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Synthesis and characterization
of iron-cobalt nanoparticles
embedded in mesoporous silica MCM-4l

Zbigniew Surowiec,
Marek Wiertel,
Mieczystaw Budzynski,
Wojciech Gac

Abstract. Fe, .Co,/MCM-41 nanocomposite materials were prepared by wet impregnation of the silica mesoporous
support with aqueous solution of iron and cobalt salt mixtures. Samples, after calcination, were reduced at 573 K in
order to obtain homogeneous distribution of (Fe-Co);0, oxide species over the MCM-41 support. Bimetallic systems
were achieved through high temperature reduction, carried out at 1073 K. The temperature-programmed reduction
studies indicated complex nature of the oxide species. The phase analysis of the obtained samples after low temperature
reduction process carried out by means of X-ray diffraction method and using >’Fe Mossbauer spectroscopy revealed
the presence of nanostructured magnetite- and maghemite-like phases. The samples with higher cobalt contents
(x > 0.2) contained additionally bimetallic phases. The complete transformation of oxide phases to bimetallic Fe-Co sys-
tems occurred during reduction process in hydrogen at 1073 K. It was observed that high temperature processing caused
partial transformation of highly dispersed iron oxide nanocrystallites into fayalite species embedded in the silica walls.
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Introduction

Nanosized materials reveal unique properties, which
are intermediate between those characteristic at atomic
level for molecules and those for bulk materials [14].
Such materials have found wide applications in the
fields ranging from storage information technology
[11] through catalysts in chemical technology [1] to
biomedical applications [13]. Iron and cobalt catalysts
have been extensively studied in the processes of CO
and H, conversion to the liquid hydrocarbons via the
Fischer-Tropsch (FT) synthesis [9]. Recently, one can
observe the renewed interest in this process [2, 3, 6].
FT synthesis can be used for production of valuable
chemicals and fuels not only from coal but also from
renewable sources, such as biomass or wastes. Many
studies have been devoted to the improvements of the
properties of iron-cobalt catalysts by the development
of new systems with suitable electronic interactions
between metal species or by increasing the number of
exposed active sites [8, 10, 11, 15]. The investigations
were mainly focused on the effects of dispersion, reduc-
ibility, preparation conditions, calcination or reduction
temperature.

Different porous media have been used for stabi-
lization and modification of the properties of metallic
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or metal oxide nanoparticles [4]. Iron-cobalt based
nanocrystallites can be prepared by the impregnation of
ordered silica mesoporous matrices, such as MCM-41 or
MCM-48. The main advantage of such a method is that
the supports allow formation of the small species within
the uniform pores of well controllable size. High total
surface area and large pore volume of these materials
facilitate development of the catalysts with high active
surface area.

The aim of the present paper was to determine the
influence of composition and pretreatment conditions on
the phase composition, redox and magnetic properties
of the iron-cobalt catalysts supported on the MCM-41
silica mesoporous materials.

Experimental

The synthesis of MCM-41silica support was accom-
plished using the procedure detailed described in [5].
In order to prepare 5 wt.% oxide iron-cobalt systems
on the MCM-41 support, solutions of iron and cobalt
nitrates were initially mixed in appropriate ratio and
then used for the impregnation of the MCM-41 silica
material. The samples were then subjected to low tem-
perature treatment (drying) at 423 K for 1 h and next,
were calcined in air atmosphere at 573 Kfor 1 h. Asa
result, the oxide systems of general formula (Fe,_.Co,)
0,/ MCM-41 were formed. The samples in the next
stage were reduced in hydrogen atmosphere at 573 K
(low temperature reduction) for 4 h. The time of heat-
ing and cooling was 40 min. Samples were denoted as
Fe-CoX/MCM-41, where X stands for the molar ratio
of Fe/Co.

