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Abstract 

Three different ordered mesoporous silica materials, such as MCM-41, Al containing MCM-41 (mass ratio Si/Al 

= 10) and SBA-15, were prepared. In a next step, cobalt (5-8 wt%) as an active metal for redox reactions, was 

introduced by the impregnation. The prepared catalysts were characterized by AAS, EDX, N2 physisorption, 

XRD, DR UV-Vis spectroscopy, Raman spectroscopy, TPR-H2 and their catalytic properties were evaluated 

for N2O decomposition and reduction. The catalysts showed poor activity in N2O decomposition while the use 

of reducing agent (carbon monoxide) was beneficial for their catalytic activities. The lowest catalytic activity 

showed Co/Al-MCM indicating that the aggregated CoxOy species present in this catalyst were inactive and 

not beneficial for the catalytic activity. 
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1. INTRODUCTION

The exceptional activity of noble metals (such as Au, Rh or Ru) for the catalytic reactions such as N2O 

decomposition [1, 2, 3] has been studied. However, due to the excessive cost of noble metals, the interest is 

paid to the use of transition metal oxide catalysts [4]. The range of papers dealing with the catalytic 

performance of mesoporous silica materials modified with cobalt has been published [5, 6, 7, 8, 9, 10].  

The metal site isolation can be achieved by simple deposition of the metal precursor using wet impregnation. 

However, the impregnation method often results in catalysts with broader distribution of metal species and 

lower degree of dispersion or bulk oxide. Metal acetylacetonate (acac) complex such as VO(acac)2 was used 

for the wet impregnation of vanadium on hexagonal mesoporous silica (HMS) as reported by Bulanek and co-

authors [11]. The similar approach was applied in our study. As reported in the papers [12, 13], the adsorption 

of Co(acac)2 complexes leaded to the precipitation of cobalt oxides on alumina surface. On the other hand, 

the stability of Co(acac)2 was beneficial to form a high loading of cobalt on silica surface.  

Aluminum is known as an element generating acid sites by substitution of Si by Al in the silica structure. 

Aluminum can enhance the dispersion, localization and stability of metal nanoparticles (such as Fe, Ru, Rh or 

Au) on silica surface such as SBA-15 or SiO2 extracted from the natural clay [3, 14].  

To our knowledge, the catalysts prepared by impregnation of Co(acac)2 on ordered mesoporous silica 

materials (MCM-41, MCM-41 with incorporated aluminum and SBA-15) and tested in N2O catalytic 

decomposition and reduction by using CO as the reducing agent have not been reported yet. The aim of the 

paper is to find the relation among physicochemical properties of cobalt deposited on different supports and 

the performance of these materials in the above mentioned catalytic reactions. The main interest is focused 

on the differences in (i) textural and structural properties of catalysts supports, (ii) crystalline phase, (iii) 

coordination and oxidation state of cobalt cations and (iv) reducibility of catalysts.  
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2. MATERIALS AND METHODS 

Synthesis of mesoporous silica supports 

MCM-41 material was prepared by a direct interaction between an ionic, positively charged surfactant and a 

negatively charged silica source in a basic environment. The synthesis of MCM-41 was performed according 

to [15] by using cetyltrimethylammonium bromide (C16TMABr), ammonia (30 wt% solution of NH3 in H2O), 

tetraethyl orthosilicate (98 % TEOS) and water. 

Synthesis of Al-MCM-41 was done according to [16]. Sodium hydroxide (NaOH), cetyltrimethylammonium 

bromide (CTABr, C16H33(CH3)3NBr), tetraethylorthosilicate (TEOS), aluminum sulphate (Al2(SO)4Z18H2O), and 

deionized water were used.  

SBA-15 material was prepared by use of block copolymeric surfactant that interacts with the positively charged 
silica source in acid medium. SBA-15 was synthesized as described in [17] in acidic conditions using 

polyethyleneoxide-polypropyleneoxide-polyethyleneoxide copolymer (EO20PO70EO20), hydrochloric acid (37 % 

HCl), tetraethyl orthosilicate (98 % TEOS) and water.  

