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Abstract 

The chemical state of the Mn species was analyzed by means of the X-ray absorption fine 

structure (XAFS) spectroscopy for the Mn catalysts supported on SiO2 prepared by the 

impregnation method using Mn(NO3)2•6H2O, Mn(OAc)2•4H2O, and MnCl2•4H2O as the 

Mn(II) precursor salts. The in-situ XAFS measurements were carried out during the calcination 

process for the dried sample. For all cases, the initially impregnated species in the dried sample 

was commonly the Mn(II) hydrate with the respective anion. The finally formed Mn species 

was MnO2 when the Mn(II) nitrate was used, whereas the Mn3O4 species was generated using 

the Mn(II) acetate and chloride salts. Because the coexisting nitrate ion can act as the oxidizing 

agent for the Mn(II) ion, the MnO2 species was produced by accompanying the formation of 

NO2 not only under the dilute O2 atmosphere but also under the inert He atmosphere. The use 

of acetate and chloride as the precursor salt causes the formation of the Mn3O4 species on SiO2 

by the calcination procedure under the O2 atmosphere. In this case, the oxidation of the Mn(II) 

species is driven by the molecular oxygen as the oxidizing agent existed in the gas phase. The 

much higher oxidation temperature (ca. 550 °C) for the chloride salt to form Mn3O4 than that 

(ca. 340 °C) for the acetate salt suggests the thermal stability of the anhydrous chloride species 

formed before the oxidation step.  
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1. Introduction 

The supported metal catalysts are widely used for applications such as purification of 

harmful gas generated in industrial plants for the power generation. Many of the supported 

metal catalysts are used by loading a metal component, which is an active species, on the surface 

of thermally stable oxides such as SiO2, Al2O3, CeO2, etc. Catalysts using noble metals such as 

Pt and Rh are the mainstream in the chemical industry, however, because of their expensive 

costs, the base metal catalysts have attracted attention as the alternative material to the precious 

metals [1,2]. 

The catalyst in which the Mn species is supported on SiO2 has a high activity for the 

oxidation reaction of volatile organic compounds (VOC) such as toluene and benzene [2-4]. A 

variety of stable oxides exist with the different oxidation state, such as MnO, Mn3O4, Mn2O3, 

and MnO2, and the catalytic activity of the Mn catalyst is largely affected by the oxidation state 

of the active Mn species. For example, the selective catalytic reduction (SCR) of nitric oxide 

with ammonia is catalyzed by the MnO2 species with the highest activity at low temperature, 

whereas the Mn2O3 species shows the highest selectivity for the same reaction [5,6]. Therefore, 

it is very important to understand the chemical state of the Mn species under the actual 

conditions of the catalysis reaction. 

The chemical state of the supported Mn species is affected at the treatment procedure during 

its preparation process. It is know that the precursor salt of the Mn species is one important 

factor to change the chemical state. Is has been reported that the Mn2O3 species is generated 

after the calcination at 500 °C when Mn(II) acetate is used as the precursor salt, whereas the 

use of Mn(II) nitrate generates the MnO2 species by the calcination at same temperature [5,7-

11]. Such aspects have been empirically known and used to control the supported Mn species, 

however, the origin to change the supported Mn species is not sufficiently understood, and thus 

the active control of the supported Mn species is impossible for the sophisticated utilization of 

the chemical state difference. 

In this study, we have synthesized the supported Mn catalysts using various Mn precursor 

salts by the impregnation method, and in-situ XAFS technique has been applied to analyze the 

Mn species during their preparation process, i.e., the heating process under dilute O2 

atmosphere up to ca. 700 °C. It has been aimed to clarify the mechanism to change the chemical 

state of the supported Mn species on SiO2.  

