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Abstract Ce–Mn mixed oxides with a Mn/(Ce ? Mn)

molar ratio of 0.25 were prepared by solvothermal (ST-1)

and co-precipitation (CP) methods, and Ba was loaded on

the Ce–Mn oxides. In addition, CeO2–MnOx–BaO catalysts

with various compositions were directly prepared by the

solvothermal (ST-2) method. The NO decomposition

activities of these catalysts were examined. Among the

catalysts examined, the ST-2 catalyst having a nominal

composition of Ce0.8Mn0.15Ba0.05Ox exhibited the highest

activity; 77% NO conversion to N2 was attained at 800 �C.

These catalysts were characterized by X-ray diffraction,

Raman spectroscopy, and X-ray photoelectron spectros-

copy (XPS). The Raman and XPS results indicate that the

CP catalyst had larger amounts of the BaMnO3-d and/or

Mn3O4 phases. The ST-1 and ST-2 catalysts had highly

dispersed Ba species on the surface. The ST-2 catalyst had

Mn species with the lowest binding energy of Mn 2p and

also had a high population of oxygen vacancies in the ceria

lattice, suggesting that Mn species with a low oxidation

state contributes to the formation of oxygen vacancies,

which play an important role in this reaction.
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1 Introduction

Cerium oxide and CeO2-containing materials are well

known as catalysts for various reactions or as structural and

electronical promoters for catalysts [1]. Cerium oxide has

the ability to store and release oxygen by the redox cycle of

cerium ions. When cerium oxide is combined with transi-

tion metal oxides, the composite oxide catalysts have

improved redox properties by the formation of surface and

bulk oxygen vacancies. Among the numerous ceria-based

catalysts, MnOx–CeO2 catalysts have been found to be

remarkably active for wet oxidation of phenol [2], SCR of

NO with NH3 [3], and catalytic NOx sorption [4] as well as

oxidation of ethanol [5], formaldehyde [6], toluene [7],

o-xylene [8], and VOC [9]. The MnOx–CeO2 solid solutions

have been prepared by various methods, i.e., co-precipitation

[2–4, 6, 8, 10], citric acid sol–gel [5–7, 10], wet-impreg-

nation [10], and solution combustion [9, 11] methods. For

example, Chen et al. [2] prepared Mn–Ce–O composites

with various atomic ratios by co-precipitation methods and

showed on the basis of X-ray diffraction (XRD) and X-ray

photoelectron spectroscopy (XPS) results that Mn ions are

incorporated in the fluorite structure of ceria. Qi and Yang

[10] examined the preparation of MnOx–CeO2 by citric acid

sol–gel, impregnation, and co-precipitation methods and

reported that three types of Mn phases were present in

a MnOx–CeO2 sample with the composition ratio of

Mn/(Ce ? Mn) = 0.3 prepared by the citric acid sol–gel

method; (1) aggregated MnOx species on the surface of

CeO2, (2) highly dispersed MnOx with strong interaction
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with CeO2, and (3) Mn atoms incorporated into the CeO2

lattice. Kaneko et al. [11] examined the formation of

Ce0.9Mn0.1O2-d solid solutions by a solution combustion

method and observed an expansion of the lattice compared

to pure ceria. They suggested that the Ce0.9Mn0.1O2-d solid

solution had an oxygen-deficient structure, cation repulsion

causing the expansion of the fluorite lattice.

Nitrogen oxides (NOx) formed by combustion cause

severe environmental problems such as acid rain and

photochemical smog. Catalytic NOx reduction processes

such as three-way catalysts for gasoline-fueled vehicles,

NOx storage–reduction (NSR) catalysts for lean-burn

engines, and selective catalytic reduction with ammonia

(SCR) for large-scale combustion facilities have been

developed. The concentration of NOx in the atmosphere in

urban areas, however, has significantly increased recently;

therefore, the development of other effective deNOx

methods is desired. Among various deNOx strategies, direct

decomposition of NO (2NO ? O2 ? N2) is expected to be

the most desirable because this process is quite simple and

does not need any reductants such as NH3, H2, CO, or

hydrocarbons.

