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a b s t r a c t

Co/MCM41 catalyst with 4.3 wt % Co (Co/sc) has been prepared by supercritical CO2 reactive deposition
(‘scfrd’) and characterized by different physicochemical techniques. This synthesized method was
compared with others conventional methodologies such as template-ion exchanged (Co/tie) and incip-
ient wet impregnation (Co/iwi) with similar cobalt content. All the samples were studied as catalysts on
the CO total oxidation (COTox) and preferential oxidation of CO on H2-rich streams (COProx). Incorpo-
rating cobalt with supercritical CO2 leads to a catalyst which produces values of CO conversion similar to
those obtained by conventional methods such as incipient wetness impregnation (Co/iwi) or template-
ion exchanged (Co/tie). It has been possible to identify different cobalt species present in catalysts
depending on their synthesis methods by Temperature-Programmed Reduction (TPR), X-ray Photo-
electronic (XPS), Laser Raman (LRS) and X-ray Absorption (XANES/EXAFS) spectroscopic studies. All
samples containing a main cobalt species of cobalt (II) coordinated with Si tetrahedral sites form part of
mesoporous structure and lesser extent, cobalt orthosilicate on the surface. In addition, Co3O4 species
dispersed over the MCM41 support were detected for the Co/iwi and Co/sc catalysts.

Thus, the combination of Co3O4 nanoparticles and Co(II) sites interacting with the siliceous structure,
highly dispersed on the surface and inside the mesoporous support obtained by the ‘scfrd’ method
resulted in a more active and selective catalyst for the COProx reaction.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

TheMCM-41 material is one of the most representative mem-
bers of the mesoporous structures, characterized by a one-
dimensional structure of uniform cylindrical mesopores of about
2e10 nm organized in a hexagonal symmetry [1,2]. The highly or-
dered pore systems with tunable pore sizes [3], large surface areas
and pore volumes, as well as a high density of surface silanols [4]
provide excellent opportunities in chemistry, catalyst and separa-
tion processes [5,6].

Many efforts have been devoted to expand the application of
mesoporous silica materials as catalysts with tunable properties. In
spromonte).
this sense, the introduction of various metal cations provides great
potential. Likewise, it has been found that, depending on the
preparation method used, the metal ion can be incorporated in the
framework of the mesoporous silica matrix or can occupy extra-
frame positions [7,8]. Initially, the incorporation of aluminum into
the MCM41 structure was performed to create acidity in the ma-
terial [9,10]. In addition, the MCM41material with V, Fe, Mn, Cs and
others metals has been successfully synthesized [11e14]. Similarly,
the incorporation of heteroatoms such as Cu, Zn, Al, B, Ga, Fe, Cr, Ti,
V, Co and Sn into the mesoporous silica framework has been
extensively investigated [15,16]. The incorporation of transition
metals as cobalt or copper into mesoporous materials is of
considerable interest because Co and Cu catalysts are widely used
inmany processes, particularly those of environmental importance,
and they constitute a cheap alternative to the use of noble metals as
active centers of catalysts for the oxidation and reduction reactions.
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In this sense, the preferential oxidation of CO (COProx) has recently
raised considerable interest as an alternative route for the removal
of CO from hydrogen-rich streams used to PEM fuel cells (Proton
Exchange Membrane Fuel Cells) [17]. Before entering the cell, the
CO concentration must be less than 10 ppm in order not to dete-
riorate the cell anode. Therefore, numerous articles on transition
metal oxides such as CueCe and CoeCe systems have been pub-
lished, in which oxides play a fundamental role in redox reactions
[18,19].

On the other hand, some catalysts have been reported which are
based on noble metals highly dispersed in mesoporous supports.
Wang et al. [20] reported Ru catalysts supported on different
mesoporous silica, MCM-41, MCM-48, SBA-15 and KIT-6. The per-
formance of Ru catalysts in the COProx reaction was related to the
Ru dispersion and reducibility, and support pore structure.
Following this line of research, Huang et al. [21] reported high ac-
tivity and selectivity of Pt supported on mesoporous substrate
(FSM-16) for the PROX reaction.

The behavior of systems CuOeCeO2 on SBA-15 active and se-
lective in the oxidation of CO has recently been published [22]. This
catalyst showed high CO conversion with 5 wt % of copper.

The deposition of catalytically active nanoparticles on supports
with high dispersion is an important and effective strategy for the
design of catalysts. Conventional methods such as impregnation
techniques often generate agglomerations or large particles with
broad size distribution in the mesopores and/or on the external
surface of the porous catalyst. The incipient wetness impregnation
(‘iwi’) method allows a good control on metal loading but a poor
control onmetallic dispersion [23,24]. Thus, it is important to study
and analyze different ways to introduce the active phase in the
mesoporous support. The MCM41 materials are synthesized in
alkaline media by the so-called (SþI�) synthesis route [25], where
Sþ is the cationic surfactant and I� is the anionic inorganic silica
precursor [26,27]. The template ion exchange (‘tie’) method is
based on the concept that the cationic surfactants in the as-
synthesized mesoporous materials can be partially replaced
through ion exchange by other inorganic cations. Metal ions (Mdþ)
such as Agþ, Mn2þ, VO2þ, Fe3þ and Cr 3þ have been introduced into
MCM41 by the ‘tie’ method [28e32]. These catalysts were
employed for oxidation reactions such as the oxidation of CO [28],
methane [31] and short-chain alkanes (ethylene and propylene)
[32]. Since there are no cation-exchange sites in the purely siliceous
MCM41 after calcination, it is difficult for the metal components to
be exchanged as in the exchanged zeolites sites [33,34].

