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A B S T R A C T

Catalysts based on crystalline nanoparticles of Mn and Co metal oxides supported on mesoporous silica

SBA-15 have been developed. These materials were characterized by XRD, BET and transmission electron

microscopy (TEM) techniques. SBA-15 mesoporous silica was synthesized by a conventional sol–gel

method using a tri-block copolymer as surfactant. Supported Mn3O4 and Co3O4 nanoparticles were

obtained after calcination of as-impregnated SBA-15 by a metal salt precursor. The catalytic activity was

evaluated in the combustion of methane at low concentration.

Co3O4/SBA-15 (7 wt.%) exhibits the highest performance among the different oxides. Furthermore,

this novel generation of catalysts appeared as active as conventional LaCoO3 perovskite, usually taken as

reference for this reaction. Thanks to its organized meso-structures, SBA-15 material creates peculiar

diffusion conditions for reactants and/or products.
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1. Introduction

The detection of explosive gases and vapors is a critical safety
function in industrial combustion processes [1–3]. Recent safety
recommendations have implemented a detection limit of
explosive gases corresponding to 5% lower explosive limit (LEL)
for methane in the case of gas turbine industrial installations.
While catalytic combustion is the method of choice for such
detection, it becomes necessary to find efficient catalysts for
methane complete oxidation at relatively low concentration and,
for safety reasons, temperature (below 600 8C). Pd-based catalysts
are usually considered as the most active for catalytic combustion
of methane [1,4,5] and the most able to meet these safety
constraints, however metal oxides MyOx (M Mn or Co) and mixed
metal oxides, i.e. perovskites [6–8], pyrochlores [9], offer a
valuable alternative to noble metals with both an improved
thermal stability and lower cost.

Bulk metal oxides generally possess a poor specific surface area
(SSA) which seriously hinders their efficiency as catalysts. A
convenient way to overcome this drawback is either to coat metal
oxide nanoparticles on a support, or to disperse them within a
porous host having a high SSA. Due to their narrow pore size
distribution, high SSA and large pore volume, mesoporous silica
materials such as MCM-41 and SBA-15 are promising candidates as
catalyst supports [10–18]. Thanks to its thicker walls (3–6 nm),
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SBA-15 exhibits a higher thermal and hydrothermal stability when
compared to thinner-walled MCM-41 material [19]. In addition,
the higher stability of SBA-15 material renders it more suitable as a
support in catalytic processes where thermal treatments and
repeated regeneration are frequently encountered. The synthesis
of SBA-15 materials is usually performed using poly(alkylene
oxide) tri-block copolymer as surfactant under strongly acidic
conditions [20], and has attracted great attention in the field of
catalysis [21–23]. Furthermore, SBA-15 (SSA = 600–1000 m2/g)
consists of a hexagonal array of uniform tubular channels with
tunable pore diameter in the range of 5–30 nm, thus being
significantly larger than those from MCM-41 [24]. SBA-15 is
therefore one of the most attractive silica host-material for metal
or metal oxide nanoparticles.

Operating conditions in the coating of a catalytic phase on a
support (nature of precursor, concentration, temperature) strongly
influence the structure of its active phase. The conventional
procedures, widely used for the synthesis of supported oxides, are
impregnation and ion exchange techniques. Recently a novel
method, the so-called ‘‘two-solvent’’ technique has attracting a
considerable interest [25,26]. Indeed, this method allows the
preparation of highly dispersed metal oxide nanoparticles within
the mesopores which are used as confinement nanoreactors.
Generally, inorganic precursors are first introduced into the
channels of the mesoporous host. Afterwards, the desired oxide
is obtained via an appropriate thermal treatment.

The present study deals with the synthesis and characterisa-
tion of Co3O4 and Mn3O4 nanoparticles coated on SBA-15 silica
support. The catalytic activity of these materials was tested in the
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Fig. 1. Low-angle XRD pattern of the SBA-15 after cobalt oxide impregnation

(7 wt.%).
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combustion of methane at low temperature. The catalytic
performance of these materials was compared with perovskite
materials, usually taken as reference for this reaction [27,28].

