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Mono-component Co and Mn and two-component Co – Mn 
samples deposited by precipitation on SiO2 have been prepared, 
characterized and tested in the reactions of complete n-hexane 
and methane oxidation. It was established that Mn enhanced the 
catalytic activity of cobalt during both reactions and this effect is 
due to the formation of finely divided and easy reducible oxides. 
Within the mono-component cobalt sample a formation of 
silicate was observed, and this is responsible for its low activity. 

 
 

INTRODUCTION* 

The prevention of the global environmental 
pollution is going to be on the topic of the research 
works at the last two decades. The design of a 
catalytic system for complete oxidation of hydrocar-
bons is an important problem of environmental 
catalysis and supported noble metals, metal oxides 
and perovskite oxides have been investigated 
intensely for the purpose. The high cost of precious 
metals, the limited availability and their sensitivity to 
higher temperatures have motivated investigators to 
search for new, substitute catalysis. Metal oxides are 
alternative to noble metals as catalysts for the total 
oxidation, but they are less active at low 
temperatures, while at higher temperatures their 
activity is similar to that of the noble metals. The 
most active single metal oxides for combustion of 
volatile organic compounds (VOCs) and methane are 
the oxides of Cu, Co, Mn, and Ni. Among all metal 
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oxides studied, manganese and cobalt containing 
catalysts are less expensive and relatively highly 
active.1 The catalytic properties of MnOx-based 
catalysts are attributed to the ability of manganese to 
form oxides with different oxidation states and their 
high oxygen storage capacity (OSC). Chang and 
McCarty claim that MnOx has higher oxygen storage 
capacity and faster oxygen absorption and oxide 
reduction rates than current commercial ceria-
stabilized materials.2  

The active phase dispersion in the supported 
catalysts is important for their activity. The 
following factors influence the active phase 
dispersion: support type, method of preparation, 
calcination conditions, precursors and active phase 
loading. Appropriate combinations of metal oxides 
may exhibit higher activity and thermal stability 
than the single oxides. Recently, it is also reported 
that the material properties and photocatalytic 
activity are strongly dependant on the type of 
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precursors and method of synthesis3-6. The 
combination of different oxides is useful to 
achieving higher photocatalytic reaction rate than 
that of the single phase.3-6 Despite the number of 
studies on mono-component manganese7, 8 and 
cobalt oxides9 based catalysts, there are only a few 
works addressed to the catalytic properties of 
combinations of these two oxides in the 
combustion of VOCs and methane.10-12 Aguilera et 
al.13 reported that mixed oxides of Co–Mn present 
good catalytic performance for the cleaning of 
gases containing VOCs. In our previous studies14, 

15 we established that two-component cobalt and 
manganese samples prepared by impregnation with 
nitrates on silica exhibit a significant activity in the 
n-hexane oxidation.  

The aim of this study is to establish the influence 
of Co:Mn ratio in the samples prepared by co-
precipitation on the catalytic activity in complete n-
hexane and methane oxidation. n-Hexane and 
methane are among the major air pollutants. n-
Hexane is a component of many products related to 
industry, while the methane’s global warming 
potential (GWP) is 21 times higher than that of CO2. 

EXPERIMENTAL 

Catalyst preparation 

The tested catalysts were prepared using a co-precipitation 
procedure. Aqueous solutions of Co(NO3)2.6H2O and 
Mn(NO3)2.6H2O with molar ratios Co:Mn=1:1; 1:2; 2:1 were 
premixed. The SiO2 (Aerosil SBET = 147 m2/g) was slurred 
into the solution, followed by the drop wise addition of 
sodium carbonate solution (1 mol/l). The final pH was 11. The 
precipitate was first filtered and washed several times with 
distilled water until pH=7. The precipitate was then dried at  
60 ºC and subsequently calcined at 500 ºC 3 h. Mono-component 
cobalt and manganese samples were prepared, as well.  

Samples are denoted Co, Mn, Co:Mn(1:1), Co:Mn(2:1) 
and Co:Mn(1:2). The amounts of Co and Mn in all prepared 
samples were 20 wt % assumption based on the stoichiometry 
in the preparation procedure. 

