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A B S T R A C T

The hierarchical macro-mesoporous silica (MMS) was used for a first time as a support for catalysts for oxidation
reactions. The macro-mesoporous silica was synthesized by the emulsions templating mechanism and modified
separately or simultaneously using cobalt and manganese oxides. The obtained materials were characterized by
different physicochemical methods and tested in the oxidation of CO and n-hexane combustion reactions. The
modification of the MMS materials does not change significantly the mesopores characteristics; however, its
pores are partially blocked by the oxides. For Co-MM sample agglomerates consisting of Co3O4 with average size
of 100−150 nm and small spherical aggregates, encapsulated in the mesopores are formed. The amorphous
manganese oxide preferentially fills up the mesopores in Mn-MM sample. Mixed oxide Co-Mn phases situated in
the mesoporous network are formed in the bi-component Co-Mn samples. No significant change is observed
either in the texture, or in the structural features of the catalysts after reaction.

The highest catalytic activity for Co-MM sample in CO and n-hexane oxidation is related to the predomination
of Co3+ species on the surface of Co3O4 and the more accessible oxide particles located outside the mesopores.
The encapsulation of mixed Co-Mn oxides particles in the pores of the macro-mesoporous silica is responsible for
a lower catalytic activity in comparison with that of the mono-component cobalt sample.

1. Introduction

Air pollution has become one of European Union's main environ-
mental policy concerns since the late 1970s (http://ec.europa.eu/
environment/index_en.htm). In 2013, the EU proposed a Clean Air
Policy Package to further reduce emissions of air pollutants until 2030.
The main air pollutants are PM, SO2, NH3, NOx, volatile organic com-
pounds (VOCs), CH4. Abatement of volatile organic compounds (VOCs)
and carbon monoxide (CO) in the waste gases is an important task in
the field of environmental protection and odour control.

There are many different techniques for VOCs removal, such as
adsorption, absorption, bio-filtering, thermal and catalytic combustion
[1–3]. The advantages of the catalytic incineration are that it takes
place at temperatures much lower than those required for thermal

incineration, resulting in lower costs and low NOx formation. There is a
great number of successful commercial catalysts, developed for CO and
VOC oxidation. Nevertheless, there still exists a demand for develop-
ment of new optimized catalysts with increased efficiency of mass and
heat transfer [4,5] and which do not contain any noble metals.

In our previous works a considerable increase in activity was es-
tablished for bi-component Co-Mn samples, when comparing with
mono component cobalt or manganese [6–10]. The deactivation of the
bi-component Co-Mn samples was observed after stability test as a re-
sult of sintering of the oxide phase. The investigation was extended
further by synthesizing of Co-Mn catalysts supported on SBA-15 [9] and
the observed resistance towards agglomeration was attributed to the
mesoporous structure.

Hierarchically porous catalysts are of recent scientific and
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technological interest due to their improved diffusion performances and
high specific surface areas. The hierarchically porous silica has more
positive effect comparing with common silica supports. On the one
hand, porous silica materials not only possess all the virtues of in-
organic materials but they also have a large specific surface areas, well-
defined tuneable pore sizes and adjustable hydrophobic or hydrophilic
character [11,12], which will provide great opportunities for good
immobilization, large loading and high dispersion of catalytic species.
On the other hand, the advantage of the hierarchically porous materials
is that the large macro-pores combined with the mesoporous structure
attribute to the materials large transport channels accompanied by a
highly active surface area [13], which is beneficial for the catalytic
activity of the materials.

We expect that the combination of transition metal oxides (Co3O4

and MnOn) and hierarchical macro-mesoporous material should pro-
duce highly active catalysts due to the improved diffusion of the re-
agents inside the pore system on the one hand, and to the prevention of
agglomeration of the oxide particles. This work is a continuation of our
previous research and it is aimed at establishing the influence of the
carrier structure on the activity of mixed cobalt-manganese catalysts in
the reaction of complete oxidation of n-hexane and CO. Hierarchical
macro-mesoporous silicas will be used for the first time as support of
mixed oxide catalysts. The structural and catalytic properties of series
of mono-component cobalt and manganese and bi-component Co-Mn
catalysts will be studied.