 

 

2. Experimental 

2.1. Catalyst preparation 

The Mn catalysts were prepared by the impregnation method using SiO2 (JRC-SIO-10) 

distributed by the Catalysis Society of Japan with the Mn loading of 10 wt%. Manganese(II) 

nitrate hexahydrate (Mn(NO3)2･6H2O), manganese(II) acetate tetrahydrate (Mn(CH3CO2)2･
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4H2O), and manganese(II) chloride tetrahydrate (MnCl2･4H2O) were used as the Mn precursor 

salt. An adequate amount of the Mn precursor salt was dissolved in deionized water, and the 

powder of SiO2 was added into the solution. The mixture was stirred for 1 h, and the suspension 

was dried at 60 °C for 60 h. The obtained powder was calcined in air for 2 h. Totally 6 catalysts 

were prepared by changing the calcination temperature at 100 °C, 200 °C, 300 °C, 400 °C, 

500 °C, and 600 °C for each precursor salt. 

 

2.2. XAFS measurement and characterization 

The transmission XAFS measurements at the Mn K edge were carried out at the BL-3 

station of the SR Center (Ritsumeikan University) and at the BL-9C and -12C stations at the 

Photon Factory (KEK). The higher-order harmonics in the incident X-ray was suppressed by 

detuning the double-crystal monochromator at the latter stations. The heating process was 

subjected by the in-situ XAFS measurements for the dried sample in which the Mn precursor 

compound was impregnated. The temperature was raised up to 700 °C at the increasing rate of 

10 °C/min under the O2 atmosphere diluted by He (10 vol%) with the flow rate of 200 cm3/min. 

In addition to the XAFS measurements, the X-ray diffraction (XRD) and the thermogravimetric 

measurements with the differential thermal analysis (TG-DTA) were performed to characterize 

the supported Mn species. 

 

 

3. Results and discussion 

3.1. Chemical state change for the Mn(II) nitrate precursor 

Figure 1 shows the XANES spectrum, the EXAFS oscillation function, and the Fourier 

transform function for the dried sample, in which the Mn(II) nitrate precursor was impregnated. 

The corresponding data for the 0.5 M aqueous solution of the Mn(II) nitrate salt are given in 

 

Fig. 1. The XANES spectrum (A), the EXAFS oscillation function (B), and the Fourier transform (C) are 

shown for the dried sample using the Mn(NO3)2･6H2O precursor (a) and the 0.5 M aqueous solution of 

Mn(NO3)2 (b). 
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Fig. 1 for comparison. All data are almost comparable, and it is thus concluded that the Mn(II) 

hydrate exists on SiO2 by accompanying the nitrate counter ion. Although the absorption edge 

and the overall EXAFS feature are similar for both samples, it is obvious that the white line 

intensity and the Fourier transform magnitude for the nearest Mn–O interaction observed at 

around 1.8 Å are low for the dried catalyst sample. The EXAFS analysis revealed that the 

average coordination number of the Mn–O interaction was 4.6 ± 0.2 and its bond distance was 

2.18 ± 0.02 Å. The Mn–O distance is in agreement with that of the 6-coordinate Mn(II) hydrate 

[12], whereas the impregnated Mn(II) nitrate reduces the coordination number to ca. 5, 

indicating the direct coordination of the nitrate ion and/or the participation of the surface O 

atom of SiO2 in the first 

coordination shell of the Mn(II) 

ion. The former contributes to 

neutralize the positive charge 

of the Mn(II) center, and the 

latter acts as the bulky ligand. 

The XANES spectral 

change is shown in Fig. 2 for 

the heating process of the dried 

sample under the dilute O2 

atmosphere. The 

corresponding XANES change 

under the pure He atmosphere 

without O2 is compared in Fig. 

