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Abstract

Mixed copper and iron modified MCM-41 mesoporous silica with various Cu/Fe ratio are characterized by N2 physisorption, X-ray diffraction
(XRD), transmission electron micrographs (TEM), X-ray photoelectron spectroscopy (XPS), Moessbauer spectroscopy and temperature pro-
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rammed reduction with hydrogen. Their catalytic properties in methanol decomposition to CO and H2 are investigated and compared with tha
he corresponding mono-component materials. The catalytic behaviour of bi-component materials are discussed based on the nature o
ctive sites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade the decomposition of methanol has
ained a considerable interest in various aspects such as: obtain-

ng of alternative effective and ecological fuels for vehicles and
uel cells or supplemental fuel for gas turbines at peak demands;
reparation of some valuable for the chemical industry com-
ounds, gases or gas mixtures (methyl formate (MF), synthesis
as, methane, etc.); an “energetic pump” for the recovery of heat

rom the engine exhausts because of its endothermic character
nd a key for the understanding of mechanism of the reverse
ethanol synthesis reaction[1–4].
On the other hand, the valuable application of methanol

ecomposition in various aspects requires the development of
atalysts, active at low temperatures in combination with good
tability and a high selectivity to the desired product. Copper-
ased materials have been often studied as good catalysts for
ethanol decomposition to CO and hydrogen, but the problem
ith their selectivity at lower temperatures and stability at higher

ones still remains[2,5–18]. Much effort for their improvemen
has been done and various methods such as promoter ad
changes in the copper precursor and preparation condition
been applied[11–13,15,19,20]. It was shown that the activi
and stability of copper-based catalysts is significantly enha
after their deposition on various porous supports (silica,
vated carbon, etc.)[21–25]. However, the decrease of cataly
selectivity due to the formation of methyl formate is obser
after their preliminary reduction[21]. In our previous inves
tigation we also found that the process selectivity could
successfully varied to methane formation when iron-based
alysts are used[24,26–32]. Moreover, by variations in the iro
phase composition, gas mixtures with different CO/CH4 ratio
could be obtained. It was also assumed, that the iron par
dispersion is of a key importance for the selectivity regula
[26,30]. Larger iron oxide particles, which readily transform
metallic iron or iron carbides due to the influence of the reac
medium, decompose methanol predominantly to CO and2.
On the contrary, the methane selectivity is essentially incre
when transformation of haematite to magnetite occurs.

Several techniques for the catalysts design improveme
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known and among them the creation both of nanometer-scale and
bimetallic systems have gained substantially popularity recently
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[33,34]. The control and stabilization of nanosized metal/metal
oxide species became more available with their deposition on
various porous supports[35–42]. Here, the ordered mesoporous
silica materials have been widely concerned as new potential
carriers for catalysts due to their high specific surface area, pore
volume and a narrow pore size distribution[43–52]. The most
widely studied mesoporous material is MCM-41, which consists
of two-dimensional hexagonal arrays of uniform mesopores with
pore diameters ranging from 2 to 10 nm[35,53–59]. MCM-41 is
synthesized under alkaline conditions using cationic surfactants
as structure directing agents. Furthermore, the use of bimetallic
systems is an additional parameter for the catalysts design. The
catalytic properties of mixed metal systems could be influenced
by the metal/metal oxide particle sizes and it could be quite
different when they are in a highly dispersed state due to the
altering of their electronic structure[33,60]. The small particle
size changes the chemisorption bond strength between the metal
surface and the substrate, leading to the appearance of strong
metal support interaction (SMSI) with limited reducibility and
also leads to the formation of bimetallic nanoparticles. On the
other hand, metal/metal oxide dispersion can be readily varied
at the addition of second metal due to the formation of mixed
oxide phase or oxide interface between the support and the active
metal. For the copper–iron-based materials the formation of
alloys has been usually established[61,62]. It has been reported
that the presence of Fe and Cu in the catalyst significantly influ-
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compact small-angle system with Cu K� radiation (wavelength
λ = 1.542Å). The N2 physisorption was determined at 77 K
using a Micromeritics ASAP 2010 sorptometer. The samples
were outgassed at 423 K for 12 h before measurements. The
pore diameters were determined by NLDFT calculations using
Autosorb 1 for Windows 1.25 software (Quantachrome Instru-
ments)[68].