Catalyst characterization 

The XRD patterns were obtained on TUR M62 apparatus, 
HZG-4 goniometer with Bregg-Brentano geometry, CoKα 
radiation and Fe filter. XRD data processing was performed 
by using the X'Pert HighScore program. 

Temperature programmed reduction (TPR) was carried out 
using a flow mixture of 10 % H2 in Ar at 10 ml/min, 
temperature rate of 10 C/min to 973 K. Prior to the TPR 
experiment the samples were treated in Ar for 1 hour at 423 K. 

X-ray photoelectron measurements have been carried out 
on the ESCALAB MkII (VG Scientific) electron spectrometer 
at a base pressure in the analysis chamber of 5x10-10 mbar 
using twin anode MgKα/AlKα X-ray source with excitation 
energies of 1253.6 and 1486.6 eV, respectively. The spectra 
are recorded at the total instrumental resolution (as it was 

measured with the FWHM of Ag3d5/2 photoelectron line) of 
1.06 and 1.18 eV for MgKα and AlKα excitation sources, 
respectively. The energy scale has been calibrated by 
normalizing the C1s line of adsorbed adventitious 
hydrocarbons to 285.0 eV. The processing of the measured 
spectra includes a subtraction of X-ray satellites and Shirley-
type background.16 The peak positions and areas are evaluated 
by a symmetrical Gaussian-Lorentzian curve fitting. The 
relative concentrations of the different chemical species are 
determined based on normalization of the peak areas to their 
photoionization cross-sections, calculated by Scofield.17 

Catalytic tests 

The tests for n-hexane oxidation were carried out in a flow 
type glass reactor at atmospheric pressure with a catalyst loading 
of about 1 cm3 (fraction 0.25–0.31 mm), GHSV of 30 000 h−1. 
The reaction temperature was measured by an internal 
thermocouple (reactor diameter Ø = 5 mm). The inlet 
concentration of n-hexane in air was fixed to 830 ppm. The 
reaction products were analyzed by a HP5890 gas chromatograph 
equipped with thermal conductivity and flame ionization detectors 
and Carboxen-1000 and capillarity HP-PLOT Q columns.  

Catalytic activity tests in methane oxidation were performed 
using an integrated quartz micro-reactor and mass spectrometer 
system (CATLAB, Hiden Analytical, UK). The catalysts were 
held between plugs of quartz wool in a quartz tubular vertical 
flow reactor (Ø = 6 mm). The inlet concentration of methane in 
air was 500 ppm, GHSV of 10 000 h−1. The system features a 
fast-response, low thermal mass furnace with integrated air 
cooling, a precision Quadrupole Mass Spectrometer and a quartz 
inert capillary with “hot zone” inlet for continuous close-coupled 
catalyst sampling with minimal dead volume and memory effects. 
The reactant gases were supplied through electronic mass flow 
controllers.  

RESULTS AND DISCUSSION 

XRD patterns of mono and two-component 
samples after calcination are shown in Fig. 1. Highly 
dispersed materials can be seen with low intensive 
broadened diffraction peaks having X-ray amorphous 
halo for SiO2. The single component Co/SiO2 
catalysts exhibits broad low intensive diffraction 
peaks characteristic of Co2SiO4 (PDF 01-076-1501). 
The lack of XRD patterns for Mn/SiO2 sample, 
reveals X-ray amorphous oxide phases, because of 
the small crystallite size. According to the literature 
data,18,19 bulk manganese oxides manifest different 
crystalline phases, depending mainly on the applied 
temperature and environment of calcination. At low 
temperatures manganese (IV) oxides can be present 
in a variety of structural forms, the most stable 
structure among them being β-MnO2.20 Weakly 
expressed XRD patterns of two-component Co:Mn 
(2:1) sample indicates the presence mostly of 
Co2SiO4. The diffraction peaks for Co2MnO4 and 
MnO2 are visible in the XRD spectrum of 
Co:Mn(1:1) sample. The diffraction peaks are small 
and relatively broad making identification of the 
phase difficult. The very broad diffraction line for 
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MnO2 and Mn3O4 present in XRD spectra of 
Co:Mn(1:2) reveal very fine oxides particles.  