2. The white line intensity was 

slightly reduced at the 

temperature range below 100 °C, and its drastic decrease was observed at ca. 200 °C together 

with the shift of the white line peak to the higher energy for both conditions. The final energy 

of the white line peak was almost identical to that of the reference MnO2 powder. It is thus 

concluded that the Mn(II) nitrate precursor is oxidized to the Mn oxide with the valence of +4 

during the calcination process. The same oxidation reaction was also taken place in an inert He 

atmosphere. The same conversion temperature observed for both conditions strongly indicate 

that the oxidizing agent of the Mn(II) nitrate precursor is not the molecular oxygen in the gas 

phase but the nitrate ion in the impregnated precursor salt. 

The present EXAFS measurements clearly demonstrated that the Fourier transform 

functions below 200 °C were almost consistent with that of the aqueous solution of Mn(II) ion, 

while the second neighboring interaction peak at ca. 2.2 Å, which is characteristic to the Fourier 

transform function of MnO2, appeared at above 200 °C. The oxidation from Mn(II) nitrate to 

MnO2 is clearly supported by the drastic change of XANES and EXAFS observed at around 

 
Fig. 2. XANES spectral change during the heating process of the dried 

samples under the diluted O2 atmosphere (A) and under the pure He 

atmosphere (B). The spectrum of MnO2 is indicated for comparison. 
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200 °C for both conditions. The slight decrease of the white line intensity at lower temperature 

rage is ascribed by the release of the bound water molecules, which leads the decrease in 

symmetry around the Mn(II) center. Nohman et al. have reported that two water molecules are 

released from Mn(NO3)2·4H2O to form Mn(NO3)2·2H2O at 135 °C and the anhydrate 

Mn(NO3)2 salt is generated by the further dissociation of two water molecules at ca. 175 °C 

[13]. The present study clarified that the formed anhydrous Mn(II) nitrate was converted to 

MnO2 by equation (1) at around 200 °C on SiO2 by the self conversion reaction without any 

additional oxidizing reagents. 

 Mn NO 	 	 → 	 	 MnO 2NO  (1) 

The present results are consistent with the formation of MnO2 and NO2 from Mn(NO3)2·4H2O 

on Al2O3 reported by Malecka et al. [14]. The same reaction observed in an inert condition 

strongly demonstrates the function of nitrate ion as the oxidizing agent. 

 

3.2. Chemical state change for the Mn(II) acetate precursor 

The XANES spectrum, the EXAFS oscillation function, and the Fourier transform function 

of the dried sample, in which the Mn(II) acetate precursor is impregnated, are compared with 

those of the Mn(II) aqueous solution in Fig. 3. All data are almost comparable, and it is thus 

considered that the Mn(II) acetate hydrate exists on SiO2. The EXAFS analysis revealed that 

the average coordination number of the Mn–O interaction was 4.7 ± 0.2 and its bond distance 

was 2.14 ± 0.08 Å and that the 5-coordinate Mn(II) acetate hydrate was formed after the drying 

process similar to the case of the Mn(II) nitrate described above. According to the reported 

crystal structure for Mn(CH3CO2)2·4H2O and Mn(CH3CO2)2·2H2O [15,16], in which both the 

water and acetate molecules coexist in the first coordination shell of the Mn(II) ion, the Mn–

O(water) bond distance of 2.15–2.17 Å is shorter than the Mn–O(acetate) bond distance of 

2.22–2.23 Å. However, the difference is not enough to distinguish as the double peak in the 

 

Fig. 3. The XANES spectrum (A), the EXAFS oscillation function (B), and the Fourier transform (C) are 

shown for the dried sample using the Mn(OAc)2･4H2O precursor (a) and the 0.5 M aqueous solution of 

Mn(NO3)2 (b). 
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Fourier transform function. A 

slight broaden Mn–O 

interaction for the dried sample 

may indicate such the structural 

disorder. 

Figure 4 shows the 

XANES spectral change for the 

heating process of the dried 

sample under the O2 and He 

atmosphere. The chemical 

conversion from Mn(II) acetate 

to the Mn oxide was clearly 

suggested by the XANES 

change observed under the 

dilute O2 atmosphere (see Fig. 