The transmission electron micrographs (TEM) were recorded
on Philips CM 30 ST.

The TPR–TGA (temperature-programmed reduction–ther-
mogravimetric analysis) investigations were performed in a
Setaram TG92 instrument. Typically, 40 mg of the sample were
placed in a microbalance crucible and heated in a flow of
50 vol.% H2 in Ar (100 cm3/min) up to 873 K at 5 K/min and
a final hold-up of 1 h. Prior to the TPR experiments the sam-
ples were treated in situ in a flow of air up to 773 K at a rate of
10 K/min followed by a hold-up of 1 h.

The Moessbauer spectra were obtained at room temperature
with a Wissel (Wissenschaftliche Elektronik GmbH, Germany)
electromechanical spectrometer working in a constant acceler-
ation mode. A57Co/Cr (activity∼= 10 mCi) source and an�-Fe
standard were used. The experimentally obtained spectra were
fitted by the least square-method. The parameters of hyperfine
interaction such as isomer shift (IS), quadruple splitting (QS),
the line widths (FWHM), and the relative weight (G) of the
partial components in the spectra were determined. In order
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nces the sintering and carbidization of iron and/or coppe
lso improves catalysts activity and stability in reverse wate
hift reaction[63–67]. However, to the best of our knowledge
ehaviour of copper–iron catalysts in the process of meth
ecomposition has no been reported. The present paper a
lucidation of the catalytic properties of Cu and Fe supporte
CM-41 materials in methanol decomposition. Special a

ion is paid on the state of the catalytic active sites.

. Experimental

.1. Materials

The parent mesoporous silica of the MCM-41 type w
ET surface areas of 1023 m2/g and total pore volume o
.85× 10−6 m3/g was synthesized by standard procedure[23].
fter template removal the parent MCM-41 material was sti

or 1 h first at room temperature and then for 1 h at 323 K
.028 M solution of Cu(II) and/or Fe(III) acetylacetonates
hloroform. At the following step the chloroform was eva
ated in a rotary evaporator. The sample was then dried at
emperature under vacuum for 3 h. The samples, denot
CuFe/M41, with total metal content of 6 wt.% and Cu/Fe
atio (n) in the range of 0.03–11, were obtained. For compar
ono-component iron (Fe/M41) and copper (Cu/M41) sam
ith 6 wt.% metal content, were also prepared.

.2. Methods of investigation

Small-angle X-ray scattering (SAXS) and powder X-
iffraction (XRD) measurements were performed on a Kr
d
s

l
at

s

,

o describe the samples more precisely, an idealized core
odel is applied to the Moessbauer spectra data[69]. The high-
st core/shell ratio could be ascribed to the presence of the l

ron particles.
X-ray photoelectron spectroscopy (XPS), measurem

Perkin Elmer PHI 5400 ESCA System Spectrometer)
erformed at a base pressure of 1× 10−8 Torr using the Mg
� X-ray (λ = 1253.6 eV) source. The electron analyzer p
nergy in the XPS high-resolution scans was 35.75 eV.

ake-off angle of the photoelectrons was 45◦. The UNIFITTU
Version 2.1) software was used for peak fitting and q
itative chemical analysis, applying sensitivity factors gi
y the manufacturer of the instrument. The high-resolu
pectra were charge compensated by setting the bi
nergy (BE) of the C(1s) contamination peak to 284.6
he atomic surface XPS concentrations were quantitat
stimated using the simplified model of Kerkhof-Mou

70].