Furthermore, an interesting method for incorporating active
phases on catalyst supports is the reactive deposition using su-
percritical fluids (‘scfrd’). It is a promising method to deposit
nanoparticles and films on inorganic porous supports, polymer
substrates and carbon nanotubes [35,36]. This process involves
the dissolution of an organometallic precursor in a supercritical
fluid (SCF), the impregnation of the substrate by exposure to this
solution, and the subsequent decomposition of the precursor. CO2
is the most commonly used supercritical fluid (scCO2) for material
synthesis because it is non-toxic, non-reactive, nonflammable and
inexpensive. Under supercritical conditions, CO2 as a solvent has
intermediate properties between gases and liquids. The gas-like
diffusivity and viscosity of scCO2 are favorable for rapid diffu-
sion and permeation into mesoporous substrates, whereas the
liquid-like density allows the dissolution of a wide range of
organometallic precursors. The zerosurface tension of scCO2 al-
lows a better penetration and wetting of pores than liquid sol-
vents and avoids the pore collapse which can occur on certain
structures. The simple removal from the substrateby controlled
decompression is performed without leaving any residue on the
support [37e39].
The goal of the present study is to investigate the cobalt species
which are incorporated in theMCM41 catalytic support by different
synthesis methods and compare its catalytic properties in the CO
Preferential Oxidation reaction. The methods used to incorporate
the active phasewas (i) template-ionic exchange (‘tie’), (ii) incipient
wet impregnation (‘iwi’) and (iii) supercritical CO2 reactive depo-
sition (‘scfrd’) in the total and preferential CO oxidation in reductive
atmosphere to purify H2 streams. Spectroscopic methods such as X-
ray absorption (EXAFS/XANES), X-ray photoelectron (XPS) and
Laser Raman (LRS) together with temperature-programmed
reduction (TPR) techniques are used to characterize the nature
and local environment of the cobalt sites in these types of materials.
2. Experimental section

2.1. Synthesis of MCM41

The MCM41 support was synthesized following the method
used by Szegedi et al. [40]. A solution of surfactant (C16TMABr) was
prepared by continuousmixing with de-ionizedwater and absolute
ethanol at room temperature. The pH of the solution was adjusted
by adding an aqueous ammonia solution (29 wt %). Then, tetrae-
thylorthosilicate (TEOS) was added dropwise in a couple of mi-
nutes. The molar composition of the resulting gel mixture was
TEOS:0.3C16TMABr:11NH3:144H2O:58EtOH.

The support thus obtained was filtered, thoroughly washedwith
de-ionized water and dried for 12 h at 60 �C. The template was
removed by calcination in a flow of air at 550 �C during 6 h.
2.2. Incorporation of cobalt

Template-ion Exchange (‘tie’method). For the TIE synthesis, 1 g of
the as-synthesizedMCM-as containing the templatewas added to a
solution of cobalt nitrate 0.1 M. The exchange was carried out at
room temperature for 24 h under intense stirring. The exchanged
suspension was filtered, thoroughly washed with deionized water,
and then dried at 80 �C. The removal of the organic template ions
was achieved by calcination in air flow, heating from room tem-
perature to 550 �C at a rate of 2 �C$min�1 and kept at 550 �C for 6 h
in air flow. The cobalt content was 2.6 wt %, which was determined
by Inductively Coupled Plasma (ICP-OES). The catalyst prepared by
the ‘tie’ method will be referred to as ‘Co/tie’.

Incipient wetness impregnation (‘iwi’ method). The impregnated
Co/iwi sample was prepared by mixing the calcined MCM41 sup-
port with an aqueous solution of cobalt acetate [(Co)(C2H3O2)2(4
H2O)] 2 M to get 3 wt % of cobalt. The volume of solution used was
the one which was necessary to completely wet the mesoporous
sample. The solution temperaturewas room temperature. Then, the
sample was dried at 110 �C and calcined at 550 �C in air flow for 6 h.
The Co-promoted MCM41 prepared by impregnation will be
referred to as ‘Co/iwi’.

Supercritical CO2reactive deposition (‘scfrd’). We have already
reported the deposition of cobalt [41,42]. Cobalt (II) bis-(h5-cyclo-
pentadienyl), also known as cobaltocene (CoCp2) was used as cobalt
precursor. The deposition reaction was carried out in a high-
pressure stainless steel reactor with an effective volume of
100 ml. A certain amount of MCM41 support (100 mg) was located
in a glass tube of 15 mm in diameter inside the reactor vessel,
together with another smaller tube (6 mm in diameter) with the
cobalt precursor. Both tubes were separated by a wire mesh to
allow the entry and circulation of scCO2. The reactor was equipped
with twowall resistances positioned at the bottom of the reactor to
promote the convective flow of scCO2. The initial amount of
cobaltocene was 0.48 g L�1 in all the experiments.
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The deposition experiments were carried out in batch operation
divided into two consecutive stages. During the first step, the
dissolution of the CoCp2 precursor in scCO2and the impregnation of
the support occurred, and operational conditions were fixed at
70 �C and 110 bar during 3 h. The second step was the decompo-
sition and deposition at 200 �C and 160 bar. After 3 h, the scCO2 was
released from the reactor over a period of approximately 1 h, which
implied a slowly depressurization up to atmospheric pressure. The
Co-MCM41 prepared with supercritical CO2 will be referred to as
‘Co/sc’.The cobalt loading in the final material was determined by
Inductively Coupled Plasma (ICP-OES) and it was of 4.3 wt % Co.

2.3. Physicochemical characterization

2.3.1. Textural and chemical properties
Nitrogen physisorption isotherms were measured at �196 �C

using a Quantachrome Autosorb instrument. Prior to adsorption,
the samples were degassed at 350 �C for 6 h (10�4 Torr). Specific
surface areas were calculated from the linear region of BET plots
[43], while the total pores volume was calculated using the BJH
method [44].