Catalysts, such as precious metals [12–14], single metal

oxides [15, 16], Cu-ZSM-5 [17–19], alkali-doped Co3O4

[20, 21], perovskites [22–26], C-type cubic rare earth

oxides [27, 28], and Ba0.5/BaY2O4 [29], have been found to

be effective for direct decomposition of NO. We found that

Ba–Ce–Co mixed oxides prepared by a polymerized

complex method showed high NO decomposition activities

[30]. The addition of other components to CeO2 was also

examined, and it was found that Ce–Mn mixed oxides

modified with Ba species showed improved activities [31].

In this study, the Ce–Mn mixed oxides and the

CeOx–MnOy–BaO catalysts were prepared by various

methods, and the effect of the preparation methods on the

physical properties of these materials were examined aiming

to find a suitable method for the preparation of the catalyst

having high performance for direct decomposition of NO.

2 Experimental

2.1 Preparation of the Catalysts

The Ce–Mn mixed oxide samples were prepared by three

different methods (Scheme 1). (1) Co-precipitation method

(denoted as CP). Ce(NO3)3�6H2O (16.28 g) and

Mn(NO3)2�6H2O (3.58 g; Mn/(Ce ? Mn) molar ratio,

0.25) were dissolved in 100 mL of deionized water. To this

solution, the aqueous solution (200 mL) of a base (NH3,

NaHCO3, NH4HCO3, or (NH4)2CO3) was added at once at

room temperature with vigorous stirring, and the mixture

was stirred for 1 h. The precipitate was centrifuged and

washed with deionized water, followed by drying at 80 �C.

The precursor was calcined at 400 �C for 4 h.

(2) Solvothermal method-1 (denoted as ST-1). Ce(CH3-

COO)3�H2O (12.6 g) and Mn(CH3COO)2�4H2O (3.07 g;

Mn/(Ce ? Mn) = 0.25) were added to 100 mL of an

organic solvent (2-methylaminoethanol, 2-dimethylamino-

ethanol, 1-dodecanol, 1-hexanol, 1,6-hexanediol, 1,4-

butanediol, 1,2-butanediol, or ethylene glycol), and this

mixture was placed in a 300-mL autoclave. After the

autoclave was purged with nitrogen, the mixture was

heated to 300 �C at a rate of 2.3 �C min-1 and kept at that

temperature for 2 h. After the autoclave was cooled to

room temperature, the resultant powder product was col-

lected by centrifugation. It was washed with acetone, air-

dried, and then calcined in air at 400 �C for 4 h.

Barium was loaded on the Ce–Mn mixed oxides (pre-

pared by ST-1 or CP) by an impregnation method using an

aqueous solution of barium nitrate, followed by calcination

at 800 �C for 1 h. The barium loading (as BaO) was

adjusted to 7 wt% [32]. These catalysts were denoted as

CP(formula of the precipitant) or ST-1(name of the

solvent).

(3) Solvothermal method-2 (denoted as ST-2). Catalysts

having various compositions were prepared by solvother-

mal treatment of all the starting materials in 1,4-butanediol

followed by calcination. Appropriate amounts of Ce(CH3-

COO)3�H2O, Mn(CH3COO)2�4H2O and Ba(CH3COO)2

were added to 100 mL of 1,4-butanediol, and this mixture

was set in a 300-mL autoclave. After the autoclave was

purged with nitrogen, the mixture was heated to 300 �C at

a rate of 2.3 �C min-1 and kept at that temperature for 2 h.

After the autoclave was cooled to room temperature, the

resultant powder product was collected by centrifugation. It

was washed with acetone, air-dried, and then calcined in

air at 800 �C for 1 h. These catalysts were denoted as

ST-2(Ce1-a-bMnaBabOx) where a and b stand for the start-

ing compositions of Mn and Ba.