.3. Catalytic experiments

The catalytic experiments were carried out in a flow typ
eactor (0.055 g of catalyst, three times diluted with groun
lass) with methanol (3.5 mol%) in Ar (50 ml/min), the lat
eing used as a carrier gas. The temperature was raised
ate of 1 K/min in the range of 350–770 K. Some experim
ere done under isothermal conditions at selected tempera
n-line gas chromatographic analysis was made on a po
and a molecular sieve column using an absolute calibr
ethod. Before the catalytic experiments the samples wer

reated in situ in air at 773 K for 2 h. In some cases, the sam
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Fig. 1. PXRD for pristine and selected Cu and Fe modified MCM-41 materials.

were additionally reduced with hydrogen at 773 K for 2 h. These
samples were denoted as (R).

3. Results

3.1. Textural characterization of the pristine and the Cu
and/or Fe modified mesoporous materials

3.1.1. Powder X-ray diffraction and transmission electron
microscopy

X-ray diffraction patterns of parent and one example of CuFe-
modified silica materials (as the other CuFe loaded material
show similar patterns) are presented inFig. 1. The preservation

Table 1
Samples composition and results of N2 physisorption measurement

Sample Cu/Fe BET
(m2/g)

dpore (BJH)
(nm)

Vpore (BJH)
(m3/g)

MCM-41 1023 2.98 1.15
Fe/M41 902 2.98 0.96
Cu/M41 845 2.98 0.91
0.03CuFe/M41 0.03 928 2.98 1.02
2CuFe/M41 2 879 2.98 0.94
8CuFe/M41 8 901 2.97 1.03
11CuFe/M41 11 855 2.96 0.92

of small angles X-ray reflections after the iron and/or copper
deposition is an indication for the absence of structural collapse
of the silica support during the sample preparation. The observed
decrease in the intensity after the impregnation, especially of the
high ordered reflections can be ascribed to an overall decrease
in the electron density difference between the silica wall and the
pore due to the distribution of the iron and copper species within
the support pore system.

No additional characteristics of crystalline Fe2O3 (24.1◦,
33.0◦, and 35.6◦ 2θ) and CuO (35.7◦ and 38.5◦ 2θ) were
observed in the P-XRD pattern (not shown), indicative of the
presence of highly dispersed iron and copper oxide particles.
An additional evidence for their high dispersion are the TEM
images of the samples (Fig. 2).

3.1.2. Nitrogen physisorption
Nitrogen adsorption/desorption curves and the correspond-

ing calculated characteristics of the parent silica and its iron
and/or copper oxide modifications are presented inFig. 3a and
Table 1, respectively. InFig. 3b the changes in the support pore
diameter distribution due to the metals introduction, calculated
by Barret–Joyner–Halenda (BJH) theory[71] are also shown.
These BJH pore diameters do not give the absolute pore diame-
ters, because the theory is not corrected for materials with pore
diameters below 4 nm, but they give reasonable result for com-
p type
I of

Fe/M
Fig. 2. TEM images of 0.03Cu
sarison. The isotherms of the parent MCM-41 material is of
V profile according to IUPAC classification, which is typical

41 and 2CuFe/M41 initial samples.
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Fig. 3. N2 physisorption isotherms (a) and corresponding pore diameter distribution (b) for pristine and Fe and/or Cu modified MCM-41 materials.

mesoporous materials. A sharp pores filling step at 0.3–0.4 rel-
ative pressure was observed, which indicates a narrow pore size
distribution. Similar nitrogen sorption isotherms with a some-
what less pronounced condensation step were obtained for all
modified samples (Fig. 3a). Generally, the sorption isotherms
and X-ray diffraction measurements indicate that the meso-
scopic order is maintained after the impregnation and the latter
did not alter or harm the general pore characteristics of the silica
support.