4(A)). The gradual drop of the 

white line peak intensity was observed up to ca. 320 °C, and the peak energy drastically shifted 

at around 340 °C. The X-ray energy of the shifted white line peak was consistent with that of 

the Mn3O4 powder, and thus the formed species was assigned as Mn3O4 supported on SiO2 

when the Mn(II) acetate precursor was used. The smooth feature of the observed XANES 

spectrum compared with that of the Mn3O4 powder is considered to be due to the small particle 

size of Mn3O4 supported on SiO2. It is marked contrast that such the higher energy shift of the 

white line peak was not observed in the case of the He atmosphere up to 700 °C. 

The X-ray absorbance change at 6550 eV, which corresponds to the white line peak energy 

of the initial Mn(II) acetate hydrate, is plotted as a function of temperature in Fig. 5. The gradual 

decrease at the temperature 

range below 340 °C under 

the dilute O2 atmosphere was 

in agreement with that 

observed in the He 

atmosphere. The EXAFS 

analysis at this temperature 

range reveled that the 

average coordination 

number and the bond 

distance of the nearest Mn–O 

interaction was decreased 

from 4.7 to 3.3 and from 2.14 

 

Fig. 4. XANES spectral change during the heating process of the dried 

samples under the diluted O2 atmosphere (A) and under the pure He 

atmosphere (B). The spectrum of Mn3O4 is indicated for comparison. 

 

Fig. 5. The change of X-ray absorbance at 6550 eV as a function of 

temperature during the heating process of the dried samples under the 

diluted O2 atmosphere (A) and under the pure He atmosphere (B). 
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to 2.07 Å, respectively. The observed change in the structure parameters indicates the 

dissociation of the hydrate water molecules as observed for the Mn(II) nitrate precursor at the 

temperature range below 200 °C. This consideration is supported by the drastic change of the 

structure parameters at above 340 °C, where the average coordination number is increased to 

4.8 and the bond distance is shortened to 1.92 Å. These values are almost consistent with the 

corresponding values of 5 and 1.89 Å for Mn3O4, indicating that the Mn(II) acetate is oxidized 

to Mn3O4 at around 340 °C. Furthermore, the TG-DTA data showed the exothermic weight loss 

at around 320 °C, and the XRD pattern of Mn3O4 was appeared for the sample calcined above 

400 °C. 

In contrast to the results under the dilute O2 atmosphere, the conversion to Mn3O4 was not 

observed under the He atmosphere as seen in Fig. 4(B). Only the decrease in the average 

coordination number and the bond distance of the nearest Mn–O interaction was observed in 

the present temperature range, and the values reached to 2.7 ± 0.4 and 2.07 ± 0.04 Å at elevated 

temperatures under the He atmosphere, respectively. These values are almost comparable to 

those observed at 300 °C before the conversion to Mn3O4 under the dilute O2 atmosphere. It is 

thus clearly indicated that the oxidation of the Mn(II) acetate to generate the Mn3O4 species is 

driven by the molecular oxygen as the oxidizing agent in the gas phase. The oxidation to Mn3O4 

proceeded at around 320 °C also supports that the oxidation to MnO2 proceeded at ca. 200 °C 

in the case of the Mn(II) nitrate precursor is driven by the nitrate ion. 

 

3.3. Chemical state change for the Mn(II) chloride precursor 

Figure 6 shows the XANES spectrum, the EXAFS oscillation function, and the Fourier 

transform function of the dried sample, in which the Mn(II) chloride precursor was impregnated. 