2.2 Direct NO Decomposition

Catalytic tests for the NO decomposition reaction were

carried out in a fixed-bed flow reactor of quartz glass

tubing with an inner diameter of 10 mm. The catalyst

(0.50 g), after being pressed into a pellet and pulverized

into 10–22 mesh size, was placed in the reactor. The cat-

alyst bed was heated to 550 �C in a helium flow and held at

that temperature for 30 min. Then, the reaction gas com-

posed of 6,000 ppm NO and helium balance was intro-

duced to the catalyst bed at 30 mL min-1 (W/F = 1.0 g

s mL-1). The reaction temperature was increased from 550

to 800 �C at 5 �C min-1 and kept for 15 min at every

50 �C interval to attain the stationary state. The effluent gas

was analyzed using a gas chromatograph (GL Sciences,
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MicroGC 2002) equipped with Molsieve 5A and Poraplot

Q columns. The NO conversion is expressed on the basis of

the formation of N2:

NO conversion ¼ 2½N2�out

½NO�in
;

where [N2]out and [NO]in are the N2 concentration in the

exhaust and the NO concentration in the feed, respectively.

In the present study, only small amounts of the

by-product, N2O (\50 ppm), were observed for all the

catalysts tested.

2.3 Characterization of the Catalysts

Powder XRD patterns were recorded on a Shimadzu

XD-D1 diffractometer using Cu Ka radiation and a carbon-

monochromator.

Specific surface areas of the catalysts were calculated by

the BET single-point method on the basis of nitrogen

uptake measured at 77 K using a Micromeritics Flowsorb

II 2300 sorptograph.

Raman spectra were recorded on a Jobin–Yvon T64000

Raman spectrometer at room temperature using a 514.5 nm

argon laser.

The bulk compositions were analyzed with a Shimadzu

ICPS-1000IV inductively coupled plasma atomic emission

spectrometer (ICP-AES). The catalysts were dissolved in

phosphoric acid at 80 �C followed by dilution to about

0.2 g L-1 with water. The surface compositions were

determined with an ULVAC-PHI 5500 XPS instrument

with a hemispherical energy analyzer. Samples were

mounted on a piece of indium foil, and then transferred to

the XPS analyzer chamber. The residual gas pressure in the

chamber during data acquisition was less than 1 9 10-8

Torr (1 Torr = 133.3 N m-2). The spectra were measured

at room temperature using Mg Ka radiation (15 kV,

400 W). Binding energies (BE) were calibrated on the

basis of the C 1 s BE (284.6 eV) of the residual carbon.

3 Results and Discussion

3.1 Phases Detected by XRD

The properties of the precursors for the Ce–Mn mixed oxide

supports before calcination (denoted as precursors), Ce–Mn

mixed oxides calcined at 400 �C (supports), and Ba-loaded

Ce–Mn mixed oxides (catalysts) were evaluated by means of

XRD. Figure 1 shows the XRD patterns of the precursors

(Fig. 1A), supports (Fig. 1B), and catalysts (Fig. 1C)

obtained by the CP method using various bases. Only CeO2

with a cubic fluorite structure (JCPDS #34-0394) was

detected in the precursors obtained by the use of NH3 and

(NH4)2CO3, while the use of NaHCO3 and NH4HCO3 pro-

duced Ce2(CO3)3�6H2O (JCPDS #30-0295) and MnCO3

(JCPDS #07-0268) phases, respectively. Diffraction peaks

due to the CeO2 phase were recognized for all the supports

(Fig. 1B) and catalysts (Fig. 1C). For the catalysts,

Cerium nitrate
Manganese nitrate
Deionized water

Addition of a basic solution

Cerium acetate
Manganese acetate

Organic solvent

As-synthesized product (precursor)

Reaction at 300 ºC for 2 h

Co-precipitation method 
(CP)

Solvothermal method 
(ST-2)

Solvothermal method 
(ST-1)

Cerium acetate
Manganese acetate

Barium acetate
1,4-Butanediol

Reaction at 300 ºC 
for 2 h

As-synthesized product 
(precursor)

Calcination at 400 ºC for 4 h

Calcination
at 800 ºC for 1 h

BaO/Ce–Mn catalyst Ce1-a-bMnaBabOx catalyst

BaO loading by impregnation

Calcination at 800 ºC for 1 h

Ce–Mn mixed oxides (support)

Scheme 1 Preparation of the

catalysts
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diffraction peaks due to BaMnO3-d (JCPDS #26-0170) were

also observed; especially, CP(NaHCO3) exhibited these

peaks with stronger intensities as compared with the other

CP catalysts. Diffraction peaks due to BaCO3 (JCPDS #45-

1471) were also detected in the CP(NH3) and

CP((NH4)2CO3) catalysts. These results indicate that Ba ions

in these CP catalysts were not dispersed well.