3.2. Spectral measurements

3.2.1. Moessbauer spectroscopy
In order to characterize the state of iron for the obtained

materials more precisely, Moessbauer spectra of the ini-
tial mono-component Fe/M41 and selected bi-component
nCuFe/M41 samples with different Cu/Fe ratio were obtained.

The Moessbauer spectra are presented inFig. 4a and the
corresponding calculated parameters are listed inTable 2. The
spectra of all materials consist of lines of quadrupole doublets
(Dbl) due to small particle effects. The determined IS values
(Dbl1 and Dbl2,Table 2) are characteristic for high spin Fe(III)
ions in octahedral coordination. They could be assigned to
highly dispersed iron oxide particles with superparamagnetic
behaviour (SPM). In accordance with the calculated core/shell
ratios (Table 2), almost similar iron particles dispersion despite
the samples composition could be assumed in all cases.

Moessbauer spectra (Fig. 4b and c) and the corresponding
parameters (Table 2) for the samples after Sections3.3 and 3.4
were also presented. For the mono-component Fe/M41, the main
changes concern the appearance of a new component (Dbl3) of
Fe(II) clusters. Their relative weight is greater after the TPR
experiment as compared to that after the catalytic test. Surpris-
ingly, such type of transformations was not observed for any

treat s.
Fig. 4. Moessbauer spectra of air pretreated, reduced (R) and
 ed in the catalysis (C) Fe/M41, 2CuFe/M41 and 0.03CuFe/M41 material
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Table 2
Moessbauer parameters of the selected samples after air pretreatment (O), reduction (R) and catalytic test (C)

Sample Compounds IS (mm/s) QS (mm/s) FWHM (mm/s) G (%)

Fe/M41 Dbl 1–Fe2O3–SPM–core 0.33 0.81 0.39 48
Dbl 2–Fe2O3–SPM–shell 0.34 1.29 0.50 52

Fe/M41 (R) Dbl 1–Fe2O3–SPM–core 0.36 0.79 0.43 42
Dbl 2–Fe2O3–SPM–shell 0.36 1.32 0.51 42
Dbl 3–Fe (II) cluster 0.94 2.41 1.00 16

Fe/M41(C) Dbl 1–Fe2O3–SPM–core 0.35 0.78 0.40 48
Dbl 2–Fe2O3–SPM–shell 0.35 1.28 0.49 48
Dbl 3–Fe(II) cluster 0.97 2.52 1.00 4

2CuFe/M41 Dbl 1–Fe2O3–SPM–core 0.33 0.78 0.45 52
Dbl 2–Fe2O3–SPM–shell 0.33 1.29 0.52 48

2CuFe/M41(R) Dbl 1–Fe2O3–SPM–core 0.33 0.78 0.51 53
Dbl 2–Fe2O3–SPM–shell 0.33 1.25 0.57 47

2CuFe/M41(C) Dbl 1–Fe2O3–SPM–core 0.33 0.72 0.45 55
Dbl 2–Fe2O3–SPM–shell 0.33 1.18 0.52 45

0.03CuFe/M41 Dbl 1–Fe2O3–SPM–core 0.36 0.71 0.38 49
Dbl 2–Fe2O3–SPM–shell 0.36 1.14 0.50 51

0.03CuFe/M41(R) Dbl 1–Fe2O3–SPM–core 0.36 0.81 0.44 44
Dbl 2–Fe2O3–SPM–shell 0.35 1.33 0.64 50
Dbl 3–Fe(II) cluster 1.06 2.00 0.50 6

0.03CuFe/M41(C) Dbl 1–Fe2O3–SPM–core 0.35 0.78 0.38 47
Dbl 2–Fe2O3–SPM–shell 0.34 1.29 0.52 53

of bi-component materials after the catalytic test. Only in the
case of the sample with lowest copper content (0.03CuFe/M41),
Fe(II) species but in very low relative weight, were observed
after hydrogen reduction.