2. Materials and methods

2.1. Catalysis preparation

For synthesis of macro-mesoporous materials fluorinated surfactants
are used. They were provided by DuPont Co., and they have an average
chemical composition of C8F17C2H4(OC2H4)9OH and
C7F15C2H4(OC2H4)8OH. They are respectively labeled as RF

8(EO)9 and
RF
7(EO)8. In both cases the hydrophilic chain moiety exhibited a

Gaussian chain length distribution and the hydrophobic part is com-
posed of well-defined mixture of fluorinated tails. Perfluorodecalin
(C10F18), which is a molecule with two saturated rings, was purchased
from Aldrich.

Macro-mesoporous supports (MMS) were synthesized according to a
procedure previously reported [14] through the emulsions templating
mechanism. However, due to a batch change of RF

7(EO)8 surfactant, in
this work, the emulsion was formulated from a mixture containing
30 wt.% RF

8EO9 and 70wt.% of RF
7EO8. Before the incorporation of oil, a

micellar solution containing 25wt.% of the surfactant mixture in water
at pH=0.3 was prepared. The concentration of C10F18, added to the
micellar solution was 20 wt.%. Tetramethoxysilane (TMOS), used as the
silica source, was added dropwise. The surfactant/silica molar ratio was
fixed at 0.5. The obtained gel was sealed in Teflon autoclaves and he-
ated during 24 h at 100 °C. The final product was recovered after
ethanol extraction with a soxhlet apparatus in the course of 48 h.

For the preparation of both types of single component samples (Co
or Mn) as well as bi-component samples the “two-solvent’’ technique
was used. The procedure was described in [9]. After preparation the
solid phase was recovered by filtration and dried up in air and then
calcined for 3 h at 500 °C in air. The as prepared samples were denoted
as Co-MM, Mn-MM, 1Co05Mn-MM, 1Co1Mn -MM, and 1Co2Mn- MM,
where the number represents the Mn and Co number of moles.

2.2. Catalysts characterization

The obtained materials were characterized by SAXS, N2 adsorption-
desorption, X-ray diffraction, SEM and TEM microscopy.

Small angle X-ray scattering (SAXS) data were collected on a
“SAXSess mc²” instrument (Anton Paar), using line-collimation system.
This instrument is attached to an ID 3003 laboratory X-Ray generator

(General Electric) equipped with a sealed X-Ray tube (PANalytical, λ
Cu, Kα=0.1542 nm) operating at 40 kV and 50mA [9].

Nitrogen adsorption–desorption isotherms were carried out at
−196 °C over a wide relative pressure (P/P0) range from 0.010 to
0.995 with a volumetric adsorption analyzer TRISTAR 3000 manu-
factured by Micromeritics. Before measurements, the samples were
degassed under vacuum (pressure= 0.13 mBar) at 25 °C for 16 h. The
specific surface area of each sample was calculated by the
Brunauer–Emmett–Teller (BET) method [15]. The pore diameter and
the pore size distribution were determined from the adsorption branch
of the corresponding isotherm using the Barret–Joyner–Halenda (BJH)
method [16].

Wide angles X-ray diffraction patterns were recorded on a
PANalytical MPD X'Pert Pro diffractometer operating with Cu Kα ra-
diation (Kα=0.15418 nm) equipped with an X'Celerator real-time
multiple strip detector (active length=2.12°2θ).

Scanning Electron Microscopy (SEM) was performed using a JEOL
JSM-7900F microscope. The high resolution images were obtained at
low accelerating voltages 0.5−1 kV. Elemental X-ray maps were col-
lected using a BRUKER QUANTAX energy dispersive spectrometer
(EDS). In order to minimize the excitation volume and increase the
spatial resolution of these maps, a low electron beam energy (5 kV) was
applied.

Transmission Electron Microscopy (TEM) images and chemical
analyses of the samples were performed using a JEOL ARM200-CFEG
microscope operating at 200 kV The EDX analyses and mappings were
performed using a JEOL Centurio detector.

HRTEM JEOL JEM2100 was used to perform the TEM, High
Resolution Transmission Electron Microscopy (HRTEM) and Selected
Area Electron Diffraction (SAED) analysis of the samples. The accel-
erating voltage during the experiments was kept at 200 kV. TEM and
HRTEM images were acquired at magnifications of 40,000× and
600,000×, respectively, SAED patterns - at 250mm camera length. A
preliminary preparation of the powdered samples was applied, con-
sisting in ethanol suspension preparation for each sample and drying a
drop of each suspension on a standard TEM Cu grid, covered by
amorphous carbon layer.

