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OPERANDO X-RAY DIFFRACTION ANALYSIS  
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OXIDATION OF PROPANE 

O. A. Bulavchenko
1*, Z. S. Vinokurov1,2,  

V. P. Konovalova
1
, and T. N. Afonasenko

3
 

A series of MnO
x
–ZrO2 catalysts is prepared by coprecipitation with variation of the calcinationtemperature 

from 400 °C to 800 °C. It is shown that the catalyst calcined at 650-700 °C exhibits the highest activity in 

the propane oxidation reaction. The MnO
x
–ZrO2 catalyst is studied by operando X-ray diffraction under 

conditions of the propane oxidation reaction. The structural features of the catalyst are examined upon 

heating in propane or oxygen media or at the propane:oxygen ratio of 1:6. It is found that in pure propane, 

there is the dehydrogenation reaction on the catalyst with the formation of propylene and hydrogen and is 

accompanied by a change in the catalyst structure. The initial catalyst consists of a (Mn, Zr)O2 solid 

solution and Mn2O3 oxide. During the reaction, Mn cations are reduced in both (Mn, Zr)O2 solid solution 

bulk and compositions of crystalline oxides: Mn2O3 → Mn3O4 → MnO. Under the catalytic conditions of 

the propane oxidation reaction and in pure oxygen, the catalyst structure remains unchanged. 

DOI: 10.1134/S0022476622060051 
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INTRODUCTION 

At present, many works have been published on the application of manganese-containing oxides as catalysts. 

Interest in catalysts based on transition metals is explained by their practical importance: they are an alternative to catalysts 

based on precious metals, combining a low cost, an increased thermal stability, and the resistance to poisoning with chlorine- 

and sulfur-containing compounds [1-3]. The activity of manganese oxides is due to the ability of ions of this element to easily 

change the oxidation state, the variety of its oxides, and the capacity of its crystal lattice with respect to oxygen. Manganese-

containing oxides can also be used as catalysts for the oxidation of hydrocarbons and volatile organic compounds and in 

selective reduction reactions. In all the cases mentioned, the redox properties of manganese oxides play the key role. 

Moreover, it is must be kept in mind that the activity of these catalysts is directly associated with conditions of the process. 

For instance, the phase composition and charge state of oxides substantially change depending on the fuel combustion 

conditions (excess or deficiency of fuel (hydrogen, hydrocarbons) in the gas mixture. 
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In mixtures with a high content of fuel, manganese is mainly in Mn3O4 or MnO states; in mixtures depleted with 

fuel, oxygen-enriched MnO
x
 (Mn2O3 or MnO2) particles are stabilized [4]. Stobbe et al. investigated manganese oxides as 

compounds stocking up oxygen during cyclic methane oxidation. Manganese oxides are reduced in methane to low-valent 

MnO oxide. In the oxygen-containing atmosphere, MnO particles rapidly transform into Mn3O4 and Mn2O3 [5]. Pike and 

coauthors performed in situ diffraction experiments to analyze the reduction of Mn3O4 to MnO in CO and reverse oxidation 

of MnO to Mn3O4, Mn5O8, Mn2O3 with oxygen [6]. The structure of manganese oxides is sensitive to the treatment medium, 

reduction and reverse reoxidation processes readily proceed, with the routes of solid-phase transformations depending on 

treatment conditions and the precursor structure. 

According to a number of works, the cationic environment also significantly affects the oxide redox properties 

[7, 8]. The reduction of (Mn,Co)3O4 mixed oxides differs from the processes occurring in Mn3O4 and Co3O4 simple oxides, 

which is related to that there are two cations in one oxide matrix in which oxygen is more strongly held by the oxide structure 

[8-10]. (Mn,Ga)3O4 is characterized by the reduction of Mn cations in the solid solution bulk with a loss of excess oxygen at 

first, and then the isolation of MnO as a separate phase [7, 11]. For (Mn, Zr)O2 mixed oxide it is shown that its reduction is  

a two-step process. At the first step, manganese cations (Mn3+ → Mn2+) are reduced in the solid solution bulk; at the second 

step, manganese cations are segregated on the surface. During further reoxidation, manganese remained on the surface as 

manganese oxide particles [12]. However, the behavior of the system remains unclear when oxidation and reduction 

processes compete with each, as it occurs during a catalytic reaction. The effect of the СO/O2 ratio on the structure of the 

MnO
x
–ZrO2 catalyst with the cation ratio Mn/Zr = 3/2 has been studied previously: in an excess of СО, catalyst reduction 

was observed, however, this process is reversible, and reoxidation leads to the formation of the initial state [13]. If the reagent 

nature is varied, the processes taking place in the catalyst bulk can change because of different adsorption characteristics of 

substrates and the occurrence of additional reactions (formation of carbon on the catalyst surface, carbides in the interaction 

with hydrocarbons). 