3.2.2. XPS measurements
Data from XPS measurements for the mono-component Cu

and Fe MCM-41 supported materials and selected bi-component
ones with different Cu/Fe ratio are presented inFig. 5. The

atomic percentage ratios of various species are listed inTable 3.
Two distinct iron peaks were observed at binding energies of
711.4 and 714.5 eV for the Fe/M41 sample. The binding energy
of about 711 eV for the Fe 2p3/2 main peak is in agreement with
the typical values for the iron oxides reported in the literature
[72–74]. The peak at higher BE could not be attributed to any
one particular iron state. Thus, when combining the observed
slightly higher BE value for the Fe(III) specie compared to the
literature values and the small Fe/Si ratio it can be concluded that
the two peaks originate from the core level of the deposited iron
particle and from its surface atoms associated with the support,
resulting in the reduction in their coordination number. Simi-
larly, the iron peaks fornCuFe/M41 samples can be concluded
to result from Fe(III) species with the core level atoms and the
surface atoms interacting differently with the support, although
their corresponding binding energies were slightly lower than
for the Fe/M41 sample i.e. 710.1 and 713.1 eV, respectively.
The observed lower BE values for the bi-component materials
as compared to the expected that ones of hematite could be also
ascribed to the decrease of the FeO bond strength due to the
existence of additional type of metal species interaction[75].
All bi-component samples contain only one type of Cu atoms,
namely Cu(II).

Table 3
S s eluci-
d

S u

0 5
2 8
C
F

Fig. 5. XPS spectra of the selected samples.
urface atomic concentration of various species for the selected sample
ated by XPS

ample Fe/Si Cu/Si Fe/C

.03CuFe/M41 0.045 0.004 11.2
CuFe/M41 0.032 0.017 1.8
u/M41 – 0.024 –
e/M41 0.029 – –
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Table 4
Data of TPR experiments for Fe and/or Cu modified MCM-41

Sample Tmax
a (K) Weight loss (mg) Reduction

degreeb (%)
LT/HT
ratio

LT stage HT stage

0.03CuFe/M41 574 0.22 0.27 62.8 0.81
2CuFe/M41 453 0.23 0.35 95.1 0.65
8CuFe/M41 444 0.18 0.23 100 0.78
11CuFe/M41 452 0.40 0.25 100 1.6
Cu/M41 442 0.26 0.42 100 0.62
Fe/M41 572 0.24 0.43 76 0.56

a Temperature of the low-temperature reduction maximum in the DTG curves.
b Total weight loss during the low-temperature (LT) and high-temperature

(HT) stages referenced to the calculated theoretical weight loss for the reduction
of the corresponding metal ion to pure metal.

3.3. TPR experiments

The data from TPR–TG experiments of all iron and/or cop-
per modified materials are presented inTable 4andFig. 6. From
the TG profiles (not shown) could be distinguished the presence
of two reduction stages, a low-temperature (LT) and a high-
temperature (HT) one that could be ascribed to the reduction
of metal oxide species with different dispersion. For all copper
containing materials the LT stage is characterized by a clearly
defined reduction peak with maximum at about 440–460 K cor-
responding to Cu(II)→ Cu(0) transition. Only in the case of
0.03CuFe/M41 a clearly defined reduction peak with maximum
at about 575 K is registered that we assign to Fe(III)→ Fe(II)
transitions. Similar reductive behaviour is observed for Fe/M41
as well. At higher temperatures only a tail in the TG profile
is observed, which could be assigned to the presence of iron
and/or copper oxide species reducible with greater difficulty
due to their higher dispersion and stronger interaction with
the support. For Fe/M41 and 0.03CuFe/M41 a comparatively
low reduction degree, probably due to presence of significant
amount of reducible with greater difficulty iron oxide species is
observed. For more precise elucidation of the different reductive
behaviour of the samples we have calculated the LT/HT weight

Fig. 6. DTG curves registered during TPR of various Cu and/or Fe modified
MCM-41.

loss ratio (Table 4). The observed increase in the LT/HT ratio for
all bi-component materials in comparison with the correspond-
ing mono-component ones suggests a decrease in the relative
part of the particles strongly interacting with the support.

