co3O4, CoFe2O4, and mesoporous
Co/Fe/O-MCM-48 silica material.

The smearing out of the edge itself compared to the
bulk CoFe2O4 is typical for nanostructured material
and has been reported before [48,62].

In Fig. 4b showing the mRDF of the EXAFS inves-
tigation — the first oxygen shell of the nanostructured
Co/Fe/O-MCM-48 compound is comparable in height
to the CoFe2O4 reference material. In contrast, the
first oxygen shell in the bulk Co3O4 is twice more
in height. Another typical feature for nanostructured
particles is the reduction of the higher metal–metal
shells in the mRDF in comparison to the correspond-
ing bulk materials as it is apparitional within 2–5.5 Å
in Fig. 4b.

Similar features will be observed in Fig. 5, which
shows the XANES and EXAFS results of the Fe–K ab-
sorption edges. The XANES of the two bulk references
�-Fe2O3 and CoFe2O4 and the Co/Fe/O-MCM-48
silica material appear with the same valence shift rep-
resenting the presence of iron in the oxidation state
three exclusively. Again, the smearing out of the edge
feature in the XANES spectra as well as the reduction
of the higher shells in the mRDF can be observed.

These qualitative results for the structure of the
Co/Fe/O-MCM-48 host/guest compound point to a
cobalt ferrite (CoFe2O4) like structure for this mate-
rials, although a more quantitative evaluation of these
data is currently in progress.

3.5. Thermogravimetric analyses

Thermogravimetric analyses of the redox stability
of the transition metal oxide nanoparticles were carried

out in comparison to their corresponding bulk phases.
Bulk haematite can be easily reduced to magnetite at
673 K by a mixture of 5% hydrogen in 95% nitro-
gen. In contrast, nanostructured iron(III) oxide within
the mesopores of the MCM-48 silica cannot be re-
duced under the same conditions. Raising the temper-
ature above 700 K results in a reduction of iron(III)
to iron(II), but at expense of the formation of the iron
silicate fayalite (Fe2SiO4).

Copper oxide nanoparticles on the other hand can
be reduced at lower temperatures following a differ-
ent reaction way in comparison to their bulk phase
as it is shown in Fig. 6. Again the reduction was

Fig. 6. Comparison of the weight loss of bulk and nanostructured
CuO by reduction with H2/N2 (5:95%) with a heating rate of
5 K min−1.
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performed by a mixture of H2/N2 (5:95%) with a
heating rate of 5 K min−1. For an easier comparison
the weight loss of bulk CuO has been rescaled to fit
the one of CuO in the mesoporous MCM-48 silica
matrix. The starting product was CuO and the final
product was elementary copper as proved by XAFS
investigations [45]. The nanostructured CuO phases
first loses water in a temperature range of 300–420 K.
Then, the reduction to copper metal starts at ca. 420 K
in two steps. Typical for this type of CuO nano-
particles is the formation of Cu2O at the end of the
first step which ends at ca. 520 K. The second step
runs from 560 to 640 K to copper metal. In contrast,
the reduction of the bulk oxide to the metal starts at
the same temperature of 450 K, but runs in one long
step up to a much higher temperature of 800 K. This
shows the much higher reactivity of the extremely
well dispersed Cu nanoparticles within the meso-
porous host structure compared to their corresponding
bulk phase.

4. Conclusions

We have shown that wet impregnation/calcination
procedure leads to highly dispersed nanoparticles
within the mesopores of MCM-48 silica materi-
als. Different loading with transition metal oxide
nanoparticles can be obtained either by multiple
impregnation/calcination cycles [48] or by differ-
ent concentrations of the impregnation solution. The
preservation of the mesoporous host structure remains
intact even at calcinations temperatures of 923 K [50]
as proved by PXRD, N2 physisorption and electron
microscopy. XAFS investigations allow the deter-
mination of the local structure of the nanoparticles
formed within the mesoporous host. Thermogravimet-
ric studies show differences in the reduction behavior
of nanostructured copper oxides and their corre-
sponding bulk phases. The difference in the reduction
behavior of the nanostructured CuO within the meso-
porous host structure is very promising for further
possible catalytic applications. Its catalytic potential
for methanol decomposition is currently being stud-
ied [63]. Investigations of the catalytic activity of the
iron oxide nanostructures for the NOx decomposition
are in progress too.
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