Figures 2 and 3 show the XRD patterns of the ST-1

and ST-2 samples. For the precursors of ST-1 (Fig. 2A)

and ST-2 (Fig. 3A), diffraction peaks due to two modi-

fications of cerium acetate oxide (Ce(CH3COO)O, AOA

and AOB) [33–35], cerium diacetate hydroxide (Ce(CH3

COO)2(OH), DAH) [33–35], Ce(CO3)OH (JCPDS

#41-0013) and/or Ce2O(OCH2CH2O)(CH3COO)2 [34]

were observed (Table 1). The last phase was obtained by

the reaction of cerium acetate alone in ethylene glycol.

These results indicate that the solvent used in the

solvothermal method affected the crystalline phase of the

precursors. Diffraction peaks due to the CeO2 phase were

recognized for all the ST-1 supports as well as ST-1 and

ST-2 catalysts. For some of the ST-1 and ST-2 catalysts,

diffraction peaks due to the BaMnO3-d phase were

observed in addition to the CeO2 peaks. Moreover, dif-

fraction peaks due to BaCO3 were also detected in some

of the ST-2 catalysts (Fig. 3B (e, f, and h)), indicating

that Ba ions were not dispersed well in these catalysts.

Fig. 1 XRD patterns of the precursors (A), supports (B), and catalysts (C) prepared by CP method using: (a), NH3; (b), NaHCO3; (c),

NH4HCO3; (d), (NH4)2CO3; as precipitants

Fig. 2 XRD patterns of the precursors (A), supports (B), and

catalysts (C) prepared by ST-1 method using: (a), 2-methylamino-

ethanol; (b), 2-dimethylaminoethanol; (c), 1-dodecanol; (d),

1-hexanol; (e), 1,6-hexanediol; (f), 1,4-butanediol; (g), 1,2-butane-

diol; (h), ethylene glycol; as solvents
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3.2 NO Decomposition Activities of the Catalysts

Prepared by Various Methods

Table 2 summarizes the NO decomposition activities of

the CP, ST-1, and ST-2 catalysts. Among the CP catalysts

examined, CP((NH4)2CO3) exhibited the highest activity,

and 53% NO conversion was attained at 800 �C. How-

ever, the activities of the CP catalysts were lower than

those of the ST-1 and ST-2 catalysts, and had no corre-

lation with BET surface areas. On the other hand, the NO

decomposition activities of the ST-1 catalysts are well

correlated with their BET surface areas (Table 2): The

ST-1 catalysts prepared by using 1,4-butanediol and 1,6-

hexanediol had large BET surfaces areas and exhibited

excellent activities.

Among the ST-2 catalysts having various compositions,

the highest activity (77% of NO conversion to N2 at

800 �C) was attained by the ST-2(Ce0.8Mn0.15Ba0.05Ox)

catalyst, while Ba-poor catalysts exhibited relatively low

activities (Table 2).

Figure 4 shows the comparison of the activities of the

catalysts that exhibited the highest activities among the

catalysts prepared by each method. Although the activity

of the ST-1(1,6-hexanediol) was comparable to that of

ST-1(1,4-butanediol), the latter catalyst was predominantly

used for the work hereafter because of difficulty in the

synthesis of the former catalyst: Since 1,6-hexanediol has a

high melting point (42.9 �C), extensive washing is required

to remove the solvent from the solvothermal product.