Infrared spectroscopy is often a necessary 
alternative and useful supplement to X-ray 
diffraction, because IR spectrum analysis is 
sensitive to amorphous components and those with 
short-range order.20 Fig. 2 displays the IR spectra 
of our mono-component Mn and Co samples. The 
IR spectrum of support is given for comparison, as 
well. The bands for different manganese oxides 
and IR bands for monocomponent manganese 
catalyst are presented in Table 1. 

The strong bands at 1100, 811 and 472 cm−1 
come from SiO2. The band at 1100 cm−1 can be 
assigned to the asymmetric stretching vibration of 
the bond Si–O–Si in the SiO4 tetrahedron. The 
band at 800cm−1 is corresponding to the vibration 
of the Si–O–Si symmetric stretch. The band at 460 
cm−1 is related to bending modes of Si–O–Si 
bonds.21 FT–IR spectra of manganese oxides are 
appear at 200–450, 450–600, and 600–750 cm−1. 
They correspond to spectral domains where 
wagging, bending and stretching vibrations are 
active, respectively.22   

The main IR characteristics of the ramsdellite 
structure (R-MnO2) are the strong bands at 740 and 
687 cm−1. As can be seen from Fig. 2 and Table 2, 
the IR spectrum of our mono-component 
manganese sample displays the IR bands typical 
for R-MnO2. The low resolved bands at 592, 536 
and 670 cm−1 characteristic of Mn2O3 oxides.22  

According to the authors in [22], the main feature 
of α-Mn2O3 is the peak at 592 cm−1. Most probably 
the mono-component Mn catalyst is constituted by 
amorphous R-MnO2 and α-Mn2O3. According 
Parida and  Kanungo23 MnO2 loss oxygen in the 
temperature interval 400-600 °C with the 
decomposition to Mn2O3. Our samples are calcinet 
3h at 500 °C, which mean that two manganese 
phases can be formed during calcinations 
procedure.  FTIR spectrum of mono-component 
cobalt sample exhibits band at 669 cm-1 ascribed to 
Co-O vibration from CoO based on comparison 
with the IR spectra of pure CoO (dashed line in 
Fig. 2). The FTIR spectrum of Co3O4 is 
characterized by two bands – one in the region 
550-600 cm-1 (ν1) and other in the interval 650-700 
cm−1 (ν2).24 The first one is attributed to the 
stretching vibration of Co3+–O, where Co3+ is in 
octahedral position and the second one –to the 
stretching vibration of Co2+–O bond (Co2+ in 
tetrahedral position) The lack of the band for Co3+–
O could be additional conformation that cobalt 
forms surface silicate and CoO under applied 
preparation conditions. The broadening of the band 
at 1100 cm−1 from the low frequency site after 
cobalt deposition could be results of the 
appearance of band at 1020 cm−1 that comes from 
the asymmetric stretching vibration of the bond Si–
O–Co.25

 

  
Fig. 1 – XRD patterns of all studied samples  

after calcinations. 
Fig. 2 – Infrared spectra of mono-component Mn and Co 

samples after calcination at 500 °C. 
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Table 1 

IR frequency vibration of manganese oxides 

Sampans IR bands (cm-1) References 

Mn 719 669  602     578          534  

β-MnO2   618, 626   545   [22] 

R-MnO2 740 687   589, 515          [22] 

α-Mn2O3    606 576, 533          [22] 

γ-Mn2O3  666   592, 533          [22] 
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Fig. 3 represents the TPR profiles of all samples 
after calcination. The single component Co sample 
exhibits broad hydrogen consumption above 650 
°C. A large number of researchers accept that cobalt 
containing phase in Co/SiO2 reducible at 
temperature above 700 °C are silicates and 
hydrosilicates.26, 27 This is an indication that cobalt 
in monocomponent Co/SiO2 sample, prepared by 
precipitation is in the form of silicates. The presence 
of Co2SiO4 is supported by the XRD and IR data. 
Our results are with accordance with Puskas et al. 28 
which established that precipitation of the cobalt 
nitrate solution with sodium carbonate in the 
presence of silica resulted in an amorphous cobalt 
silicate formation. The TPR profile of manganese 