In order to prepare iron-cobalt bimetallic systems
supported on the MCM-41 silica, the samples were
reduced in the flow of hydrogen at high temperature
and then were passivated. In order to realize this re-
duction a sample was placed in a quartz flow reactor.
The flow rate of 6% H,-Ar mixture was 30 cm*/min. The
temperature of reactor was maintained at 1073 K for
3 h. Then, the sample was cooled to room temperature,
flushed with helium (0.5 h at a flow of 30 cm?*/min)
and next passivated in the flow of 5% O,-He mixture
(0.5 hour at the flow of 30 cm?*/min). The procedure al-
lowed the formation of a thin oxide layer on the surface
of the metal crystallites and prevented deep oxidation
of the species. The temperature-programmed reduction
(TPR) studies of the samples after low-temperature
reduction were carried out in an AMI-1 apparatus
(Altamira Instruments Inc.).

The X-ray diffraction (XRD) and Mdssbauer
spectroscopy (MS) measurements were performed for
the samples after low and high temperature reduction
treatment. XRD patterns were measured by means of
a Philips X’Pert PW 3040/60 using diffractometer with
CuK, radiation at room temperature. They were fitted
using the FULLPROF program for Rietveld refine-
ment method.

The *"Fe Mossbauer spectra were measured in
transmission geometry at different temperatures using
a constant acceleration spectrometer with a ’Co/Rh
source. The isomer shift, IS, was calibrated against a
metallic iron foil at room temperature.

Results

Temperature-programmed reduction is a technique
used for the characterization of solid materials in the
field of heterogeneous catalysis. In this method,
the sample of catalyst in the oxidized form is submitted
to a programmed-temperature rise, while a reducing
gas mixture is flowed over it. The rate of hydrogen con-
sumption vs. temperature reflects the set of reactions
occurred in the sample:

(1) MeO, + 6H, - MeO, ; + SH,0

Thus the reduction temperature reveals the strength
of metal-oxygen (MeO) bonds, and the intensity of
signal is proportional to the amounts of suitable oxygen
species. From the practical point of view, this method
is also used to find best reduction conditions to achieve
optimal properties of catalysts [7].

The TPR profiles of the samples are presented in
Fig. 1. Studies indicate the complex interactions between
iron and cobalt oxides, and with the support. The unam-
biguously assignment of TPR maxima to the reduction
of specific oxide phases is very difficult. The reduction
of the oxide phases in the studied iron-cobalt samples
starts at low temperature, at about 470 K. A few maxima
are observed for the sample without cobalt (the lowest
curve) in temperatures ranging from 470 to 1100 K as
results of successive reduction of different oxide phases.
The maximum at about 620 K can be ascribed to the
reduction of Fe,O; species, accordingly to the reaction
equation:

(2) 3Fezo3 + Hz —> 2FC304 + HzO

The peak at 940 K corresponds to the transforma-
tion:

Fe-Co50/MCM-41

Fe-Co40/MCM-41,

Fe-Co30/MCM-41

Fe-C020/MCM-41

Rate of hydrogen consumption [a.u.]

Fe-Col0/MCM-41

Fe-Co0/MCM-41
\ ‘ \ \
400 600 800 1000

Temperature [K]
Fig. 1. TPR curves of iron-cobalt silica modified oxide sys-
tems.
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(3) F6304 + Hz — 3FeO + HzO

Complete reduction to the metallic Fe hardly oc-
curred at the temperatures above 1050 K:

4 FeO + H, » Fe + H,O

The additional overlapping peaks result from complex
metal oxide-support interactions. Large oxide aggregates
lying in inter-grain spaces are reduced more easily than
oxide phases located in the support pores. The effects
may also result from diffusion processes, for example,
retardation of reduction due to the presence of water va-
pour in the nanochannels of silica support. Moreover, the
interaction of silica with iron oxides leads to the formation
of surface or bulk silicate compounds, such as fayalite,
which are difficult to reduce (due to strong metal-oxygen
interactions). Samples, prior to TPR measurements, were
initially reduced at low temperatures, so partial transfor-
mation of iron oxides, especially large crystallites located
on the peripherals of the silica grains, to the oxides with
lower oxidation states and then re-oxidation after exposi-
tion to air could not be excluded.