Intrusion/extrusion mercury porosimetry was applied using a
Micromeritics Autopore IV 9500 porosimeter.

X-ray photoelectron spectroscopy (XPS) was carried out using
ESCALAB MkII (VG Scientific) and the processing of the measured
spectra has been described in [6,7].

Temperature-programmed reduction (TPR) and temperature-pro-
grammed oxidation experiments are described in [9].

2.3. Catalytic activity

The catalytic properties were tested in the complete oxidation re-
actions of n-hexane and carbon monoxide.

The catalytic activity tests in CO oxidation reaction were carried out
in a continuous flow type of glass reactor described in [9] at atmo-
spheric pressure with a catalyst bed loading of about 0.5 cm3 (fraction
0.25–0.31mm). The feed gaseous mixture at the inlet consisted of 1 vol.
% CO, 10 vol.% O2 and He for balance to 100 vol.% and
GHSVSTP= 60,000 h–1.

Catalytic activity tests in the complete oxidation reaction of n-
hexane were performed using an integrated quartz micro-reactor and
mass spectrometer analysis system (CATLAB, Hiden Analytical, UK).
The n-hexane inlet concentration in synthetic air was kept at 1000 ppm.
The same GHSVSTP as that for CO tests was used (60,000 h–1).

3. Results and discussion

The characterization of all catalyst samples was done both for the as
prepared samples and after their n-hexane oxidation reaction.
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3.1. Characterization of catalyst samples

3.1.1. Structural and textural characterization of the macro-mesoporous
material and CoMn supported macro-mesoporous silica catalysts

The SAXS pattern of bare material (Fig. 1A) exhibits a reflection at
7.4 nm, characteristic of a wormhole-like mesostructure, as observed in
case of MMS. This peak gives an indication of the average pore-to-pore
distance in the disordered wormhole framework, which presents a lack
of long-range crystallographic order. The presence of the mesoporosity
is evidenced by N2 sorption analyses corresponding to type IV isotherm
(Fig. 1B), characteristic of mesoporous materials according to the
IUPAC classification [17], is evidenced. However, at high relative
pressures (p/p0 > 0.9) the adsorbed volume of N2 increases sig-
nificantly instead of remaining constant due to saturation, indicating
the presence of a secondary porosity. The specific surface area and pore
volume values are respectively 880m²/g and 1.63 cm3/g. The mesopore
diameter distribution determined by using the BJH method is centered
at about 8.5 nm (Fig. 1C). The macropores size distribution has been
determined by mercury porosity. One rather broad component centered
on 4 μm is detected (Fig. 1D). It can be attributed to the fingerprint of
the oil droplet dispersed in the outer aqueous phase. The values of the
skeleton density and of the porosity are 1.6 g/cm3 and 91.5 %, re-
spectively. The presence of the macropores is further confirmed by SEM
(Fig. 1E) while the mesopores were visualized by TEM (Figs. 3 and 4).

After the introduction and decomposition of the cobalt and/or
manganese precursors the large peak observed in the SAXS pattern
becomes less resolved and its intensity decreases (Fig. 1 from
Supplementary). This could be explained by the partial filling up of the
macro-mesoporous materials with the metal oxide particles as is re-
ported by Wang et al. for pure mesoporous materials [18]. This could
also indicate that a partial collapse of the mesopore occurs during the
impregnation process.

Whatever the impregnated material is, a type IV isotherm with a H2

hysteresis loop (Fig. 2 from Supplementary), characteristic of MMS
materials is obtained. The mesoporosity is therefore maintained after
the impregnation process. Comparing with the bare silica material, a
decrease in the adsorbed volume of the dV/dD value in the pore size
distribution (Fig. 3A from Supplementary), decrease in the specific
surface and in the pore volume (Fig. 3Ab from Supplementary) is noted.
For example, the specific surface area and the mesopore volume varies
from 880 to 493, 448 and 438m²/g and from 1.63 to 0.72, 0.63 and
0.62 cm3/g when Co, Mn and both Co and Mn with a 1:1 ratio are in-
corporated inside the macro-mesoporous material, respectively.
Meantime, the maximum of the mesopore size distribution is shifted
towards lower value, between 4.8 and 5.6 nm, depending on the ratio
between Co and Mn. All of these variations are in accordance with the
introduction of the metals species in the mesopores and their shrinkage
as a result of calcination at 500 °C.