2. Experimental

2.1. Synthesis of SBA-15 materials

The synthesis of SBA-15 material was carried out according to
the procedure of Zhao et al. [20]. First, poly(ethylene oxide)
poly(propylene oxide) poly(ethylene oxide) (EO20PO70EO20, pluro-
nic P123, BASF) tri-block copolymer was dispersed in aqueous
hydrochloric acid solution (1 < pH < 2) under vigorous stirring.
After one hour, a clear solution was obtained indicating a complete
dissolution of the surfactant. Tetraethyl orthosilicate (TEOS), used
as silica source, was added drop wise to the solution at 40 8C under
stirring. Gelation and ageing were carried out at 40 8C for 24 h,
followed by heating at 100 8C for 72 h in a sealed Teflon flask. The
solid was filtered, washed several times with distilled water and
dried at room temperature. Finally, the tri-block copolymer
template was removed by calcination in air at 500 8C (heating
rate 2 8C/min) for 6 h.

2.2. Mn3O4/SBA-15 and Co3O4/SBA-15 preparation

The manganese oxide and cobalt oxide supported catalysts on
SBA-15 (Mn3O4/SBA-15 and Co3O4/SBA-15) were prepared accord-
ing to the ‘‘two-solvent’’ technique [25]. SBA-15 was first
suspended in dry hexane, used as hydrophobic solvent. Then, a
desired amount of metal nitrate (7 wt.% or 30 wt.%) was dissolved
in distilled water, quantity corresponding to the pore volume of
SBA-15 determined by N2 sorption. This solution (hydrophilic
solvent) containing metal precursors was added drop wise. The gel
was allowed to age for 2 h under stirring. The solid was recovered
by filtration and dried in air. The samples were finally calcined at
700 8C for 6 h (heating rate 2 8C/min) to obtain the desired metal
oxides Mn3O4 and Co3O4 [25]. Co3O4 metal oxide was also
supported on silica gel (Grace, US) for comparison, while using the
same procedure.

LaCoO3 perovskite was prepared according to the resin method
from metallo-organic propionate precursors [29,30]. First, lantha-
num and cobalt acetate salts were dissolved in boiling propionic
acid. Afterwards, the two solutions were mixed and stirred for 1 h
under reflux conditions. Propionic acid was then evaporated until
formation of a resin which hardened upon cooling. This resin was
calcined at 700 8C for 4 h (heating rate 3 8C/min) to obtain the
desired perovskite crystalline phase.

2.3. Characterisation techniques

The low-angle powder X-ray diffraction measurements were
carried out on a X’PERT MDP apparatus (Philips, Cu Ka radiation) in
the theta–theta geometry and associated to a thin film optics,
including programmable divergence slit (1/328), parallel plate
collimator, flat Ge monochromator and proportional Xe detector.
The system was equipped with TK450 camera of Anton Paar, as
sample holder.

Wide-angle X-ray diffraction patterns were recorded on a
Brucker D8 Advance diffractometer, with a Ni detector side filtered
Cu Ka radiation (1.5406 Å) over a 2u range of 5–908 and a position
sensitive detector using a step size of 0.0168 and a step time of 7 s.

Nitrogen adsorption–desorption isotherms were measured on a
Micromeritics ASAP using nitrogen as gas probe at�196 8C. Before
measurement, the sample was outgassed at 300 8C overnight to
desorb moisture from the surface. The pore size distribution was
determined from the adsorption branch of the isotherm and the
SSA values were calculated using the BET model.

Transmission electron microscopy (TEM) measurements were
performed on TOPCOM EM 002B microscope for high-magnifica-
tion (Fig. 4a) and Hitashi S4800 FEG equipped with SE, YAG-BSE
and TE detectors (Fig. 4b and c). The sample was dispersed in
chloroform and deposited on a holey carbon film supported on Cu
grid. EDX spectra were acquired to determine an average of the
deposited metal oxides contained in the samples. The EDX spectra
were acquired using 20 kV primary electron energy. Quantification
was done using the standard-less ZAF correction method in the
Genesis software from EDAX.