sample shows two peaks with maxima at 307 and 
416 °C. The first one can be assigned to the 
reduction of Mn4+ and Mn3+ ions to the Mn3O4 
spinel according to the reduction reactions MnO2 
→Mn2O3 → Mn3O4, while the second may be 
related to the reduction of Mn3O4 to MnO.14, 20 The 
broad peak with the maximum at 350 °C and 
hydrogen consumption above 700 °C are appeared 
in the TPR spectra of catalyst with Co:Mn=2:1 
ratio. Co3O4 and MnO2 are reduced in the same 
temperature range, which makes it difficult to 
correctly assigning of the reduction peak at 350 °C. 
Very likely the reduction of both finely divided 
cobalt and manganese oxide is responsible for 
hydrogen consumption in this temperature range. 

Fig. 3 – TPR spectra of single  
and bicomponent catalysts. 
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The hydrogen consumption above 700 °C comes 
from reduction of cobalt silicates. The silicate 
formation is visible from XRD. 

Two overlapping peaks with maxima at 306 and 
397 °C in the TPR profile of Co:Mn=1:2, most 
probably are result of reduction of MnO2, which is 
with accordance with XRD data. The hydrogen 
consumption at 596 and 620 °C is ascribed to the 
reduction of mixed Co-Mn oxides,14 although XRD 
patterns for mixed oxides are not observed. We 
assume the presence of amorphous Co-Mn mixed 
oxides in the sample. 

The oxidation state of the surface cobalt and 
manganese was examined by a XPS analysis. Fig. 
3 displays the XPS spectra in the Co2p and Mn2p 
regions. The presence of Co2+ in all cobalt 
containing samples is confirmed by the Co 2p3/2 
peak at 782 eV, accompanied by a relatively 
intense 3d → 4s shake-up satellite peak at 787.5 
eV. Spin-orbital splitting upon ionization between 
2p3/2 and 2p1/2, that is ca. 16 eV, is also observed. 
The CoO and Co3O4 standards are given for the 
comparisons as well.29  

The XPS spectra in the Mn2p region are shown in 
Fig. 3B. Since the differences between the binding 
energy values of Mn3+ and Mn4+ ions are small, a 
peak fitting procedure including three components – 
Mn3+, Mn4+ and a satellite25–27 – was applied. The 
observed binding energies in the intervals 640.5 – 
641.5 eV and 642.0 – 642.5eV are associated with 
the presence of Mn3+ and Mn4+ ions, respectively.30–33 

As can be seen from Fig. 3B, the Mn4+ species 
predominate on the surface on samples surface with 
molar ratios Co:Mn=1:1. Mn3+ is main surface 
species in other two bimetal catalysts. 

Based on the results discussed above it can be 
concluded that: 

- The mono-component Mn catalyst is 
constituted by amorphous R-MnO2 and α-Mn2O3. 

- Cobalt in the mono-component Co catalyst 
forms surface CoO and cobalt silicates. 

- The phase composition of Co:Mn (2:1) is 
surface cobalt silicate phase and finely divided 
Co3O4 and MnO2. 

- Finely dispersed MnO2 and amorphous mixed 
Co-Mn oxides present at the surface of Co:Mn(1:2) 
sample. 

- Finely divided Co2MnO4 and MnO2 are 
formed on the sample surface when the molar ratio 
Co:Mn is equal.  

The temperature dependences of the n-hexane 
and methane combustion over all studied catalysts 
are shown in Figs. 4A and 4B.  H2O and CO2 were 
the only detectable reaction products in both 
reactions. All samples exhibit low catalytic activity 
is methane combustion. 

The order of activity in n-hexane is as follows: 
Mn > Co:Mn(1:1) > Co:Mn(1:2) > Co:Mn(2:1) ≅ Co. 
The two-component catalysts have a similar activity, 
but low than of the single manganese in the reaction 
of methane combustion. 

 
 

 

 
 
 

 
Fig. 3 – A. Co 2p XPS spectra of Co containing samples; B. Mn 2p XPS spectra of Mn containing samples. 
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A B 

Fig. 4 –Temperature dependence of the conversion over all samples in the reaction of:  
A. complete n-hexane oxidation; B methane combustion. 