The wide-angle X-ray diffraction patterns of the Co sample show low
intensive and broad peaks corresponding to Co3O4 nanocrystals (Fig. 2).
No X-ray diffraction peak was observed for the Mn sample. Broad line at
a slightly lower value of 2θ (2θ=36,5) in comparison with that for
single component cobalt sample is visible in the XRD spectra of bi-
component Co-Mn catalyst. The shift in the 2θ position increases with
the Co-Mn molar ratio decrease from 1:0.5 to 1:2. As it was previously
reported for the CoMn/SBA-15 materials [9], this shift indicates the
formation of MnxCo3-xO4 mixed oxides [19]. It is already known that Co
and Mn can form stable mixed oxides [19] because both Co and Mn
cations have similar ionic radii. The formation of mixed oxides was
confirmed by HRTEM and SAED analyses. SAED pattern of 1Co0.5Mn
sample shows the presence of the following phases: MnCo2O4 cubic,
(a= 8.290, PDF 84-0482), Co3O4 cubic (a= 8.085, PDF 78–1969),
MnO2 hexagonal (a= 2.766, c= 4.412, PDF 89-5171); Mn3O4 tetra-
gonal (a= 5.763, c= 9.456, PDF 89-4837) (Fig. 3). The next phases
are distinguished for the sample 1Co0.5Mn: Co3O4 cubic (a= 8.085,
PDF 78-1969), MnCo2O4 cubic (a= 8.290, PDF 84-0482) and CoMnO3

Fig. 1. SAXS pattern (A), nitrogen adsorption-desorption isotherm (B), mesopore size distribution (C), macropore size distribution (D) and SEM image of the bare
macro-mesoporous silica (E).
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rhombohedral (a= 5.385, α=54.52, PDF 75-2090) (Fig. 4).
The high-magnification SEM image of Co-MM, Mn-MM and

1Co1Mn-MM samples displayed in Fig. 4 from the supplement shows
mesopores regular in size consistent with wormlike mesopores detected
by SAXS. At low magnification SEM image of 1Co1Mn-MM sample
shows large particles with macropores corresponding to the macro-
mesoroporous silica that are covered by smaller particles (Fig. 4 from
Supplementary material). EDX elemental mappings recorded at low
magnification show that Co and Mn are present everywhere in/on silica
particles (Fig. 5 from Suplement). The dispersion degree of Co and Mn
is not homogeneous and it appears mainly as aggregates corresponding
to the small particles observed in the related SEM image. The Co and
Mn mappings are also consistent with the co-presence of the two ele-
ments.

TEM images of Co, Mn and bi-component CoMn sample show large
dark agglomerates that are in contrast with the dark grey silica walls
and the light grey voids of the wormlike mesopores (Fig. 5). For Co
sample the agglomerates have an average size of 100−150 nm and look
more or less interpenetrated in the mesopores of the silica network
(Fig. 5A1). High magnification images reveal an aggregation of small
spherical particles about 5 nm in diameter, fitting with the mesopore
size (Fig. 5A2). Agglomerates observed for Mn sample look more spread
out and in average smaller in size than those observe for Co-MM
(Fig. 5B1). The small particles that constitute them appear to be more
interpenetrated inside the mesopores (Fig. 5B2). In the bi-component
Co-Mn sample dark aggregates as large as the ones observed for Co are
present (Fig. 5C1, C2). Co and Mn element mapping from EDX analyses
confirmed the only presence of Co, Mn, and bi-component Co-Mn

Fig. 2. Wide angles XRD patterns of Co, Mn and mixed oxide samples before reaction.

Fig. 3. TEM image of 1Co1Mn-MM sample (a), the corresponding SAED patterns with phase identification (b), HRTEM image of the marked in a) area (c), HRTEM
images of individual particles in the sample (d) and f)) and their FFT patterns, representing the corresponding phases (e) and g)).
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nanoparticles for Co-MM, Mn-MM and 1Co1Mn-MM samples, respec-
tively (Fig. 6 Supplementary). The presence of Co and Mn in the same
phase for bi-component CoMn samples confirm the formation of mixed
oxides as revealed by wide angles XRD and HRTEM analysis.