Preparation of catalysts 

The calcined silica support was dried in an oven at 200 °C in the air atmosphere. The appropriate amount of 

Co(acac)2 was dissolved in ethanol. Afterwards, the calculated amount of support was added to the solution 

which was stirred at 80 °C till ethanol slowly evaporated. Finally, the formed suspension was dried in the oven 

at 120 °C and calcined at 550 °C with a heating rate of 1 °C.min-1 in the period of 12 h.  

The prepared catalysts are designed as: (i) Co/MCM, (ii) Co/Al-MCM, and (iii) Co/SBA. 

Characterization techniques 

The metal loadings were determined by an electron dispersive X-ray (EDX) analyzer XL30 Phillips and by an 

atomic absorption spectrometer (AAS) Spectr AA880 (Varian). For AAS analysis, the catalysts were dried, 

dissolved in 3 ml HCl and heated up. 

Textural properties of the samples were determined by nitrogen sorption measurements at -196 °C using a 

QuadraSorb SI MP Station. Prior to the measurements, the samples were degassed under vacuum at 200 °C 

for 16 h. The mesopore diameter was determined from the maximum of pore size distribution curve of BJH 

method. The microporosity was evaluated by t-plot method using de Boer for oxidic silicas. 

The XRD patterns in 2� range from 10 to 80° were recorded under CoK� irradiation (& = 1.789 Å) using the 

Bruker D8 Advance diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. 

Measurements were carried out in the reflection mode, powder samples were pressed in a rotational holder, 

goniometer with the Bragg-Brentano geometry in 2 + range from 5 to 60°. Phase composition was evaluated 

using database PDF-2 Release 2011 (International Centre for Diffraction Data). 

Diffuse reflectance UV-Vis spectra of the powder samples were recorded in the range 190 - 900 nm  

(11111 - 50000 cm-1) at room temperature on the Cintra 303 equipped with a diffuse reflectance attachment. 

Raman spectra were measured by Smart Raman Microscopy System XploRA™ (HORIBA Jobin Yvon, 

France). Raman spectra were acquired with 532 nm excitation laser source, and 2400 groove/mm grating in 
the range 150 - 1100 cm-1. Raman spectra were acquired at each of at least 5 points. 

Temperature programmed reduction by hydrogen (TPR-H2) was carried out on AutoChemII 2920 on the 

powder samples of the grain 0.160-0.315 mm. The TPR runs were performed in the flow of 10 vol% H2/Ar  

(50 ml.min-1) with the heating rate 20 °C.min -1in the temperature range 25-1000 °C. The hydrogen 

consumption was monitored by thermal conductivity detector (TCD). 

The cobalt standards CoO (Alfa Aesar, CAS: 1307-96-6, purity 95 %), Co3O4 (Alfa Aesar, CAS: 1308-06-1, 

purity 99.7 %) and CoAl2O4 (Alfa Aesar, CAS: 12672-27-4, Co 39-41 %) were applied. 
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Catalytic tests 

The catalytic tests were performed in an integral fixed bed stainless steel reactor of 5 mm internal diameter in 
the temperature range from 390-450 °C under atmospheric pressure. The catalyst bed contained 0.1 g of 

catalyst with a particle size of 0.160-0.315 mm. The weight hourly space velocity (WHSV) of 60 000 l h-1 kg-1

(GHSV = 15648 h-1) was applied. The feed introduced to the reactor contained (i) 0.1 mol% N2O in nitrogen 

and (ii) 0.1 mol% N2O and 0.1 mol% CO in nitrogen. A gas chromatograph equipped with a thermal conductivity 

detector (TCD) (Agilent Technologies 7890A) and the chromatographic column ShinCarbon Micropacked 

(dimension: 2 m x 0.53 mm, oven program: 100 °C for 2 min then 40 °C/min to 250 °C for 1 min) was used for 

N2O analysis.  

3. RESULTS AND DISCUSSIONCharacterization of catalysts 

Theoretical and experimental Si/Al ratio, initial loadings of Co(acac)2, theoretical concentration of Co and final 
concentrations of Co and Al determined by EDX and AAS analyses are displayed in Table 1. AAS measured 

the bulk concentration of cobalt and is more precise than EPMA measuring only surface concentration of 

cobalt. The concentration of cobalt determined by AAS is considered for further comparison of catalysts. 