In addition, the small angle X-ray scattering (SAXS) analyses
were performed in a Hecus-Braun chamber. This equipment was
installed on a PANanlytical X-ray generation model PW3830.
Measurements were carried out at 2q between 0� and 8�. The
interplanar distance in the (1 0 0) direction, ‘d100’was calculated by
Bragg's Law (l ¼ 2dhkl sin q) and the unit cell parameter ‘a0’ was
also obtained, indicating the distance between the center of two
adjacent pores in the hexagonal structure (a0 ¼ 2 d100=

ffiffiffi

3
p

) [45].

2.3.2. Morphology characterization
The catalysts were characterized in a JEOL JEMARM200F elec-

tron microscope. STEM images were simultaneously recorded in
both the HAAF and BF modes with the microscope operated at
200 kV. The samples were dissolved in methanol and were placed
in a carbon grid to be directly introduced into the microscope. This
technique was used to determine the organization, morphology
and dimension of nanoparticles, as well as to observe the presence
of these particles dispersed inside and/or outside the pores.

In addition, the application of scanning electron microscopy
(SEM) combined with detection energy dispersive X-ray spectros-
copy (EDX) was performed to determine the chemical composition
of the deposited particles. An environmental scanning electron
microscope (ESEM) FEI Quanta model 200FEG operating at 30 kV
was used. Besides, a backscattered electron detector was used to
observe the Co nanoparticles. This detector in particular was able to
measure in Z contrast, i.e. the contrast related to the atomic number
(Z) of the element upon which the beam impinges. Therefore, if
there were phases with different Z of higher values, they would be
brighter than the other phases.

2.3.3. Reducibility of Co species
Temperature-Programmed Reduction (TPR) measurements

were carried out using an Okhura TP-2002S instrument equipped
with a TCD detector. Samples were heated at 10 �C$min�1in inert
flow up to the calcination temperature and kept constant at this
temperature for 2 h. Next, they were cooled to room temperature
and stabilized in H2 (5%)/Ar. The temperature and detector signals
were then continuously recorded while heating at 10 �C$min�1 up
to 900 �C.

2.3.4. Spectroscopies
Raman spectra were recorded in a Horiba JOBIN YVON Lab RAM

HR instrument. The excitation source was the 514.5 nm line of a
Spectra 9000 Photometrics Ar ion laser with the laser power set at
30 mV. The powder sample was pressed at 4 bar into self-
supporting wafers.

X-ray absorption spectroscopy (XAS) experiments at the Co K
edge (7709 eV) were performed at the XAFS2 beamline at the LNLS
(Laboratorio Nacional de Luz Sincrotron) in Campinas, Brazil. The
XAS spectra were collected in the XANES (X-ray absorption near
edge structure) and EXAFS (Extended X-ray absorption fine struc-
ture) regions at room temperature using a Si (111) single channel-
cut crystal monochromator in transmission mode, and with three
ion chambers as detectors. The samples were placed between the
first and the second ion chambers and the third one was used to
measure the corresponding metallic reference simultaneously with
the samples. Moreover, the XAS spectra of reference compounds,
Co(0), Co3O4 and CoO, were also collected. The Co(0) metallic used
is a metal thin filmmanufactured by the company EXAFS Materials.
For oxide references, the respective powder (Sigma Aldrich) is
used.The appropriate quantities of material were calculated in or-
der to obtain an edge jump Dmx near 1, with a total absorbance after
edge mx(E) < 2. The samples were pressed under 0.5 MPa into
pellets of 12 mm of diameter.

The EXAFS data was extracted from the measured absorption
spectra by standard methods using the ATHENA software which is
part of the IFEFFIT package [46]. The Fourier transforms were
calculated using the Hanning filtering function. The EXAFS
modeling was carried out using the ARTEMIS program (IFEFFIT
package). Structural parameters (coordination numbers and bond
lengths and their mean squared disorders) were obtained by a
nonlinear least-squares fit of the theoretical EXAFS signal to the
data in R space by Fourier Transforming both the theory and the
data. Theoretical scattering path amplitudes and phase shifts for all
paths used in the fits were calculated using the FEFF code [47]. The
k-range was set from 2 to 14 Å�1 and the Fourier transforms were
fitted in the region 1e3.5 Å. The passive reduction factor S0

2 was
restrained to the value of 0.78. This value was obtained fitting the
EXAFS spectrum of metallic Co foil constraining the coordination
number of the first coordination shell to 12.

In addition, the surface features of the catalysts were studied in
a multitechnique system (SPECS) equipped with a dual Mg/Al X-ray
source and a hemispherical PHOIBOS 150 analyzer operating in the
fixed analyzer transmission (FAT) mode. The spectra were obtained
with a pass energy of 30 eV and the Al Ka X-ray source was oper-
ated at 200 W and 12 V. The working pressure in the analyses was
less than 5.9� 10�7 Pa. The spectral regions corresponding to Si 2p,
O 1s, Co 2p and Si 2s core levels were recorded for each sample. The
static charge of the samples was corrected by referencing all
binding energies (BE) to the C 1s peak (BE ~ 284.6 eV). In addition,
the Si 2p peak at 103.0 ± 0.1 eV binding energy was taken as an
internal reference. The data treatment was performed with the
CASA XPS program (Casa Software Ltda., UK). The areas of the peaks
were computed by fitting the experimental spectra to Gaussian/
Lorentzian curves after removing the background (using the Shirley
function). In particular, the deconvolution of the main peaks for Co
2p region was made considering that the ratio between the 2p3/2
and 2p1/2 areas was equal to 2. The same criterion was maintained
for satellite peaks. Surface atom ratios were calculated from peak
area ratios normalized by means of the corresponding atomic
sensitivity factors.