3.4. Catalytic results

In Fig. 7 are presented the temperature dependencies of
methanol decomposition and CO selectivity for the samples with

eratu
Fig. 7. Methanol conversion (a) and CO selectivity (b) vs. temp
 re for the investigated various copper and iron modified MCM-41 silicas.
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Fig. 8. Methanol conversion and CO selectivity vs. time on stream at 562 K for 11CuFe/M41 (a) and at 650 K for 0.03CuFe/M41 (b), compared with Cu/M41 at the
same temperatures.

various Cu/Fe ratios. For comparison, the catalytic properties of
the corresponding mono-component materials are also shown.
As a whole, bi-component materials exhibit similar catalytic
activity to that of Cu/M41 with well-defined conversion loop
at 500–550 K. Only the sample with the lowest copper content
(0.03CuFe/M41), which exhibit a bit higher catalytic activity
in comparison with Fe/M41, shows a shift of the conversion
curve at significantly higher temperatures. At the same time sim-
ilarly to Fe/M41, almost 100% selectivity to CO is registered
at relatively lower temperatures for all copper–iron materials
(Fig. 7b). Under the same conditions a significant formation of
methyl formate (MF) is registered for Cu/M41. However, above
600 K changes in the CO selectivity for all the samples occur.
A decrease in CO selectivity due to the formation of methane is
found for all iron containing materials and that ability is more
pronounced for the samples with higher iron content. At the
same time, a well-defined tendency for CO selectivity increase
with temperature is observed for Cu/M41.

The increase in the CO selectivity for the selected
nCuFe/M41 samples with highest (11CuFe/M41) and lowest
(0.03CuFe/M41) copper content under isothermal conditions
is demonstrated inFig. 8a and b, respectively. A well-defined
tendency for the conversion and catalytic stability increase are
observed for 0.03CuFe/M41, while they essentially decrease for
11CuFe/M41.

In Fig. 9 is illustrated the effect of the preliminary reduc-
tion of the selectednCuFe/M41 sample and it is compared with
that one of the corresponding mono-component materials. A
decrease in both methanol conversion and methane selectivity
occurs after the reduction of Cu/M41 and Fe/M41. However,
no significant catalytic effect of the pretreatment conditions is
found for 2CuFe/M41. For comparison, a mechanical mixture
of Cu/M41 and Fe/M41 (2:1) is also studied after pretreatment
in air and hydrogen (Fig. 10). In contrast to the corresponding
2CuFe/M41 (Fig. 7) here a complex conversion curve charac-
terized with lower catalytic activity and a maximum at about

time
Fig. 9. Methanol conversion (a) and CO selectivity (b) vs.
 on stream for selected materials pretreated in air or hydrogen (R).
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Fig. 10. Methanol conversion for mechanical mixture of Cu/M41 and Fe/M41
(2:1) pretreated in air or hydrogen (R).

580 K is registered. Some differences in the CO selectivity of
the mixed sample depending on the pretreatment medium are
also observed.

4. Discussion

The methanol decomposition selectivity has been widely dis-
cussed in the literature. Various possible reaction pathways lead
ing to the formation of CO, hydrogen, methane, methyl formate,
etc. have been suggested[9,17,76–79]. For the copper contain-
ing catalysts, methyl formate is often assumed to be the firs
product formed in methanol decomposition to CO and H2, while
over group VIII metals, methanol could be directly converted to
CO and hydrogen. The mechanisms included the formation o
HCHO as an intermediate was proposed in both cases. Howeve
HCHO adsorption preferentially as�1(O) structure is suggested
for the copper containing catalysts. This structure favours its
attack by nucleophiles (such as CH3OH, CH3O) leading to
the formation of MF. It is suggested also that for group VIII
metals, HCHO intermediates exist as�2(C,O) structures which
can be readily decomposed to CO and H2. An alternative path-
way including methane formation through the preferential CO
bond cleavage in the methanol molecule has been also discuss
[78,79].