An introduction of cobalt initiates a number of ef-
fects, which influence changes of metal-oxygen interac-
tions. The maxima located at 740 K and 840 K move
to lower values with an increase of Co content. The
increased signal intensity in the range of lower tempera-
tures is a consequence of the reduction enhancement.
One can also observe a slight shift of difficult to reduce
phases with maxima at 1100 K. The strongest effects of
the facilitation of reduction are visible for the Fe-Co30/
MCM-41 sample.

The observed effects may result from several rea-
sons. The reduction of cobalt oxides is a multi-stage
process, and maxima in the TPR corresponding to them
could overlap peaks from iron oxides.

Large aggregates of Co;O, are reduced in the similar
range of temperatures as Fe,O;. However, highly dis-
persed oxide species, which often form surface or bulk
chemical compounds with silica can be reduced at very
high temperatures.

Intimate contact of iron and cobalt oxide phases
facilitates mutual interactions. Thus partial reduction of
one of the system components may improve hydrogen
activation and further transfer to the second component
of oxide system. Moreover, the presence of cobalt can
cause point or macroscopic crystallographic lattice dis-
tortions in iron oxides, which may facilitate reduction.
On the other hand, high temperature treatment favors
the formation of chemical compounds between iron and
cobalt oxides in different oxidation states, e.g. with the
spinel structures. The reduction of the oxide species
located in the silica channels or strongly dispersed on
the silica grains give a chance to the formation of alloy
and bimetallic compound between iron and cobalt.

XRD patterns for selected samples after low
(573 K) and high (1073 K) temperature reduction treat-
ment are shown in Fig. 2. The broadened halo at 26 angles
between 20 and 30° results from the amorphous silica
support. Refinement by the Rietveld method of well-
-resolved peaks in the pattern for the sample Fe-Co10/
MCM-41 revealed the presence of maghemite- and/or
magnetite-like oxide phases with a partial replacement
of some Fe atoms with Co ones. The lattice parameter
is equal to 8.37(1) A. The second bimetallic phase
appears with increasing cobalt content, which is well
visible in the pattern for the sample Fe-Co40/MCM-41
(Fig. 2a, upper pattern). The Bragg peaks related to the
bimetallic phase are denoted by triangles. The bimetallic
contribution achieves a maximum value for the Fe-Co30/
MCM-41 sample.

The reduction at 573 K caused the transformation
from hematite to maghemite or magnetite with spinel-
-like structures and, as a consequence a mixture of Fe,O;
and Fe;0, is not observed. However, in the samples with
x < 0.1 reduction process performed at low temperature
was sufficient in order to partially reduce the oxide
phase to a bimetallic form.

In the samples after high temperature reduction
(Fig. 2b) two phases were identified in the whole range
of Co content. The first is bimetallic Fe,_.Co, and the
second is (Fe,Co,),SiO, compound. The contribu-
tion of bimetallic phase was changed with Co content

a)

FeCo40/MCM41

Intensity (a.u.)

b)
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Fig. 2. XRD patterns of selected samples after low temperature (573 K) reduction (a) and high temperature (1073 K) reduc-
tion (b). The full curves represent calculated patterns, the points — the observed ones. Full triangles up the diffraction pattern

indicate the bimetallic Fe-Co phase.
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from 0.05(3)% to 0.40(5)% for Fe-Co0/MCM-41 and
Fe-Co30/MCM-41 sample, respectively. Formation of
silicate compounds may result from the direct reaction
of partially reduced oxides with silica at high tempera-
tures during thermal treatment.

Figure 3 shows the Mossbauer spectra of the series
of (Fe,..Co,)/MCM-41 samples after low temperature
reduction process measured at room temperature. All
spectra consist of sextets with low intensity and one
doublet. Two sextets are related to Fe atoms located at
two non-equivalent tetrahedral (A) and octahedral (B)
sites in the magnetite-like structure. In pure magnetite
the relation of occupancies of A and B sites is equals
to 1:2. In the obtained spectra this relation is clearly
distorted. This experimental result points to the neces-
sity of taking into account one more sextet component
in the fitting procedure. All the values of hyperfine
interactions parameters for the third component are
close to the values for Fe probes in maghemite. For
the samples with x > 0.2, the fourth sextet appeared.
This component is related to bimetallic Fe-Co phase.
A central doublet with an isomer shift of about
0.33(2) mm/s and QS of 0.86(5) mm/s indicate the pres-
ence of iron in a paramagnetic state.