2.4. Catalytic performance

The calcined catalysts were tested in the COProx (Preferential CO
oxidation) and COTox(Total CO oxidation) reactions. These pro-
cesses were selected such as test reactions in order to analyze the
influence of different methods of synthesis on the catalytic activi-
ty.The tests were performed in a fixed-bed flow reactor at
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atmospheric pressure. The reaction mixture was composed of 1%
CO, 1% O2 and/or 40% H2in He balance. The catalyst weight/total
flow ratio was 2.1 mg cm3 min�1. The CO conversion and selectivity
towards CO2 were defined as:

xCO ð % Þ ¼ 100 ðCO � � CO Þ
CO � (1)

S ð % Þ ¼ 50 ðCO � � CO Þ
O2

� � O2
(2)

where CO, O2 are the reactor exit concentrations and CO�, O2
�

represent the feed concentrations, which were measured with a
GC-2014 Shimadzu chromatograph equipped with a TCD detector.
All the catalysts were first evaluated in the COProx and then, in the
COTox reaction.
Fig. 1. Small angle X-ray scattering pattern of (a) MCM41, (b) Co/tie, (c) Co/sc and (d)
Co/iwi samples after calcination.
3. Results and discussion

3.1. Physical and chemical properties of mesoporous materials

Nitrogen physisorption is a routine technique to probe the
texture of porous solids. All the synthesized catalysts presented a
type IV isotherm (see Fig. S1, supplementary Material) according to
the IUPAC nomenclature [48], which is typical for MCM41 meso-
porous materials [49,50].

For all samples, a sharp step in the range of relative pressures
between 0.18 and 0.30 is observed, which indicates the filling of
rather uniform mesopores by capillary condensation. The position
of the pore-filling riser points towards pore diameters in the lower
range of what is typically found for MCM41 materials.

Table 1 presents the quantitative results obtained from the N2
adsorption-desorption isotherms for the MCM41 support and co-
balt catalysts. In addition, the interplanar distance and unit cell
parameter obtained from the SAXS diffractograms are also shown.

The mesoporous support presents a surface area and pore vol-
ume of 1295 m2g-1 and 0.50 cm3g-1, respectively.The addition of
4.3 wt % of cobalt by scCO2 produced a decrease of 20% of surface
area due to the cobalt incorporation on the silica structure. How-
ever, when the method employed to incorporate cobalt was
template-ionic exchange or incipient wet impregnation, the surface
area decreased to 545 or 380 m2g-1, respectively. In both cases, the
amount of cobalt incorporated into the structure was less than that
obtained by supercritical method; however the damage of siliceous
structure with loss of surface and pore volume was significant, due
to low hydrothermal stability in the presence of aqueous medium.

Accordingly, to determine the channel arrangements of the
mesoporous materials, the small angle X-ray scattering (SAXS)
technique was employed. The regular arrangement pores produce
reflections that appear as signals at low diffraction angles. Fig. 1
Table 1
The structural and textural properties of calcined catalysts.

Catalysts % Coa SBETb Vp
c d100

d a0e Pore sizef

MCM41 0 1295 0.50 4.0 4.6 4.6
Co/tie 2.6 545 0.45 3.8 4.4 4.0
Co/iwi 3.0 380 0.22 3.8 4.4 4.2
Co/sc 4.3 1034 0.35 3.7 4.3 3.9

a Cobalt content (wt. %) measured by ICP-OES.
b Surface area, calculated from N2 isotherms/m2g�1.
c Porous volume calculated from BJH method/cm3g�1.
d Interplanar distance, d100 ¼ l/2 sin q/nm.
e Unit cell parameter, a0 ¼ 1.1547 d100/nm.
f Average pore size/nm.
shows the SAXS diffractograms obtained for all the calcined cata-
lysts. The purely siliceous parent material (Fig. 1a) gives a well-
defined diffraction pattern with an intense diffraction peak at
2q ¼ 2.2�, characteristic of the (100) reflection plane which in-
dicates an ordered pore structure of MCM41 support. In addition,
the weak diffraction peaks close to 4.3 and 5.0�, which are attrib-
uted to the (110) and (200) planes confirm the synthesized meso-
porous structure. These are typical characteristics indicating that a
good-qualityMCM41material with hexagonal long-range order has
been obtained [51].

Instead, the incorporation of cobalt produced a gradual shift of
the main peak to higher values of 2q~2.4�, which would indicate a
loss of the original periodicity. The decrease of the (100) reflection
intensity and the lack of (110) and (200) peaks are related to a loss
of hexagonal arrangement structure. From SAXS data it is possible
to estimate the characteristic parameters such as the interplanar
distance ‘d100’ and the unit cell parameter ‘a0’. Note that both pa-
rameters decrease slightly, which indicates that the distance be-
tween the centers of two adjacent pores remains practically
constant after the incorporation of cobalt.

In accordance with the textural results as well as those obtained
by SAXS, incorporating cobalt with the use of aqueous synthesis
medium, conducted to the loss mesoporous order and the signifi-
cant decrease of the surface area and pore volume, which can be
linked to the hydrolysis of SieOeSi bonds, intense capillary stress
exerted in water and the cobalt loading. Probably, there is a com-
bination of effects involving chemical andmechanical resistance, as
well as the cobalt content incorporated, producing the deformation
of the structure, more accentuated to the ‘tie’ and ‘iwi’ methods
[52,53]. However, the methodology employing supercritical CO2
conducted in dry conditions avoid this effect.