After reaction except for a slight decrease in the adsorbed volume
(Fig. 2B from Supplement), and of the dV/dD values (Fig. 3B of the
Supplement), no significant change is noted neither in the textural nor
in the structural features of the catalysts. The mesoporosity is not af-
fected by the conditions, under which the catalytic oxidation of CO and
n-hexane oxidation is performed. TEM observations (Fig. 7 from
Supplement) confirm that no significant structural changes occurred
during the reaction. Nevertheless, wide angles XRD analyses showed
the apparition of three low intensity and broad XRD peaks in Mn-MM
sample that could correspond to MnO2 pyrolusite (card n°01-071-4824)
and Mn2O3 bixbyite (card n°00-041-1442) nanocrystallites (Fig. 8 from
Supplementary). Formation of Mn2CoO4 (card n°04-008-978) and
Mn2O3 bixbyite (card n°00-041-1442) is visible in the XRD patterns of
1Co2Mn-MM. These structural changes are probably the result of some
sintering of oxide particles during the reaction.

3.1.2. Characterization of the supported metal oxide species
The oxidation states of Co and Mn on the surface is examined by

XPS. Fig. 9 from Supplementary data shows an example of curve fitting
of Co2p1/2 (on the left-hand side) and Mn2p (right-hand side) core le-
vels of investigated samples before the catalytic activity test. The peaks
at binding energies (BEs) at 795.0 eV and 796.6 eV are attributed to
Co3+ and Co2+ respectively. The peak with binding energy of 795.6 eV,
together with the relatively intensive 3d→4s "shake-up" satellite with

binding energy of 803−804 eV are proof for the presence of Co2+ ions
in the cobalt-containing samples. Both Co2+ and Co3+ ions are ob-
served in mono-component and bi-component sample having ratio
Co:Mn=1:1 (see Table 1 from Supplementary data). The Co3+ is only
cobalt species on the surface of Co:Mn=1:0.5 sample and all the sur-
face Co ions in the catalyst at ratio 1:2 are in the second oxidation state.
The Mn2p peaks are measured in the energy range 635−660 eV con-
sisting of both Mn2p3/2 and Mn2p1/2 core levels. Both Mn3+ and Mn4+

oxidation states are observed in all measured samples (right-hand side
of Fig. 7 from Supplement) with BE of 640.8 eV and 642.7 eV, respec-
tively. The small satellite structure with BE of about 644.0 eV also
proves the presence of Mn4+ ions on the surface, according to the curve
fitting procedure [8]. Mn4+ is a predominant species on the surface of
all manganese containing samples (see Table 1 Supplement). Mn3+ ions
predominate on the surface of single component Mn sample. The in-
creases in the Mn concentration lead to the increase in the relative
abundance of Co2+. The same tendency was observed in our previous
investigations regarding bi-component Co-Mn catalysts supported on
SiO2 [6] or bulk Co-Mn mixed oxide [19]. Li et al. [20] claim that the
doping of Mn into the structure of Co3O4 increased crystalline defects,
which probably caused the increase in the amount of octahedrally co-
ordinated Co2+.

After reaction of the n-hexane oxidation, the results from XPS show
the increases in the Co2p1/2/Mn2p ratio for the 1Co0.5Mn-MM and
1Co2Mn- MM samples demonstrating enrichment in the Co component.
The trend for 1Co1Mn- MM is just the opposite. No clear dependence
was found out for changes in the concentrations of Co2+, Co3+ Mn3+

and Mn4+ speacies after reaction. This is most likely due to the complex

Fig. 4. TEM image of 1CoMn0.5-MM sample at magnification 40,000× (a), the corresponding SAED patterns with phase identification (b), HRTEM image of the
marked in a) area (c), HRTEM images of individual particles in the sample (d), f) and h)) and their FFT patterns, representing the corresponding phases (e), g) and i)).
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composition (as it was shown above the bi-component Co-Mn samples
are composed of several oxides) of the system and the ability of the
different surface species to participate in the reaction. In our previous
investigation [9] we have observed the following trend: increasing the
surface concentration of Mn4+ and Co2+ by the same percentage. This
was explained by electronic transfer between Co and Mn according the
following equation:

Co3+ –Mn3+↔ Co2+ –Mn4+

This trend has not been established for samples supported on macro-
mesoporous silica.

The TPR profiles of all samples are represented in Fig. 6A. It is
visible that the mono component cobalt catalyst exibits three reduction
peaks. The first two at 327 and 356 °C are attributed to the reduction of
large size supported Co3O4 particles [9]. The third one, which is cen-
tered at 448 °C, is ascribed to small particles strongly interacting with
the support [9]. As it was shown by TEM image, a part of Co3O4 forms a
small spherical particle, fitting with the mesopore. The reduction pro-
file of the single component manganese samples corresponds to the
two-step reduction of Mn3O4/MnO2 (MnO2→Mn2O3→Mn3O4;
Mn3O4→MnO) [21]. Manganese oxide in the monocomponent sample
is amorphous as it is visible from XRD data.