The ST-2(Ce0.8Mn0.15Ba0.05Ox) (m) catalyst showed

higher NO conversion than the ST-1(1,4-butanediol) (h)

and CP((NH4)2CO3) (d) catalysts in the entire temperature

range examined, and the ST-2 catalyst exhibited 13% of

NO conversion to N2 at 550 �C even though the reaction

was carried out at a low W/F value (1.0 g s mL-1). It

should be noted that this temperature and the W/F value are

much lower than those reported for other catalysts to obtain

the same NO conversion [24–28]: For example,

La0.7Ba0.3Mn0.8In0.2O3 [24], Ba0.8La0.2Mn0.8Mg0.2O3 [25],

LaSrMn1-xNixO4?d [26], (Gd0.70Y0.26Ba0.04)2O2.96 [27],

and (Y0.69Tb0.3Ba0.01)2O2.99?d [28] catalysts were reported

to exhibit *12%, *13%, \15%, *10%, and *5% NO

conversion to N2, respectively, at 600 �C under W/F of

3.0 g s mL-1. On the other hand, ST-2(Ce0.8Mn0.15

Ba0.05Ox) exhibited 45% NO conversion to N2 under the

same reaction conditions (Fig. 4(D)). This result implies

that the present Ce0.8Mn0.15Ba0.05Ox catalyst may find

some application in the future.

Fig. 3 XRD patterns of the precursors (A), and catalysts (B) prepared

by ST-2 method having the nominal compositions of: (a), Ce0.83Mn0.15

Ba0.02Ox; (b), Ce0.8Mn0.18Ba0.02Ox,; (c), Ce0.8Mn0.15Ba0.05Ox; (d),

Ce0.75Mn0.23Ba0.02Ox; (e), Ce0.7Mn0.1Ba0.2Ox; (f), Ce0.7Mn0.2Ba0.1Ox;

(g), Ce0.7Mn0.23Ba0.07Ox; (h), Ce0.6Mn0.2Ba0.2Ox

Table 1 Phases in the precursors obtained by the solvothermal

reactions in various solvents

Sample Precursor phasea

ST-1 2-methylaminoethanol AOB

2-dimethylaminoethanol AOA, DAH

1-dodecanol AOA, DAH

1-hexanol AOB, AOB, DAH

1,6-hexanediol AOB, DAH

1,4-butanediol AOB, DAH

1,2-butanediol CeCO3OH

Ethylene glycol Ce2O(OCH2CH2O)(CH3COO)2

ST-2 Ce1-a-bMnaBabOx AOB, DAH

a DAH, ceriume diacetate hydroxide, Ce(CH3COO)2(OH); AOA and

AOB, cerium acetate oxide (Ce(CH3COO)O) with two different

structures
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3.3 Characterization of the Catalysts Prepared

by Various Methods

The bulk and surface compositions of the catalysts were

investigated by the ICP-AES and XPS analyses, and the

results are summarized in Table 3. The ICP-AES analysis

showed that the catalysts had almost the same Mn contents

as those of the starting materials, whereas the XPS results

showed that the Mn concentrations in the surface region of

the CP catalysts were larger than those expected from the

starting compositions. The surface atomic ratio of the Ba

species was found to be influenced by the preparation

methods. Although the CP((NH4)2CO3) catalyst had a rel-

atively high surface Ba concentration (12%), the surface Ba

concentrations of the other CP catalysts were low, and the

activities of these catalysts seem to be determined by the

surface Ba concentration. On the other hand, the surface Ba

concentrations in ST-1(1,2-butanediol), ST-1(1-dodeca-

nol), and ST-1(1,4-butanediol) catalysts were 16, 12, and

14%, respectively, while the nominal Ba content of the

catalysts was 6%.

The ST-2(Ce0.8Mn0.15Ba0.05Ox) catalyst also had a high

surface Ba concentration as compared with the nominal

composition. Although the ST-2 catalysts were prepared

by the reaction of Ce, Mn, and Ba starting reagents all

together, the precursors for the ST-2 catalysts before

calcination are composed of crystalline cerium acetate

oxide and cerium diacetate hydroxide phases (Fig. 3), and

Ba species seems not to be dissolved in these phases.