S.G. Aspromonte et al. / Microporous and Mesoporous Materials 239 (2017) 147e157 151
3.2. Morphological analysis

The morphology of catalysts was illustrated by SEM and HAAF-
STEM analyses, as shown in Fig. 2. The micrograph of MCM41
(Fig. 2A) shows a uniform spherical morphology with a homoge-
neous size distribution centered on 500 nm. The spherical
morphology of the MCM41 particles and the sphere size are
retained after the cobalt incorporation through any of the methods
used in this work.

Therefore, it is important to note that by the incipient wet
impregnation and the supercritical CO2 methods (Fig. 2C and D),
nanoparticles were observed with a diameter close to 20 nm ho-
mogeneously distributed over the mesoporous spheres. In the
HAAF-STEM image bright patches are observed (Fig. 2C), which
indicate high electron dense areas, where increased brightness is
due to the presence of cobalt. The areas of high electron density
appear well dispersed and correspond to cobalt nanoparticle with
approximately 20 nm of diameter. The EDX results indicated the
presence of cobalt inside and outside of the spheres.

An important difference was observed in the Co/tie catalyst
(Fig. 2B). A thin film on the surface of the spheres was developed
after exchanging the cobalt with template ions. This feature was
detected over all the spheres formed and it was observed by other
authors, i.e. g-Fe2O3 nanoparticles were incorporated by the sol-gel
method on the MCM-41 support [54] or after the functionalization
with polyethylenimine (PEI) [55].

For the purpose of determining the nature of the film in the
surface of the spheres, the EDX profile along the radial line was
measured (Fig. 3A). The signals correspond to CoK, CoL and SiK
edges from the outer surface to center were recorded (Fig. 3B).
Fig. 2. SEM images of (A) MCM41, (D) Co/sc and HAA
The signals corresponding to cobalt K and L edges increase with
the distance to center, reaching a maximum value at 0.025 mm, and
then decrease and remain constant for longer distances. The signal
due to SieK continuously increases towards the interior of the
mesoporous sphere. These results suggest that the cobalt was ho-
mogeneously distributed in the interior of the sphere, but also
located preferentially in the outer surface.

Probably, this effect is produced by the nature of the synthesis
process. The ionic-exchanged method involves the exchange be-
tween the Co(II) ions by the cationic surfactant which is present in
the sample before the calcination. When begins the exchanged ion,
the pores are filled with bulky surfactant molecules. Therefore,
there is a limitation or restriction for the diffusion of cobalt pre-
cursor into the spheres.

3.3. Characterization of cobalt species

Fig. 4 presents the temperature-programmed reduction (TPR)
profiles of the Co-MCM41 samples. The Co/tie catalyst (Fig. 4a)
presents a single reduction peak at 787 �C, which corresponds to Co
ions in high interaction with the silica structure. In this sense, Lim
et al. [56] reported the formation of cobalt silicate during the
calcination at different temperatures of the Co-MCM41 samples
with 1 and 4 wt % Co. They observed a single peak of reduction
above 700 �C assigned to cobalt orthosilicate (Co2SiO4) as the main
species on the Co-MCM41 sample after calcination at 900 �C for 1 h.

On the other hand, the Co/iwi and Co/sc catalysts (Fig. 4b and c,
respectively) show two reduction regions at lower temperature
from 200 to 400 �C which correspond to cobalt oxide species. The
TPR profile of the Co/SiO2 reference sample reported by Boix et al.
F-STEM images of (B) Co/tie, (C) Co/iwi catalysts.



Fig. 3. (A) SEM images of Co/tie sample and (B) EDX results along the orange line. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. TPR profiles obtained for (a) Co/tie, (b) Co/iwi and (c) Co/sc catalysts.

Fig. 5. Raman spectra of (a) MCM41, (b) Co/tie, (c) Co/iwi, (d) Co/sc and (e) Co/SiO2

samples.

S.G. Aspromonte et al. / Microporous and Mesoporous Materials 239 (2017) 147e157152
[57] showed the complete reduction of the Co3O4 phase at less than
400 �C in agreement with other literature data [58e61]. In Fig. 4c,
shoulders next to the main peak at 314 �C suggest the presence of
Co3O4 particles with different size dispersed in the silica structure.
In addition, a very intense peak at higher temperature (~787 �C) is
related to Co(II) species linked to silanol groups in the silica
structure [56]. The hydrogen consumption ratio in the (low:high)
temperature region resulted equal to 30:70 for the Co/sc catalyst.

The formation of Co3O4nanoparticles was favored by oxidizing
nature of atmosphere of synthesis, where the cobalt deposition by
supercritical CO2 at elevated temperature and pressure promotes
the oxidation of organic cobalt precursor.

Fig. 5 presents the Raman spectra of the MCM41 (Fig. 5a), Co/tie
(Fig. 5b), Co/iwi (Fig. 5c), Co/sc (Fig. 5d) and a reference sample
(Fig. 5e) with 3.2 wt % Co3O4 on SiO2 (20 m2g-1) prepared by
impregnation (denoted as Co/SiO2). The MCM41 support and Co/tie
catalyst show a broad band centered at about 483 cm�1 correspond
to the oxygen vibration of the SieOeSi linkage as reported in the
literature for amorphous silicas [62,63]. The main Raman peaks
observed for Co/SiO2 corresponds to the Eg (483 cm�1), F2g (528 and
621 cm�1), A1g (693 cm�1) modes of the Co3O4 crystalline phase
and are consistent with previous investigations [64e66]. In
agreement with TPR results, the spectra of the Co/iwi and Co/sc
samples present the main peak at 693 cm�1 and a slight one at
528 cm�1, both of them corresponding to a less developed Co3O4



Table 2
Results obtained from the EXAFS fits.