 
Table 2 

Ratio of the rate constants at 250 °C for n-hexane and 500 °C for methane oxidation 

n-hexane oxidation Methane oxidation  
Samples T50 Ratio ki/kCo at 250 °C T50 Ratio ki/kCo at 500 °C 

Mn 227 30.9 495 4.7 
Co:Mn(1:2) 261 9.7 530 3.4 
Co:Mn(1:1) 273 6.4   
Co:Mn(2:1) 347 1.9 555 2.9 

Co 350 1.0 760(extrapolated) 1.0 

 
The calculated ratio of rate constants (kCo taken 

as a basis)  at 250 °C for n-hexane and 500 °C for 
methane oxidation (Table 1) can be used for more 
reliable comparison of the catalytic activities. 
Obviously, the rate of the reaction of n-hexane 
combustion over Mn is 30 times faster than over 
Co (taken as a basis). Regarding the methane this 
ratio is about 5 times. It is interesting to consider 
the rates of the reaction over the mixed samples. 
The sample with ratio between Co and Mn of 2:1 
shows performance similar to mono-component 
Co, while the activities of rest samples differ 
significantly  from the Mn-sample (at conversions 
above 20 %). Almost the same relations can be 
observed with the reaction of methane combustion 
when comparing Mn and Co samples, while the 
sample Co:Mn=2:1 shows remarkably higher 
activity than the Co-sample, still almost the same 
as for Co:Mn=1:2. Therefore the adding of Mn to 
Co leads to improvement of the activity towards 
the methane combustion. 

It is known that the transition metal oxides can 
operate in the oxidation reactions through a Mars - 
van Krevelen mechanism.34 According to this 
mechanism the VOCs are oxidized by the solid. 

The oxygen species introduced in the organic 
molecule come from the lattice. In this way the 
catalytic behaviour can be correlated to the lattice 
oxygen mobility of the crystalline framework. The 
lattice oxygen mobility is associated with the 
catalyst reducibility.35, 36 Obviously the highest 
activity of Mn sample could be correlated with its 
higher reducibility and the simultaneously 
presence of Mn4+–Mn3+. The manganese in the 
mono-component sample forms MnO2 and Mn2O3, 
as is shown by FTIR. The monometallic cobalt 
sample supported on SiO2 exhibits the lowest 
catalytic activity in both n-hexane and methane 
oxidation. A lowest extent of reduction is, 
probably, responsible for its low activity. As it was 
shown by the TPR, XRD and FTIR data, Co forms 
mostly silicates during the oxidative pre-treatment. 
Our previous results show that the main active 
phase in n-hexane and CO oxidation reactions in 
the presence of Co-Ce catalysts is Co3O4 37. The 
combination between the cobalt and manganese 
improves significantly the catalytic activity and 
this depends on the ratio Co:Mn. The 
predomination of the manganese leads to the 
formation of finely divided and easy reducible 
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oxides and prevent the formation of the inactive 
silicate. The addition factor for a better 
performance of two-component Co-Mn samples is 
the simultaneously presence of Mn4+–Mn3+ as 
revealed by XPS results. It has been established 
that catalytic activity increase when the couple 
Mn4+-Mn3+ exists in the structure of the oxide.38   

CONCLUSIONS 

Mono-component Co and Mn and two-
component Co–Mn samples deposited by 
precipitation on SiO2 show a promising activity for 
the reaction of complete n-hexane and methane 
oxidation. Manganese enhanced the catalytic activity 
of cobalt during both reaction and this effect is due to 
the formation of finely divided and easy reducible 
oxides. Within the mono-component cobalt sample a 
formation of silicate was observed, which decreased 
its activity. All mixed Co-Mn samples contain finely 
divided and easy reducible Co3O4, MnO2 and mixed 
Co-Mn oxides, while the Co:Mn(2:1) sample 
contains mostly cobalt silicates. The increase in the 
manganese concentration prevents the cobalt silicate 
formation thus leading to an improvement in the 
catalytic activity.   
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