Therefore, Ba species forms an amorphous phase which is

highly dispersed on the outer surface of the intermediate

phase. Calcination of this mixture gives Ce–Mn mixed oxide

and a part of the Ba ions migrates in the lattice of the mixed

oxide [36]. This situation is almost the same as the ST-1

synthesis, and therefore, surface Ba contents of the ST-1

Table 2 BET surface areas

and NO decomposition

activities of the ST-1, ST-2, and

CP catalysts

a Catalyst, 0.50 g; 6,000 ppm

NO in He; W/F = 1.0 g s mL-1

b Calcined at 400 8C
c Calcined at 800 8C

Sample BET surface area (m2 g-1) NO conversion to N2 (%)a

Supportsb Catalystsc 600 �C 800 �C

CP NH3 95 20 3 2

NaHCO3 13 2 4 12

NH4HCO3 103 22 8 37

(NH4)2CO3 73 26 11 53

ST-1 2-methylaminoethanol 59 8 12 55

2-dimethylaminoethanol 107 11 11 53

1-dodecanol 99 14 14 55

1-hexanol 107 13 17 64

1,6-hexanediol 113 20 23 69

1,4-butanediol 120 22 25 67

1,2-butanediol 63 10 12 49

Ethylene glycol 103 16 14 51

ST-2 Ce0.83Mn0.15Ba0.02Ox – 24 14 44

Ce0.8Mn0.18Ba0.02Ox – 31 21 53

Ce0.8Mn0.15Ba0.05Ox – 23 27 77

Ce0.75Mn0.23Ba0.02Ox – 21 12 35

Ce0.7Mn0.1Ba0.2Ox – 15 14 52

Ce0.7Mn0.2Ba0.1Ox – 22 21 65

Ce0.7Mn0.23Ba0.07Ox – 17 17 57

Ce0.6Mn0.2Ba0.2Ox – 17 14 51

Fig. 4 Comparison of the activities of CP((NH4)2CO3) (filled circle),

ST-1(1,4-butanediol) (open square), and ST-2(Ce0.8Mn0.15Ba0.05Ox)

(filled triangle and open triangle) catalysts for direct decomposition

of NO under the conditions of 0.50 g catalyst and 6,000 ppm NO in

He with the W/F value of: filled circle, open triangle, and filled
triangle, 1.0; open triangle, 3.0 g s mL-1
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and ST-2 catalysts are similar to each other. These arguments

imply that the solvothermal method (ST-1 and ST-2) would

be effective for preparing catalysts with highly dispersed Ba

species on the surface. In the previous works [32, 37], we

found that the activities of both the CeOx–MnOy–BaO and

CeOx–FeOy–BaO catalysts closely correlate with the CO2

uptakes of the catalysts. Therefore, these highly dispersed Ba

species act as the adsorption sites for NO and contribute to

the deNOx activities.

Figure 5 shows the Mn 2p XPS spectra of the CP, ST-1,

and ST-2 catalysts whose activities are shown in Fig. 4. All

the samples exhibited Mn 2p3/2 and Mn 2p1/2 peaks at

*641 and *652 eV, respectively. The shoulder peak

at * 656 eV was attributed to the Ba(MNN) Auger peak

[38]. The XPS spectra of the reference samples of Mn3O4

and MnO2 exhibited the Mn 2p3/2 peak at *641.2 and

*642.3 eV, respectively. The Mn 2p3/2 BEs of MnO,

Mn2O3, and MnO2 were reported to be 640.9, 641.8, and

642.5 eV, respectively [39]. These results indicate that the

average valence of the Mn species in the present catalysts

was lower than that in Mn3O4, the catalysts having an

electron-rich Mn structure. These results are in accordance

with the finding reported by Imamura et al. [40], who found

that the addition of a small amount of cerium ions to

manganese oxide remarkably affected its oxidation state. It

must be noted that the catalyst having higher activity

exhibited Mn 2p XPS peak at lower BE.

Raman spectra of the supports (Fig. 6A), supports cal-

cined at 800�C without Ba (Fig. 6B), and catalysts

(Fig. 6C) prepared by the three methods as well as Mn

references (Fig. 6D) are shown in Fig. 6. For the cerium-

containing samples, a Raman peak was observed at

*457 cm-1 due to the F2g active mode of CeO2 [41, 42].