From Mossbauer measurements at different tem-
peratures for the sample Fe-Co30/MCM-41 after low
temperature reduction, it is evident that the relative
contribution of the paramagnetic component increases
from 8(3)% at 14 K to 49(4)% at 600 K in relation to
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Fig. 3. Room-temperature Mossbauer spectra for the
samples after low temperature reduction as a function of Co
content.
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Fig. 4. The superparamagnetic phase concentration as a
function of temperature for the sample Fe-Co30/MCM-41
measured after low temperature reduction process.

the total MS signal (Fig. 4). The paramagnetic compo-
nent represent the superparamagnetic phase (SPM)
resulting from the relaxation phenomenon due to the
intrinsic finite-size effect. The temperature dependence
of SPM phase contents presented in Fig. 4 has nonlinear
character. In the range of temperatures from 14 K to
about RT this content increases rapidly but above RT its
contribution remains almost constant. This dependence
results from the occurrence of two different crystallites
groups with different mean sizes located in the silica
support. The smaller crystallite demonstrating super-
paramagnetic behavior are located in pores, the big-
ger ones exhibit ferromagnetic ordering in inter-grain
spaces [12]. The contributions of all phases occurring in
the investigated samples are presented in Fig. 5.

Room-temperature Mossbauer spectra of the sam-
ples after high temperature reduction are presented in
Fig. 6. The obtained spectra consist of one sextet and
two doublets. The sextet has hyperfine interactions
parameters similar to the analogous parameters of
metallic iron. The isomer shift values for all the samples
were equal to 0.00(2) mm/s and QS about —0.02(1)
mm/s. The induction of hyperfine magnetic field for
the sample without Co was 33.3(1) T and this value
increases monotonically to 36.1(1) T for the sample
Fe-Co50/MCM-41.

The doublets are assigned to Fe** and Fe** ions in
the octahedral M1 or M2 sites of (Fe-Co),SiO4 modi-
fied fayalite phase.

In the result of high temperature reduction process
the highly dispersed in MCM-41 matrix Fe/Co oxide
nanoparticles (SPM phase before this process) interact
with the walls of silica nanochannels to form fayalite.
In a consequence, the doublet related to SPM phase
disappears completely in the MS spectra after reduc-
tion. The Fe/Co oxide nanocrystallites of the larger
sizes are reduced to bimetallic Fe/Co nanoparticles. In
this way ferromagnetic Fe nanoparticles stabilized with
Co addition were obtained in the nanocomposite. The
bimetallic Fe-Co phase contribution as a function of

600
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Fig. 5. The phase contributions vs. the Co content for the
samples after low temperature reduction derived from room-
-temperature MS spectra.

Co content is shown in Fig. 7. The maximum bimetallic
phase contribution occurs for the samples with a cobalt
content of x = 0.3.
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Fig. 6. Room-temperature Mdssbauer spectra for the
samples after high temperature reduction as a function of
Co content.
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Fig. 7. The bimetallic Fe-Co phase contributions vs. Co con-
tent for the samples after high temperature reduction derived
from room-temperature MS spectra.

Conclusions

Ordered mesoporous materials of MCM-41 type can be
used as a support for magnetic nanoparticles. Nanocrys-
tallites of iron oxides located in silica pores exhibit a su-
perparamagnetic behavior. The nanoparticles with sizes
of the order of 40 nm mainly located in the inter-grain
spaces create a stable metallic phase which is not oxidized
in the atmosphere. The high temperature reduction
leads to chemical transformation of a part of the highly
dispersed oxides phases to the fayalite. The optimal Co
content to obtain maximum bimetallic phase contribu-
tions was determined as being equal to 30 wt.%.
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