2.4. Catalytic tests

The catalytic combustion of methane was performed under air
in a fixed-bed reactor under atmospheric pressure. The reactor is
constituted by a U-shaped quartz tube of 5 mm of inner diameter.
The catalyst (150 mg) was packed between quartz wool plugs
and placed in the central part of the reactor. The void part of the
reactor was filled by inert quartz pellets. The total gas flow of
methane and air was set to 3 l/h, regulated by means of mass
flow controllers (MFC, Brooks 5850 TR series). The concentration
of methane was set to 5% of its lower explosion limit, i.e.
2500 ppm. The composition of the gas flow at the outlet of the
catalytic reactor was analysed on-line by means of a Quad 200
(Agilent Technologies). A TCD detector was used for the Quad 200
which is composed by three modules with the Porapack U (PPU),
methylpolysiloxane (OV1) and molecular sieve 5 Å (MS5A)
columns.

3. Results and discussion

3.1. Characterisations of Co3O4/SBA-15 and Mn3O4/SBA-15 catalysts

The structures of the as-synthesized Co3O4 and Mn3O4 in SBA-
15 mesopores, 7% in weight have been first examined by powder
XRD, and the profiles are depicted in Figs. 1 and 2. Fig. 1 shows the
low-angle diffraction pattern which displays the presence of three
well-resolved reflexions that can be indexed as (1 0 0), (1 1 0) and
(2 0 0) diffractions, thus associated with the well-ordered p6mm

hexagonal symmetry [20]. It is noteworthy that the SBA-15 still
exhibits a high degree of mesoscopic organisation even after the
impregnation of Co3O4 and Mn3O4 nanocrystals. Moreover, high-
magnification TEM image (Fig. 4a) evidences the hexagonal
arrangement of the porous network after Co3O4 impregnation.



Fig. 2. XRD at wide angle of (a) Co3O4 nanoparticles and (b) Mn3O4 nanoparticles

(7 wt.%).
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Fig. 2a confirms the formation of crystallized Co3O4 cobalt oxide
nanoparticles (JCPDS 43-1003). The broad peak between
108 � 2u � 308 corresponds to the mesoporous silica. The size of
the nanoparticles was calculated as reported by Davidson and co-
workers [26] using the Debye–Scherrer formula from the full width
at half maximum (FWHM) of the (4 0 0) diffraction. A size of
11 � 2 nm was estimated for Co3O4 nanoparticles. The indexation of
the different reflections shown by the wide-angle diffraction pattern
(Fig. 2b), clearly evidence the formation of a major Hausmannite
Mn3O4 crystalline phase (JCPDS 080-0382) [31]. The particle size was
calculated to be 10 � 2 nm from the FWHM of the (2 2 0) diffraction
peak of Mn3O4.

Results obtained by EDAX analysis of many samples confirmed
the presence of metallic elements Mn and Co in the SBA-15 at
desired loadings. An average content of metal of 6.7 wt.% and
7.2 wt.% was determined for Co3O4/SBA-15 (7 wt.%) and Mn3O4/
SBA-15 (7 wt.%) samples, respectively. Again, the efficiency of the
two-solvent method is confirmed for the coating of nanoparticles
having both controlled size and loading.