A slight shift from the peak position for pure CeO2

(462.2 cm-1) is due to the incorporation of Mn ions in the

CeO2 matrix. Note, however, the peak position was not

affected by the concentration of Mn ions in the CeO2

matrix [36, 42]. In addition, all the supports and catalysts

exhibited a peak at *256 cm-1, which is attributed to the

defect space including an oxygen vacancy in the fluorite

structure [43]. The supports also had peaks at *315,

*638, and/or *648 cm-1, which were attributed to the

Mn2O3 (*313 and *639 cm-1; Fig. 6D) and Mn5O8

(*648 cm-1 [44]) phases. The CP and ST-1 supports

calcined at 800 �C (without Ba) exhibited a Raman peak at

*653 cm-1 (Fig. 6B) due to the Mn3O4 phase (Mn3O4

exhibits a peak at *655 cm-1 as shown in Fig. 6D),

indicating that the Mn3O4 phase was formed by thermal

reduction of the Mn2O3 phase. These Mn phases were not

detected by the XRD patterns, suggesting that they are

highly dispersed on the support surface.

For the catalysts (Fig. 6C), Raman peaks were also

observed at *409, *633, and *653 cm-1, which may be

due to the BaMnO3-d phase [45] detected by the XRD

study. This phase seems to have been formed by the

reaction of highly dispersed Mn species with Ba(NO3)2.

However, the surface Ba/Mn ratios of the catalysts were

much lower than that expected from the chemical formula

Table 3 Composition of the

ST-1, ST-2, and CP catalysts

a Supports calcined at 400 8C

Sample Nominal

(%) Ce/Mn/Ba

ICP analysis

(%) Ce/Mn/Ba

XPS analysis

(%) Ce/Mn/Ba

CP NH3 71/23/6 77/20/3 67/31/2

NaHCO3 71/23/6 74/22/4 31/67/2

NH4HCO3 71/23/6 76/21/3 50/42/8

(NH4)2CO3 71/23/6 75/22/3 50/38/12

(NH4)2CO3
a 75/25/0 77/23/0 79/21/0

ST-1 1,2-butanediol 71/23/6 81/15/4 65/19/16

1-dodecanol 71/23/6 74/23/3 62/26/12

1,4-butanediol 71/23/6 76/21/3 61/25/14

1,4-butanediola 75/25/0 78/22/0 87/13/0

ST-2 Ce0.8Mn0.15Ba0.05Ox 80/15/5 84/12/4 72/17/11

Fig. 5 Mn2p XPS spectra of: (a), CP((NH4)2CO3); (b), ST-1(1,4-

butanediol); (c), ST-2(Ce0.8Mn0.15Ba0.05Ox); (d), Mn3O4; (e), MnO2
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of BaMnO3-d. Therefore, the Mn3O4 phase seems to be

present on the surface of the catalyst, and the peak at

*653 cm-1 may overlap with the peak due to the Mn3O4

species, although the intensity of this peak increased by the

addition of Ba(NO3)2.

The intensity ratio of the peak at *653 to that at

*457 cm-1 (denoted as I653/I457) indicates the relative

proportion of Mn-containing species (BaMnO3-d and/or

Mn3O4) in the catalyst. Table 4 shows the effect of the

preparation methods on the I653/I457 ratio. The CP catalyst

had a high I653/I457 value, indicating that large amounts of

the BaMnO3-d and/or Mn3O4 phases were present in this

catalyst. This feature is in good agreement with the high

Mn content on the surface of this catalyst (Table 3). The

I653/I457 values of the ST-1 and ST-2 catalysts are smaller

than that of the CP catalyst, indicating that the solvother-

mal reaction was suitable for the synthesis of Ce–Mn

mixed oxides because lesser amounts of BaMnO3-d and/or

Mn3O4 phases are formed. It must be noted that the ST-2

catalyst contained a smaller amount of these phases than

the ST-1 catalyst, indicating that the BaMnO3-d phase is

not a catalytically active phase.