Addition of Mn to the calcined Co sample decreases reduction

temperature and this is best visible for the sample with ratio Co:Mn
equal of 1:0.5. Two reduction regions are observed in the TPR profile of
the bi-component catalysts: the low temperature within the interval
200−400 °C and high temperature within the range 450−700 °C.
Similar reduction behaviour was observed with bi-component catalysts
deposited on SBA-15 [9]. By analogy with the previous study, the first
two peaks in the low temperature region are attributed to a hydrogen
consumption by the easily reducible highly dispersed surface Mn4+

species in nano Co-Mn oxide and adsorbed oxygen species (CoxMnyOz

(s)+H2(g)→Mn3O4− Co3O4 (s)+H2O(g)) and the second reduction
band is ascribed to the reduction of Mn3O4 and Co3O4 (Mn3O4-Co3O4

(s)+H2(g)→MnO-CoO(s)+H2O(g)) [22, 23]. The third step is as-
cribed to reduction of Co2+ to metallic phase. As it can be seen, the
modification with manganese leads to a shift of the reduction peaks to a
lower temperature, indicating that the reduction of the samples in-
creases. By comparing the TPR profiles of the samples deposited on the
macro mesoporous silicate with theses supported on SBA-15 [9], it can
be seen that the bi-component catalysts deposited on the hierarchical
macro mesoporous carrier are reduced at slightly lower temperatures,
which shows a better reducibility in the last case.

The information about the type of the oxygen species can be ob-
tained from O2-TPD experiment. The data on the studied catalyst
samples are represented in Fig. 6B. Three desorption areas are observed

Fig. 5. TEM images of Co (A1, A2), Mn (B1,B2) and mixed oxide CoMn 1:1 (C1, C2) samples before reaction.
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in the O2-TPD spectra: 50−250 °C, 250−375 °C and above 375 °C.
Taking into account the literature data [24–26] we can ascribe the
desorption TPD peak in the first region to the O2

−(ad) species in the
second interval- to the O−(ad) species and in the region above 375 °C to
the surface lattice oxygen O2− (ad/lattice). The calculated desorbed
amounts of oxygen are: 1.1mg for Co-MM, 1.0mg. for Mn-MM, 0.8 for
1Co1Mn-MM, 0.7 for 1Co2Mn-MM and 1.7 mg. for 1Co0.5Mn-MM. As
can be seen the order of desorbed oxygen diminution follows the order
of the catalytic activity except for the sample 1Co0.5Mn-MM where the
desorbed oxygen is the highest.

Here again, as in the case of bi-component catalysts deposited on
SBA-15, it is established that the modification of cobalt oxide with
manganese moves desorption peaks to the lower temperature and it
increases the quantity of desorbed oxygen species. The highest shift to
low desorption temperatures is established for the peak associated with
the lattice oxygen desorption, which confirms the increased mobility of
oxygen species. The increase in the amount of adsorbed oxygen is the
result of the increased amount of vacancies, due to low degree of
crystallinity of the mixed oxide phases (as it was shown by XRD data)
[27].

3.2. Catalytic activity

The temperature dependencies of the CO and n-hexane complete
oxidation over the mono- and bi-component catalysts are shown in
Fig. 5. H2O and CO2 were the only detectable reaction products of n-
hexane oxidation on all investigated samples

As it is evident in Fig. 7, the mono-component cobalt sample is the
most active in both studied reactions. In the cases of complete oxidation
of CO, this could relate to the predomination of Co3+ species on the
surface of Co3O4 as it is visible from the XPS data. According to the
results in literature relating to the oxidation of CO in the presence of

cobalt catalysts, the Co3+ is an active species [28,29]. If we compare
the order of activities in CO oxidation reaction (Fig. 7) and the Table 1
from Supplementary data, it can be seen that the activity is decreasing
with decrease in the Co3+ surface concentration. The samples 1Co2Mn
and 1Co1Mn manifested the relatively similar and lowest activity. Co2+

predominates on the surface of 1Co1Mn and it is the only species in the
case of 1Co2Mn sample.