The nitrogen adsorption–desorption isotherms of bare SBA-15
and Co3O4/SBA-15 are displayed in Fig. 3. The isotherm of siliceous
SBA-15 (Fig. 3a) exhibits a type IV isotherm with H1 hysteresis
following the IUPAC classification [32]. This profile is characteristic
of mesoporous materials with one-dimensional cylindrical chan-
nels. A sharp inflection in the relative pressure (P/P0) between 0.6
and 0.8 corresponds to capillary condensation within uniform
mesopores and is a function of the pore diameter. The uniform pore
size distribution is demonstrated by the sharpness of this step. The
isotherm of the Co3O4/SBA-15 sample (Fig. 3b) also shows the
Fig. 3. Nitrogen adsorption–desorption isotherms of (a) SBA-15 and (b) Co3O4/SBA-

15 (7 wt.%).
typical profile of pristine SBA-15. However, the sharp inflection
shifts toward lower relative pressures, suggesting that Co3O4

nanoparticles are present within SBA-15 mesopores. Indeed, both
the pore diameter and the SSA were decreased from 6.8 nm to
5.6 nm, and from 785 m2/g to 338 m2/g for pristine SBA-15 and
Co3O4/SBA-15, respectively. It is important to note that the
mesoporous structure was preserved after catalytic runs.

Mn3O4/SBA-15 microstructure was further investigated by TEM
(Fig. 4b and c). Obviously, SBA-15 with a lower quantity of
manganese oxide (7 wt.%) shows a homogeneous and high
dispersion of nanoparticles formed within mesoporous channels
Fig. 4. TEM images of (a) Co3O4/SBA-15 (7 wt.%), (b) Mn3O4/SBA-15 (7 wt.%) and (c)

Mn3O4/SBA-15 (30 wt.%).



Table 1
T50 and T90 temperatures for the different catalysts

T50 temperature (8C) T90 temperature (8C)

Co3O4/SBA-15 (7 wt.%) 506 576

Mn3O4/SBA-15 (7 wt.%) 534 588

Mn3O4/SBA-15 (30 wt.%) 552 615

Mn-Co/SBA-15 (7 wt.%) 541 589

LaCoO3 514 591

Co3O4/SiO2 (7 wt.%) 545 605
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(Fig. 4b). In contrast, SBA-15 with a high manganese oxide loading
(30 wt.%) presents larger aggregates (Fig. 4c). In spite of
uncertainties in the size observed by TEM associated to changes
in electron density [26], sizes of metal oxide nanoparticles (Mn3O4

and Co3O4) are consistent with the values calculated with Debye–
Scherrer formula, i.e. 11 nm and 10 � 2 nm for Co3O4 and Mn3O4,
respectively.

3.2. Catalytic activity

Methane oxidation activity data are expressed in terms of CH4

conversion with respect to the reaction temperature for the as-
prepared manganese and cobalt oxides at different loadings
supported on SBA-15. The temperatures of 50% (T50) and 90%
(T90) of methane conversion were used to compare the activity of
the catalysts (Table 1). Fig. 5 shows the dependence between CH4

conversion with temperature for 7 wt.% and 30 wt.% supported
manganese, 7 wt.% supported cobalt. For comparison, 7 wt.% of
supported mixed equimolar manganese–cobalt was also tested
(Fig. 5). It is clearly seen that a high loading of manganese oxide
(30 wt.%), leads to a decrease in activity when compared to the 7-
wt.% catalysts. The T50 temperature was reached 18 8C below for
Mn3O4/SBA-15 (7 wt.%) than for the 30 wt.% material. This
difference was further increased to 27 8C for T90 values
(Table 1). According to the TEM images (Fig. 4b and c), the
manganese oxide tends to form large aggregates at high loading
(30 wt.%). Therefore a lower loading of active phase on SBA-15, can
insure a homogeneous dispersion of nanoparticles within the
channels of the mesoporous silica and thus allows an improved
catalytic activity. Moreover, the activity of the Co3O4/SiO2 (7 wt.%)
catalyst in methane combustion is lower than the Co3O4/SBA-15
(7 wt.%) catalyst (Table 1). Thanks to its high SSA (SBA-15: 785 m2/
g and SiO2: 300 m2/g) and meso-structure, SBA-15 reach high
dispersion of the Co3O4 nanoparticles.
Fig. 5. Methane conversion as a function of temperature for manganese and cobalt