Catalysts Pair Na Rb/Å s2c/Å2

Co/iwi CoeO 0.4 ± 0.1 1.99 ± 0.03 0.002 ± 0.001
CoeO 4.0 ± 0.8 2.11 ± 0.03 0.009 ± 0.001
CoeSi 4.1 ± 0.6 3.40 ± 0.04 0.003 ± 0.001

Co/tie CoeO 4.5 ± 0.6 2.07 ± 0.02 0.007 ± 0.002
CoeSi 4.6 ± 0.8 3.37 ± 0.04 0.003 ± 0.001

a Average coordination number.
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phase. Probably, the signal at 483 cm�1 is overlapped with the
MCM41 support. It is important to remark that the bands assigned
to CoO species (455 and 675 cm�1) are not observed [66].

The EXAFS technique is a powerful method for studying the
structure of materials, because it provides information about the
local environment of selected elements in the samples studied
[67].Through this technique, the distance to the backscattering
neighbors may be determined, as well as their identity. Fig. 6 shows
the EXAFS oscillations at the Co K-edge of the catalysts prepared by
the three different methods.

Two of them show very similar oscillations: the catalyst pre-
pared by incipient wet impregnation (Fig. 6a) and by the ‘tie’
method (Fig. 6b). In contrast, the catalyst prepared by scCO2 shows
a different EXAFS signal (Fig. 6c).

The amplitudes of the Fourier transforms can be seen as a
pseudo-radial distribution function of atoms and give preliminary
and qualitative information of the surroundings of the absorber
atom. The two catalysts that showed similar EXAFS oscillations
have two peaks in the Fourier transforms at 1.5 and 3.0 Å,
approximately (without phase correction). These can be seen as
two coordination spheres around Co atoms (Fig. 6d and e). In this
sense, the catalyst Co/sc (Fig. 6f) shows a contribution at 1.5 Å as the
other catalysts, but the region above 2 Å presents a more complex
structure with various unresolved peaks what could be indicating a
mixture of Co species.

In order to obtain quantitative information about the sur-
rounding shells of Co atoms, the EXAFS oscillation fits were per-
formed using the IFEFFIT package [68]. Phases and amplitude
functions were generated by the FEFF code [69]. From the EXAFS
analysis data, the type of neighboring atoms and the distance be-
tween them could be determined. EXAFS is a well-suited method
for providing a direct proof of the incorporation of metals such as
cobalt into the framework of mesoporous materials. The most
crucial factor is the identification of the neighbors to Co atoms,
which should be oxygen in the first shell and Si in the second
shell.The quantitative results of the fits are shown in Table 2 and
Fig. 6. EXAFS oscillations at the Co K-edge (left) and their corresponding Fourier transform
Fig. 6d and e (solid lines). It is important to note that it was not
possible to obtain a satisfactory fit of the spectrum corresponding
to the Co/sc catalyst, probably due to the presence of different co-
balt environments. For this reason, the structural analysis will be
performed later from the XANES region of the Co K-edge absorption
spectrum. The results of the EXAFS fits show that the catalysts
prepared by the ‘iwi’ and ‘tie’ methods have a very similar atomic
structure around Co. In both catalysts, the first peak of the Fourier
Transform corresponds to two shells of oxygen atoms, one of
approximately 4 atoms at 2.10 Å and another one of 0.4 oxygen
atoms at a shorter distance. This last shell could be assigned to the
presence of water molecules around some Co atoms [70].The other
coordination sphere corresponds to Si atoms at a distance of 3.4 Å,
approximately. In this sense, no cobalt shells were found in the fits
for any of these catalysts, which suggest that no cobalt oxide or
metallic cobalt is present. These results indicate that in these cat-
alysts Co atoms are incorporated into the MCM41 framework,
occupying Si tetrahedral sites [71].Therefore, linking these results
with those obtained from the TPR profiles, there is a fraction of
cobalt (II) located within the mesoporous structure and coordi-
nated with Si tetrahedral sites.

Fig. 7 shows the XANES spectra obtained at the Co K-edge of all
catalysts and some reference materials. In agreement with EXAFS
results (Fig. 6), Co/iwi and Co/tie catalysts have similar XANES
profiles. In contrast, the one prepared by supercritical fluid presents
a different XANES spectrum.
s (without phase correction) (right) of (a), (d) Co/iwi, (b), (e) Co/tie and (c), (f) Co/sc.

b Interatomic distance.
c Debye-Waller factor.



Fig. 7. XANES spectra at the Co K-edge of (a) Co/tie, (b) Co/iwi, (c) Co/sc, (d) Co, (e) CoO
and (f) Co3O4.

Fig. 8. Linear combination fit of the XANES spectrum of the Co/sc catalyst.
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The position of the absorption edge in the XANES spectra can be
related to the oxidation state of the absorbing atom [72]. The higher
oxidation state of the metal, the more positive the overall charge of
the atom, and more energy will be required to excite an electron
out of an orbital. Because of this, it is expected that the binding
energy of a core electron will increase with the oxidation state and
this would be reflected in a shift in the position of the absorption
edge to a higher energy. Comparing the position of the absorption
edge of the catalysts with the reference compounds, it can be
concluded that in every case the oxidation state is Co(II).

Probably, the absence of the corresponding signal of cobalt ox-
ides in the Co/iwi sample is due to the low concentration of these
species in the catalyst, as was observed by TPR.