The main peak observed in the Fourier transform function was successfully analyzed by 

assuming two scattering shells of the Mn–O and Mn–Cl interactions. The optimized values of 

 

Fig. 6. The XANES spectrum (A), the EXAFS oscillation function (B), and the Fourier transform (C) are 

shown for the dried sample using the MnCl2･4H2O precursor (a) and the 0.5 M aqueous solution of Mn(NO3)2 

(b). 
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the structure parameters are as follows: the average coordination number and the bond distance 

are 3.0 ± 1.8 and 2.13 ± 0.08 Å, respectively, for the Mn–O interaction and are 2.8 ± 1.5 and 

2.53 ± 0.11 Å, respectively, for the Mn–Cl interaction. These bond distances are in accordance 

with those reported for the crystal structure of MnCl2•4H2O and MnCl2•2H2O [17,18]. It is 

thus concluded that ca. 3 water molecules and 3 chloride ions coordinate to the Mn(II) ion to 

form the octahedral Mn(II) chloride hydrate on SiO2. 

The observed XANES change during the heating process under the dilute O2 atmosphere is 

compared in Fig. 7 with that 

observed under the He 

atmosphere. For the latter case, 

the white line peak intensity 

was dropped without the 

apparent energy shift of the 

absorption edge. The EXAFS 

oscillation function of the 

spectra at around 350 °C were 

well reproduced by the single 

Mn–Cl interaction, and the 

optimized Mn–Cl bond 

distance of 2.51 ± 0.01 Å was 

consistent with that in the 

anhydrous MnCl2 crystal [18]. 

The bound water molecules are thoroughly released during the heating process up to ca. 200 °C 

under the He atmosphere. The similar XANES change was also observed under the dilute O2 

atmosphere in the temperature range up to ca. 350 °C, whereas the white line peak was 

obviously shifted to the higher energy at much higher temperatures around 550 °C and its peak 

top energy was finally matched to that of the Mn3O4 powder (see Fig. 7(A)). The second 

neighboring interaction peak at ca. 2.3 Å observed in the Fourier transform function, which is 

characteristic to the Mn3O4 species, was observed at above 550 °C, and the average coordination 

number and the bond distance for the nearest Mn–O interaction was finally changed to 4.6 ± 

0.8 and 1.90 ± 0.02 Å, respectively, at 700 °C. These are in agreement with the values for Mn3O4, 

indicating that the Mn(II) chloride is oxidized to Mn3O4 at above 550 °C by the molecular 

oxygen existed in the atmosphere. It should be noted that the oxidation temperature (ca. 550 °C) 

of the Mn(II) chloride salt to form Mn3O4 is much higher than the corresponding temperature 

(ca. 340 °C) of the Mn(II) acetate salt although the same Mn3O4 species is formed on SiO2, 

suggesting the thermal stability of the anhydrous Mn(II) chloride species. 

 

 

 

Fig. 7. XANES spectral change during the heating process of the dried 

samples under the diluted O2 atmosphere (A) and under the pure He 

atmosphere (B). The spectra of Mn3O4 and MnCl2･4H2O are indicated 

for comparison. 
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4. Conclusion 

This study has clearly revealed that the chemical state of the supported Mn species is 

seriously affected by the property of the precursor salt used as the Mn source. The nitrate ion 

with the oxidizing ability generates the MnO2 species, and the oxidation reaction of the 

impregnated Mn(II) nitrate proceeds at around 200 °C on SiO2 by the self conversion reaction 

without any additional oxidizing reagents. Thus, the formation of MnO2 is possible by the 

heating treatment even in the inert He atmosphere. On the other hand, the spinel oxide 

compound, Mn3O4, is generated by the calcination treatment for the impregnated Mn(II) acetate 

and chloride. The molecular oxygen in the atmosphere is necessary to oxidize the Mn(II) 

species for both cases. The formation temperature of the Mn3O4 species on SiO2 is ca. 340 °C 

for the Mn(II) acetate, while the calcination at much higher temperature at ca. 550 °C is 

necessary in the case of the Mn(II) chloride. The in-situ XAFS measurements revealed that the 

anhydrous Mn(II) acetate or chloride was existed before the conversion to Mn3O4. The aspects 

about the chemical state of the supported Mn species obtained in this study are important and 

useful for preparing the desired active Mn species to control the catalytic performance. 
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