Table 1 Initial concentrations of Co(acac)2 and final concentrations of Al and Co in the catalysts 

Sample Final Al conc.a Si/Al Initial Co (acac)2 conc. Theor. Co conc. Final Co conc. 

wt % - mmol.g-1 wt % wt % 

Co/MCM -  - 1.7 10 6.7b, 5.2c

Co/Al-MCM 4.1 17a 9.7b 1.7 10 6.9b, 7.4c

Co/SBA -  - 1.7 10 4.7b, 7.7c

a Theoretical Si/Al ratio. Si/Al are mass ratios. 

b EDX analysis, c AAS analysis.  

The evaluated textural properties of prepared catalysts are summarized in Table 2. The Co/MCM has the 

highest surface area whereas Co/SBA has the highest mesopore diameter with the presence of micropores in 

the mesopore structure.  

Table 2 Results of textural properties of Co-impregnated catalysts 

Sample SBET Smicro Vtotal, 
p/p0 = 0.99-1.0 

Vmicro dpore  

m2.g-1 m2.g-1 cm3.g-1 cm3.g-1 nm  

Co/MCM 1256 - 1.03 - 2.8  

Co/Al-MCM 605 - 0.46 - 2.7  

Co/SBA 569 172 0.76 0.08 5.7  

The Co spinel phase was surely detected in Co/Al-MCM catalyst. XRD patterns of other catalysts are noisy for 

the determination of Co spinel phase. Due to the similar reflection angles and intensities in XRD, it is not 

possible to distinguish between Co3O4 (PDF number 65-3103), CoAl2O4 (PDF number 03-0896) and Co2AlO4

(PDF number 02-1410). As depicted in Fig. 1, the peak of amorphous SiO2 at the maximum 2 = 27 ° is the 

most apparent in Co/SBA catalyst.  

The DR UV-Vis spectra are used for the characterization of the nature and the coordination of cobalt oxide 

species. Triplet absorption bands at around 15550, 17094, 19120 cm-1 are assigned to 4A2(F) � 4T1(P) 
transition of Co(II) species in tetrahedral coordination geometry, see Fig. 2 [18, 19, 20]. 

The absorption band at 13642 and 23310 cm-1 are attributed to non-specified oxide CoxOy, as it is obvious in 
Fig. 2 [20, 21]. These bands are evident in Co/Al-MCM.  
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Raman spectroscopy is much more sensitive for the detection of small crystalline clusters than XRD analysis 
[22]. Fig. 3 shows Raman spectra of Co-impregnated catalysts where five bands at 194, 479, 520, 612, and 

682 cm-1 are clearly visible. According to the literature [23], these bands correspond to symmetric vibrational 

modes F2g, Eg, F2g, F2g, and A1g and predict the formation of microcrystallites of Co3O4. The measured Raman 
spectra of cobalt standards Co3O4, CoO and CoAl2O4 are shown in Fig. 4. By comparison of the spectra, the 

determination of Co3O4 and/or CoO is difficult due to their similar spectra as well as the position of the bands 

in Co-impregnated catalysts could be affected by the presence of supports. The phase CoAl2O4 is not present 
in the catalysts by comparison of Figs. 3, 4 as well as Co2AlO4 and NaCo2O4 are not present, according to the 

literature [24].  

Fig. 1 XRD patterns of catalysts A) Co/MCM, B) 

Co/SBA and C) Co/Al-MCM. The phases are: 1 -

cobalt spinel, 2 - amorphous SiO2

Fig. 2 DR UV-vis spectra of catalysts A) Co/SBA, 

B) Co/MCM and C) Co/Al-MCM 

� �
�

Fig. 3 Raman spectra of Co/SBA 

(a), Co/Al-MCM (b), Co/MCM (c) 

catalysts�

Fig. 4 Raman spectra of the 

standards Co3O4 (a), CoO 

(b), and CoAl2O4 (c)�

Fig. 5 TPR-H2 profiles of Co-

impregnated catalysts�

The results from TPR-H2 of Co-impregnated catalysts and cobalt standards are summarized in Table 3. The 