The structure of cobalt atoms in the Co/sc catalyst was deter-
mined by component analysis of the XANES spectrum in order to
establish if it could be reproduced by a linear combination of
known structures. This analysis showed that the XANES spectrum
of this catalyst can be reproducedwith a combination of the XANES
spectra of Co3O4 and the Co/iwi catalyst in a ratio 30:70 (Fig. 8). The
same procedure can be carried out using the Co/tie catalyst,
obtaining the same result. It is important to remember that Co (II)
species in interactionwith themesoporous structure were detected
in the Co/iwi and Co/tie catalysts. This means that the majority of
Co atoms are in high interactionwith the MCM41 structure, while a
30% of Co atoms are forming Co3O4 nanoparticles. This oxide has
the normal spinel structure, in which the Co(II) ions occupy tetra-
hedral positions and the Co(III) ions occupy octahedral positions in
the face-centered cubic oxygen lattice. These results are in agree-
ment with those obtained by TPR, where a peak is reduced at low
temperature and the Raman signals attributed to Co3O4 were
observed.

In addition, these results can be supplemented with the surface
analysis of the catalysts. X-ray photoelectron spectra were recorded
to know the oxidation state and the chemical composition on the
surface of Co-MCM41 catalysts. The characteristic core-level
spectra of Co 2p, Si 2s, Si 2p are measured. The binding energy
(BE) values and the linewidths of Co 2p and Si 2s core-levels and
surface atomic ratio of Co/Si are reported in Table 3. All spectrawere
referenced to C 1s at binding energy of 284.6 eV. The BEs of Si 2p are
centered at 103.0 ± 0.1 eV, while for the O 1s region, they are be-
tween 532.1 and 532.4 eV in all samples. It is important to note that
in the spectral region of the Si 2p there also appears the spectrum of
the Co 3s core-level. Because of that, the Si 2s region was also
measured, with BEs between 154.0 and 154.2 eV. It was observed
that the full-width at a half maximum (fwhm) of Si 2s peaks was
wider in samples containing cobalt. Probably, this effect is due to
the interaction between the cobalt with the silicon of the structure.

There are few XPS studies of cobalt supported on mesoporous
silica structures. However, it is possible to find XPS data about
oxides and hydroxides of cobalt which can contribute to identify
cobalt species in the present work [72e75].

The XPS spectra of the Co 2p region of the Co/tie, Co/iwi and Co/
sc samples are displayed in Fig. 9. The Co 2p spectrum shows
different contributions, a spin-orbit splitting into 2p1/2 and 2p3/2
components and the shake-up satellites. Therefore, in this study
the complete Co 2p spectrum was curve-fitted in order to distin-
guish the cobalt species present on the material surface.

The spectrum of the Co/tie sample (Fig. 9a) is characterized by
the Co 2p3/2 main peak at binding energy of 781.6 eV and a 2p3/2-
2p1/2 splitting of 16.0 eV (see Table 3). As it can be observed, the Co
2p3/2 main peak has a higher value than those reported in the
literature, at ca. 780.7 eV for Co(OH)2; 780.0 eV for CoO and
779.9 eV for Co3O4 [73,74].I nfantes-Molina et al. [76] studied Co(II)
ions interacting with the support as cobalt silicate with the Co 2p3/2
peak at 781.6 eV.

Fig. 9 (spectrum a) shows a broad intense peak centered at
786.6 eV (Table 3). According to XPS data of cobalt oxides reported
in the literature, it is accepted that the chemical shift, the 2p3/2-2p1/

2 splitting value (DE1/2-3/2) and the difference between the main
peak to the satellite peak (DEmp-sp) contribute to distinguish the
oxidation state and coordination of cobalt in the structure. In
addition, the satellite peaks appeared at 3.6e6.5 eV above the main
peaks 2p3/2 line. The intensity ratio between main and satellite



Table 3
XPS data of calcined catalysts.

Catalyst Si 2s/eV BE Co 2p3/2/eV BE Co 2p1/2/eV Isat/Imain Co 2p3/2 Co/Sisurf

MainPeak Satellite MainPeak Satellite

MCM41 154.0 (2.9)a e e e e e e

Co/tie 154.0 (3.5) 781.6 786.6 797.6 803.5 0.74 0.20 (0.03)b

Co/iwi 154.0 (3.5) 781.5 786.7 797.3 803.2 0.87 0.29 (0.03)
Co/sc 154.0 (3.2) 781.4 786.3 797.4 802.9 0.42 0.04

779.4 788.9 795.7 805.8 (0.04)

a Full width at half maximum (FWHM).
b Molar ratio in the bulk.

Fig. 9. XPS spectra of (a) Co/tie, (b) Co/iwi and (c) Co/sc catalysts in the Co 2p region.
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peak is close to 0.74 and the DE1/2-3/2e16.0 eV.Both parameters are
characteristic of Co (II) species [77]. These results are in agreement
with the XPS data reported by Mekkiet. al [78], who investigated
cobalt sodium silicate glasses. The Co/iwi sample, prepared by the
impregnation of cobalt on the MCM41 support, showed a similar
spectrum. According to the TPR results, which show that cobalt has
a strong interaction with the support, XANES spectra where the
Co(II) oxidation state was determined and the XPS measurements,
could be consider that cobalt (II) orthosilicate phase is present in
the surface of Co/tie and Co/iwi catalysts.

Furthermore, the Co/sc catalyst (Fig. 9c) shows the peaks
belonging to Co(II) inside silica framework and, to a lesser extent an
additional peaks associated with the formation of the Co3O4 spinel,
at BEs 779.4e795.7 eV (Co 2p3/2-1/2 core-level).

Moreover, the atomic ratios (Co/Si)surf calculated from the XPS
data indicate that the cobalt surface enrichment for the Co/tie and
Co/iwi catalysts while a homogeneous distribution of cobalt was
observed on the Co/sc catalyst. In agreement with this, a lower Isat/
Imain ratio on the Co/sc catalysts was observed, due to a higher
concentration of Co(III) of Co3O4.