oxides supported on SBA-15.
Supported cobalt oxides on SBA-15 (7 wt.%) exhibit the highest
catalytic activity in methane oxidation compared to the manga-
nese oxide-based catalyst. These results are in line with those
generally reported for total oxidation of hydrocarbons: Co3O4 > M-
Mn3O4 > Cr2O3 > CuO [33–37]. However the difference in the T50

between Co3O4/SBA-15 and Mn3O4/SBA-15 is less pronounced at
T90, i.e. at high temperatures (�570 8C). We can therefore suggest
that the temperature of reaction strongly influences the behaviors
of the two catalysts. Indeed, the mechanism of hydrocarbons
combustion over metal oxide catalysts has long been discussed
[38,39]. Generally, two different pathways are usually proposed for
this reaction: (i) the Langmuir–Hinshelwood mechanism, where
the reaction involves the adsorption of reactants on the catalyst
surface and (ii) the Mars-van Krevelen mechanism, where the
reactants are oxidized by lattice oxygen [40]. The latter usually
occurs at elevated temperatures (>500 8C).

The Co3O4 crystalline phase is known to be a more efficient
catalyst for methane oxidation at low temperature [41]. On the
basis of the Langmuir–Hinshelwood mechanism, an optimal
adsorption of methane at low temperature occurs at the surface
of Co3O4 can explain its high activity compared to manganese
oxide. However at high temperature conversion (500 8C), Mars-van
Krevelen mechanism, becomes preponderant, thus a higher
oxygen mobility in the manganese oxide lattice renders the
catalytic activity of the two oxides in the same range [40].

An equimolar loading of Mn–Co (7 wt.%) on SBA-15 (Mn–Co/
SBA-15) was prepared and also tested in the conversion of
methane. From the light-off curves depicted in Fig. 5, the Mn–Co/
SBA-15 catalyst behavior seems to exhibit the activity of a half
equivalent of Mn3O4/SBA-15. Such inhibitor effect of supported
bimetallic Co and Mn being less efficient than Mn/SBA-15 and Co/
SBA-15 in terms of T50, was already demonstrated by Li et al. [42]
for the combustion of methane.

Perovskite type oxides (ABO3) are particularly promising
catalysts in the combustion of hydrocarbons owing to their high
thermal stability and important oxygen mobility within the crystal
lattice [8,43]. High catalytic activities in methane combustion over
LaBO3 (B Co or Mn) were also reported by Arai et al. [6]. We have
therefore performed comparison between bulk LaCoO3 perovskite
under the same conditions, i.e. 150 mg of catalyst and with the
same catalyst bed length (mixture of LaCoO3 with SiO2). Fig. 6
shows a relatively same activity of Co3O4/SBA-15 compared to
LaCoO3. Furthermore, in case of Co3O4/SBA-15 (7 wt.%), the
amount of active phase represents only 10.5 mg while, it
constitutes 150 mg in case of bulk perovskite. Homogeneous
Fig. 6. Comparison between supported metal oxides on SBA-15 and LaCoO3

perovskite.
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dispersion of nanoparticles in the channels of the mesoporous SBA-
15 provides a confined active site, able to adsorb and activate
methane efficiently on different crystallite faces.

4. Conclusions

In summary, Mn3O4 and Co3O4 nanoparticles were highly
dispersed on SBA-15 silica while using a two-solvent procedure, i.e.
one hydrophilic, one hydrophobic. The synthesis procedure
allowed a proper control of both the size and the loading of metal
oxides.

Co3O4/SBA-15 (7 wt.%) exhibited the highest catalytic perfor-
mance in the conversion of methane to carbon dioxide and water
even at 5% of LEL concentration. This opens up a route to produce
novel efficient combustion catalysts without Pd-use and at low
metal loading.

Thanks to its mesoporous structure, SBA-15 seems to offer the
appropriate pore architecture and size to ensure a high and
homogeneous dispersion of Mn3O4 and Co3O4 oxides, thus creating
a confinement media, being resistant to sintering.
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