TPR profiles are depicted in Fig. 5. The low-temperature reduction peaks (25-500 °C) correspond to the 

reduction of CoIII [ CoII and/or CoII [ Co0 in cobalt oxides [25]. The highest amount of easily reducible cobalt 

species was present in Co/Al-MCM indicating that the sintering of Co particles into aggregates was favored in 
this catalyst. The high-temperature reduction peaks (530-1000 °C) are assigned to Co2+ ions interacting 

strongly with the support and to the reduction of surface Co silicate [10, 26]. The broad second reduction peak 
with Tmax 709 °C in the catalyst Co/Al-MCM indicates less uniform cobalt ion distribution in the silica framework 

[9]. Compared to that, Co/MCM and Co/SBA catalysts showed significant shift of Tmax to higher temperature 

indicating higher reduction stability of these catalysts. 
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Table 3 The results from TPR-H2 experiments and catalytic tests�

Sample Tmax H2 consumed H2 consumed N2O 

decomposition 

N2O 

reduction 

TOF 

25- 1000°C 25- 500°C 25- 1000°C XN2O XN2O

°C mmol.gsample
-1 mmol.gsample

-1 % % h-1

Co/MCM 310, 894 0.12 1.01 2 17 254 

Co/Al-MCM 335, 709 0.29 1.47 4 13 125 

Co/SBA 495, 855 0.21 0.97 5 37 359 

CoO 464 16.16 - - - - 

Co3O4 400 19.50 - - - - 

CoAl2O4 397, 977 2.63 4.59 - - - 
�

Catalytic activity in N2O decomposition and reduction 

The Co-impregnated catalysts were tested in N2O decomposition. The N2O conversion (XN2O) at 450 °C was 

in the order: Co/SBA > Co/Al-MCM > Co/MCM which indicates no catalytic activity in N2O decomposition for 

all catalysts.  

The rate determining step of catalytic decomposition of N2O (Eq. 1) is supposed to be the reduction of active 

sites to remove adsorbed oxygen species which remain on the surface after dissociation of N2O molecule.  

N2O [ N2 + ½ O2  (1) 

Therefore, reducing agent (such as carbon monoxide) could facilitate desorption of oxygen species and hence 

the rate of N2O decomposition (Eq. 2).  

N2O + CO [ N2 + CO2  (2) 

The reducing agent increased the activity (XN2O at 450 °C) which was in the order: Co/SBA > Co/MCM > Co/Al-

MCM. The catalytic activity expressed by TOF (turnover frequency) as the number of N2O molecules reacting 

in unit time per active cobalt site defined by AAS [27] was at 450 °C in the order: Co/SBA > Co/MCM > Co/Al-

MCM reflecting the highest activity of Co/SBA catalyst. The Co/SBA catalyst does not differ from Co/MCM 

from the point of view of the coordination and oxidation state of cobalt assigned to surface Co(II) species in 

tetrahedral coordination geometry. Therefore, the reason for higher activity can be due to different particle size 

of cobalt and its dispersion on silica supports. The Co/Al-MCM differs from the others indicating the presence 

of aggregated CoxOy species which showed up to be inactive and not beneficial for the catalytic N2O 

decomposition and reduction even though the reducibility below 500 °C was the highest for Co/Al-MCM.  

4. CONCLUSIONS 

The impregnation method was applied for the deposition of cobalt on three different mesoporous silica 

supports: MCM-41, MCM-41 with aluminum incorporated into the silica framework (Al-MCM-41) and SBA-15.  

The presence of tetrahedral Co(II) was detected for all prepared catalysts, however, the presence of 

aggregated crystalline CoxOy species was analyzed by XRD, DR UV-Vis and TPR-H2 in Co/Al-MCM. There is 

no clear determination by Raman spectroscopy of CoO or Co3O4 crystalline phase. 

The catalysts showed no activity in the reaction of N2O decomposition whereas the use of reducing agent 

(carbon monoxide) increased their catalytic activities. However, N2O conversion did not exceed 37 % at 450°C 

in the case of Co/SBA. The lowest catalytic activity showed Co/Al-MCM indicating that aggregated CoxOy

species on the surface of Co/Al-MCM were inactive and not beneficial for the catalytic activity. 
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