In summary, it has been possible to identify different cobalt
species present in catalysts depending on their synthesis methods.
All samples containing a main cobalt species of cobalt (II) coordi-
nated with Si tetrahedral sites form part of mesoporous structure
and lesser extent, cobalt orthosilicate on the surface. In addition,
Co3O4 species dispersed over theMCM41 support were detected for
the Co/iwi and Co/sc catalysts.

3.4. Catalytic performance

Fig. 10 shows the CO conversion and selectivity of O2 towards
CO2 for the total and preferential oxidation of CO over catalysts
with cobalt incorporated by different techniques. In the total CO
oxidation (COTox) reaction (Fig. 10A-dash line), the 100% CO con-
version is reached at 250 �C with the Co/sc sample. However, the
Co/tie and Co/iwi catalysts reach a maximum CO conversion of 90
and 78%, respectively. Furthermore, when the preferential CO
oxidation (COProx) in a reducing atmosphere was studied (Fig. 10A-
solid line), the same trend was observed. This behavior is probably
linked to the higher cobalt content in the Co/sc catalyst. The ratio of
mmol converted CO/mass of cobalt, (mmol CO$s�1$g�1 Co) is esti-
mated, taking into account the CO conversion at 200 �C and
considering that all presented cobalt in samples is active. The ob-
tained values for Co/sc, Co/tie and Co/iwi resulted 3.41, 3.46 and
3.85 mmol CO$s�1$g�1 Co, respectively. Thus, cobalt oxide spinel
and Co(II) species represents active sites for the preferential
oxidation reaction of CO in a reducing atmosphere.

Analyzing the oxygen selectivity towards CO2 (Fig. 10B), it is
observed that the curves cross optimum values of 58, 50 and 45%
for samples Co/sc, Co/tie and Co/iwi, respectively. Note that when
cobalt was added by wet impregnation or the‘tie'method, the
maximum selectivity value coincides with the maximum temper-
ature of conversion of CO to CO2 (250 �C). The maximum selectivity
for the Co/sc sample was at a slightly lower temperature (200 �C).
For all samples, in the region below the maximum value, the
selectivity increases with temperature which means that the CO
oxidation reaction (COþ½O2/ CO2) was favored. However, above
the optimum value, selectivity decreases with temperature indi-
cating that the reaction between H2 and O2 is activated to produce
water (H2 þ ½ O2 / H2O). In this sense, this behavior is probably
due to the higher contents of cobalt in the sample prepared under
supercritical conditions.

Several authors have reported that the Co3O4 spinel represents
an active phase for the CO oxidation reactions. In this vein, G�omez
et al. [79e81] studied the catalytic behavior of Co3O4 supported on
ZrO2 and CeO2 and mixed oxides MnCoCeO2 catalysts in the CoProx
reaction. They reported that the Co3O4 spinel was the main Co
containing compound and it was the active species for the CoProx
reaction. Q. Guo et al. [82] reported cobalt supported on meso-
porous ceria catalyst (Co3O4/meso-CeO2) for the same reaction. In



Fig. 10. Catalytic performance of catalysts: - Co/sc, CCo/tie and :Co/iwi. (A) CO conversion, (B) Selectivity of O2 to CO2. Reaction conditions: 1% CO, 1% O2 and/or 40% H2 in He
balance. Catalystweight/total flow: 2.1 mg cm�3 min�1. (solid line): COProx, (dash line): COToxreaction.
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this case, the authors showed a total CO conversion at 200 �C with
10 and 15 wt % of Co3O4.

However, the Co/iwi catalyst exhibits Co(II) ions located in the
MCM41 structure, like the Co/tie sample. In this line, Montanari
et al. [83] reported the CO adsorption on CoMCM41 and Co-zeolites
samples by FTIR. These results show a strong band due to carbonyls
on Co(nþ) centers. In addition, they reveal evidence of the oxida-
tion of CO to CO2 due to cobalt species.

In our results, the MCM41 support did not show conversion to
CO2, so that the presence of Co(II) ions represents an adsorption site
of CO to improve the oxidation to CO2.
4. Conclusions

Co-MCM-41 with 4.3 wt % of cobalt synthesized using super-
critical CO2 was the most active and selective catalyst for the
preferential oxidation of CO, with total conversion at 250 �C. The Co
deposition by the ‘scfrd’ method contributes with the formation of
cobalt oxide nanoparticles (~20 nm) uniformly distributed on the
surface and inside of the support. In addition Co(II) incorporated
into the MCM41 framework, occupying Si tetrahedral sites was
identified. On the other hand, simpler methods for cobalt incor-
poration cause a significant loss of surface area thus blocking the
pores. The incipient wet impregnation (iwi) and ion exchange with
the template (tie) methods are performed in aqueous medium, so
the hydrolysis and capillary tension exerted by water provoke a
damage of the structure. However, the supercritical CO2 deposition
method is less aggressive because it was conducted in dry
conditions.

In particular, by ‘tie’method the outside of the MCM41 particles
represents the area easily exchanged. This effect is linked to a
limitation or restriction on the diffusion of cobalt precursor into the
structure when begins exchanged ion. In addition, by XPS mea-
surements Co(II) species corresponded to orthosilicate dispersed
over the surface of MCM41 were observed for all the samples.
The number of moles converted in relation to the amount of
cobalt present in the sample is similar for all samples. Thus, the
combination of cobalt oxide Co3O4 and cobalt (II) interacting with a
siliceous structure, which are highly dispersed on the surface and
inside the mesopores, resulted in a highly active and selective
catalyst for the preferential oxidation of CO. Incorporating cobalt
with supercritical CO2 leads to a catalyst which produces values of
CO conversion similar to those obtained by conventional methods
such as incipient wetness impregnation CO. Therefore, the super-
critical CO2 reactive deposition method represents a promising and
effective method for incorporating active phases on mesoporous
supports.
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