Fig. 10 from Supplementary data shows comparison at T50 (tem-
perature for 50 % conversion) for catalysts deposited on mesoporous
SBA-15 [9] and macro mesoporous silica with the same cobalt /man-
ganese ratios. The catalysts supported on MMS exhibit the higher cat-
alytic activity except for mono-component Co-MM and 1Co1Mn-MM. It
was not established the influence of the porosity of the support on the
activity of these two samples. A possible explanation could be that in
cases of the Co-MM catalyst, the most part of cobalt oxide is located
outside the mesopores and it is more readily accessible to the reactants,
therefore the presence of a hierarchical system does not affect sig-
nificantly on the reactants transport to the active sites.

In the reaction of n-hexane oxidation, the catalyst displaying highest
activity is the mono-component Co-MM sample followed by mono-
component manganese one and the lowest activity is demonstrated by
the 1Co2Mn-MM. The 1Co0.5Mn-MM and 1Co1Mn-MM exhibit com-
parable activity. These results are very different from our previous in-
vestigations concerning bi-component Co-Mn catalysts supported on
different silica supports as SiO2 [6–8] and SBA-15 [9]. In all these
studies it was observed that the bi-component catalysts were more ac-
tive than the mono-component ones, with the least active being the
mono-component manganese sample. In the case of a hierarchical
macro-mesoporous silicate support, the higher activity of the Mn-MM
catalyst in comparison with that of bi-component could be attributed to
the high dispersion degree of manganese oxide and, as a consequence
more accessible reaction sites. The possible explanation for the highest

Fig. 6. A. TPR spectra of single- and bi-component catalysts and B. O2-TPD profiles of single- and bi-component catalysts.

Fig. 7. Temperature dependence of A. CO oxidation; B. n-hexane combustion.
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catalytic activity of the cobalt sample probably is that the oxide parti-
cles are located outside the mesopores and are easily accessible for
reagents in this catalyst, whereas in the cases of bi-component catalysts,
the oxide particles are encapsulated within the pores of the macro-
mesoporous silica. The similar activity in the complete n-hexane oxi-
dation for 1Co0.5Mn-MM and 1Co1Mn-MM, most likely is due to the
similar reductive behaviour of these two samples. In our previous in-
vestigation concerning bi-component CoMn samples, supported on
SiO2, we established that the n-hexane oxidation reaction proceeds
through Mars-van Krevelen mechanism [7]. According to this me-
chanism the substrate is oxidized by the solid. The oxygen species in-
troduced into the substrate come from the lattice. In this way the cat-
alytic behaviour can be correlated to the lattice oxygen mobility of the
crystalline framework. As was shown from the O-TPD the lattice oxygen
mobility increased after Mn modification.

The comparison of the activity of the catalysts with the same
amount of active phase deposited on mesoporous silica SBA-15 [9] and
hierarchical macro-mesoporous silica shows that the latter exhibit
higher catalytic activity, which could be attributed to the reduction of
the transport limitations because of the combination of two levels pores
in the case of the hierarchal porous materials (Fig. 11 from Supple-
ment).

4. Conclusions

New active cobalt, manganese and bi-component Co-Mn catalysts
were prepared by modification of hierarchical macro-mesoporous silica
(MMS) by Co and Mn oxides.

The mesoporous structure does not change significantly after de-
position of the oxides; however, its pores are partially blocked by the
oxide species. The agglomerates with average sizes of 100–150 nm and
small spherical aggregates, encapsulated inside mesopores are formed
in Co-MM sample. The manganese species present in the form of the
amorphous oxide phases preferentially fill up the mesopores. Co and
Mn form mixed oxides situated in the mesoporous structure in the Co-
Mn catalysts and form different mixed oxides. No significant change is
observed either in the textural or in the structural features of the cat-
alysts after reaction.

The highest catalytic activity for Co-MM sample in CO and n-hexane
oxidation is related to the predomination of Co3+ species on the surface
of Co3O4 and the more accessible oxide particles located outside the
mesopores. The encapsulation of mixed Co-Mn oxides particles in the
pores of the macro-mesoporous silica is responsible for a lower catalytic
activity in comparison with that of the mono-component cobalt sample.
The higher catalytic activity of the bi-component catalysts supported on
MMS comparing with that of samples supported on SBA-15 could be
related to the fact the macro-mesoporous network favours the diffusion
of the reactants toward the catalytic sites.
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