The aim of this work was to study the (Mn, Zr)O2 catalyst state under redox conditions of propane oxidation. The 

catalyst state was investigated by powder X-ray diffraction (XRD) directly under catalytic oxidation conditions 

simultaneously with the detection of reaction products by a quadrupole mass spectrometer or operando. 

EXPERIMENTAL 

Synthesis. Catalysts with the ratio Mn/Zr = 3/7 were prepared by precipitating hydroxides from a combined solution 

of ZrO(NO3)2 and Mn(NO3)2 salts by a gradual addition of NH3(aq) to it with constant stirring up to рН 10. The obtained 

precipitate was filtered off, washed with water to рН 6, dried at 120 °C, and then calcined at a given temperature for 4 h. The 

treatment temperature was varied from 400 °C to 800 °C. Catalysts were designated as Mn–Zr-T, where T is the calcination 

temperature. The Mn content in the catalyst is governed by that, according to the reported data, a homogeneous solid solution 

is formed at the ratio Mn/Zr = 3/7 [12]. 

Ex situ and operando powder XRD. XRD patterns of initial samples were measured on a Bruker D8 Advance 

(Germany) diffractometer in the 2θ range from 20° to 90° with a step of 0.05° and a point acquisition time of 5 s. CuKα 

radiation with a nickel filter was used (λ = 1.5418 Å). The operando analysis was carried out on a precision diffractometry 

station installed on the sixth channel of the VEPP-3 storage ring (Siberian Synchrotron Radiation Center, Novosibirsk, 

Russia). The X-ray diffractometer on the station consisted of a monochromator, a collimation system, and a linear OD-3M 

detector [14]. The working wavelength (λ = 1.6467 Å) was set by a single reflection from the Ge(111) monochromator 

crystal. The diffractometer was equipped with a high-temperature XRK-900 (Anton Paar, Austria) reactor chamber. To 

control the gas medium we employed a quadrupole mass spectrometer (SRS UGA100, USA). The heating was conducted 

with a constant rate of 10°/min; the gas mixture supply rate was 100 mL/min. For the phase analysis we used ICDD PDF-2 

[15]. The quatitative phase analysis and the lattice parameter refinement were made by the Rietveld method using the MAUD 

program [16]. 
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phase system such a calculation is impossible in MAUD, therefore the refinement was made for two extreme cases: the initial 

state and at 550 °C. Final results (Fig. 5) show that the initial catalyst contains 2.2 wt.% for Mn2O3 and 97.8 wt.% for 

Mn0.28Zr0.72O1.86; after reduction at 550 °C - 8.1 wt% for MnO and 91.9 wt% for Mn0.24Zr0.76O1.88. The data obtained also 

testify in favor of the removal of manganese cations from the composition of the solid solution, as well as the previous 

estimates based on the calculation with the fixed composition of Mn0.3Zr0.7O2 oxide. 

The comparison of lattice parameters of the solid solution in different atmospheres is illustrated Fig. 6. It is seen that 

temperature dependences of parameters coincide under the reaction conditions and in oxygen. This indicates that the catalyst 

structure does not change under propane oxidation conditions. It is considered that for manganese-containing oxides the 

oxidation reaction proceeds by the Mars–Van Krevelen mechanism, the reagent is oxidized by lattice oxygen from the 

structure of mixed oxide with the formation of reaction products, the oxygen vacancy is “healed” with oxygen from the gas 

phase [23]. In our case, XRD does not detect changes in the oxide structure, which seems to be due to exclusively surface 

changes in the catalyst structure. Similar effects were also observed for manganese-containing catalysts in the CO oxidation 

reaction: when the substrate (СО) interacts with oxygen from the gas phase on the catalyst surface under the conditions of  

an oxygen excess in the gas phase, no changes in the catalyst structure are detected [13] unlike copper-containing catalysts in 

which partial reduction of copper cations is observed under the reaction conditions [24]. 

In the propane medium (without oxygen), manganese cations are reduced. Under these conditions the lattice 

parameter substantially exceeds the values for the oxygen-containing medium. At first, его insignificant changes are observed 

in the temperature range of 25-180 °C, then there is an abrupt increase from 5.052 Å to 5.081 Å at 180-460 °C, after which 

the parameter slowly increases to 5.085 Å at 460-550 °C. An increase in the lattice parameter may be associated with both 

reduction of Mn cations in the solid solution bulk (since the Mn2+ (VI) cationic radius is 0.67 Å larger than that of Mn3+ (VI) 

0.58 Å, Mn4+ (VI) 0.53 Å) [18] and decomposition of the solid solution with the formation of additional phases of manganese 

oxides. When manganese is released from the solid solution, the lattice parameter must increase because of the difference 

between Mn and Zr ionic radii. The fact that there is an increase in the weight content of manganese in the composition of 

simple oxides after treatment (Fig. 4c) and the estimation of the solid solution composition (Fig. 5) testifies in favor of the  

 

 

Fig. 5. Full-profile refinement of the XRD patterns of 
Mn–Zr-650 obtained for the initial state of the catalyst 
(b) and at 550 °C in the 5.3% C3H8/He medium (a). 
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