Based on the presented results above, some general cataly
e
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m-
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(ii) Addition of very small amounts of Cu- to iron-based mate-
rials (0.03CuFe/M41) leads not only to substantial increase
and stabilization of the catalytic activity (Fig. 8a), but also
to a decrease in the methane selectivity (Fig. 8b).

(iii) The preliminary reduction of the samples with hydro-
gen essentially affects the catalytic behaviour only for the
mono-component materials, while no significant effect is
observed for the bi-component ones (Fig. 9).

(iv) The catalytic behaviour of the mechanical mixture of
Cu/M41 and Fe/M41 differs essentially from that one of
nCuFe/M41 material with the corresponding Cu/Fe ratio
(Figs. 7 and 10).

The data from the N2 physisorption, XRD, TEM, XPS and
Moessbauer spectra (see Section3) show the formation of Cu(II)
and/or Fe(III) finely dispersed oxide particles into the silica
matrix. The simultaneous appearance in TPR profiles of low
temperature and high temperature reduction stages, usually char-
acterized with LT/HT weight loss ratio below one, is indication
for the presence of reducible with greater difficulty particles,
probably strongly interacting with the support (Table 4). The
same conclusion could be also assumed on the base of XPS
spectra, where two well-defined iron peaks with different BE,
probably belonging to iron species differently interacting with
the support are registered (Table 3, Fig. 5) However, some essen-
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ffects should be mentioned:

(i) In a wide range of Cu/Fe ratio, the samples preserve sim
but substantially more unstable catalytic activity in co
parison with the mono-component Cu-containing mat
(Figs. 7 and 8). However, practically no methyl formate
registered at relatively low temperatures, but a signifi
decrease in CO selectivity due to the formation of meth
is observed at higher temperatures.
-

t

f
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ial differences in the state of metal species for thenCuFe/M41
amples as compared to the mono-component materia
bserved:

(i) Moessbauer spectra for the bi-component materials
that no or very small transformations with iron partic
occur during the reduction or after the catalytic test.
the contrary, Fe(II) clusters in various relative weights
found for the mono-component Fe/M41 sample after
catalysis or reduction treatment (Table 2, Fig. 4).

(ii) The surface atomic Fe/Cu ratio elucidated in XPS meas
ments remains above one, despite the samples compo
Here, some shifting of the BE values for the iron spe
in comparison with the mono-component Fe/M41 sam
is also registered (Table 3).

iii) An increase in the LT/HT weight loss ratio in TPR profi
for all nCuFe/M41 in comparison with the correspond
mono-component materials is observed (Table 4).

So, some substantial changes in the state of copper an
articles during their simultaneous introduction in the sam

s assumed. The formation of new, complex catalytic active
er of Cu Fex type, which is not a “mechanical mixture”
ndividual copper and iron sites, could be suggested. This
greement with[63], where new active species located at

nterface between Cu and Fe was also proposed. In this a
hanges in the electron donation between the catalytic sit
he substrate (methanol) molecule leading to the changes
dsorption properties could occur. As a result, changes i
atalytic activity, stability and selectivity due to the variati
n the methanol decomposition mechanism are expected.
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5. Conclusion

At lower temperatures copper–iron modified MCM-41 meso-
porous silica exhibit both higher catalytic activity and CO selec-
tivity in comparison with the corresponding mono-component
materials. The catalytic behaviour of the samples is gradu-
ally influenced by the Cu/Fe ratio. The formation of complex
catalytic active centre, including Fe(III) and Cu(II) species in
various ratio is assumed.
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