In a previous work [36], we found that incorporation of

Mn2? in the fluorite structure of CeO2 causes an increase in

Fig. 6 Raman spectra of the

supports (A), supports calcined

at 800 �C without Ba (B), and

catalysts (C); together with Mn

reference samples (D): (a),

CP((NH4)2CO3); (b), ST-1(1,4-

butanediol); (c), ST-

2(Ce0.8Mn0.15Ba0.05Ox); (d),

Mn3O4; (e), Mn2O3; (f), MnO2

Table 4 Raman results for the ST-1, ST-2, and CP catalysts

Sample I653/I457 (%)a I256/I457 (%)b

CP (NH4)2CO3 112 2.0

(NH4)2CO3
c – 4.1

ST-1 1,4-butandiol 30 2.2

1,4-butandiolc – 8.3

ST-2 Ce0.8Mn0.15Ba0.05Ox 10 2.7

a I653 : peak intensity at 653 cm-1, I457 : peak intensity at 457 cm-1

(Raman spectrum)
b I256 : peak intensity at 256 cm-1, I457 : peak intensity at 457 cm-1

(Raman spectrum)
c Supports calcined at 400 �C
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the concentration of oxygen vacancies. As mentioned

above, the oxygen vacancy was detected by a broad peak at

*256 cm-1. The intensity ratio of the peak at *256 to

that at *457 cm-1 (denoted as I256/I457) indicates the

relative concentration of oxygen vacancies in the catalysts

(Table 4). The correlation between the I256/I457 value and

the BE of Mn 2p3/2 peak of the catalyst is shown in Fig. 7,

where the correlation between NO conversion and the BE

of Mn 2p3/2 peak of the catalyst is also shown. The BE of

the Mn 2p peak of the ST-2(Ce0.8Mn0.15Ba0.05Ox) catalyst

was much lower than those for the ST-1 and CP catalysts,

and the highest NO conversion was attained by the ST-2

catalyst having the lowest Mn 2p BE. In addition, a good

correlation was also observed between the I256/I457 value

and the BE of Mn 2p3/2 peak of the catalyst, indicating that

electron-rich Mn species incorporated in the fluorite

structure have an important role in the formation of oxygen

vacancies. In a previous paper [46], we examined the

correlation between NO decomposition activities and

physical properties of the CeOx–FeOy–BaO catalyst and

found that data for both the CeOx–MnOy–BaO and CeOx–

FeOy–BaO catalysts form one correlation line in the

activity–vs.–oxygen vacancy concentration plot. Form

these results, we concluded that neither Mn nor Fe com-

ponent directly participates to the NO decomposition

activities but both the components contribute to the for-

mation of oxygen vacancies in the CeO2 lattice, which play

a key role in deriving NO decomposition activities of the

catalysts [36]. The present results also suggest that incor-

poration of Mn ions in the ceria structure strongly depends

on the preparation method of the mixed oxide.

A schematic comparison of the structures of the cata-

lysts prepared by different methods is depicted in Fig. 8.

The catalysts prepared by the co-precipitation method

expose a large amount of the Mn-containing species on the

surface of the catalyst. On the other hand, the catalyst

prepared by the solvothermal method has only a low con-

centration of Mn on the surface, which inhibits the for-

mation of the BaMnO3-d phase, thus maintaining highly

dispersed Ba species. The solvothermal method, therefore,

is effective for preparing highly efficient catalysts for direct

decomposition of NO.

4 Conclusions

The CeOx–MnOy–BaO catalysts were prepared by solvo-

thermal (ST-1, ST-2) and co-precipitation (CP) methods

and their direct NO decomposition activities were investi-

gated. The Raman and XPS results indicate that the

CP catalysts had larger amounts of BaMnO3-d and/or

Mn3O4 phases on the catalyst surface, while the charac-

terization suggests the presence of highly dispersed Ba

species on the ST-2 catalyst. Among the catalysts exam-

ined, the highest NO conversion to N2 was attained by the

ST-2(Ce0.8Mn0.15Ba0.05Ox) catalyst. This catalyst exhibits

a Mn 2p XPS peak at the lowest binding energy. This fact

suggests that a large amount of Mn2? is incorporated in the

CeO2 matrix leading to the formation of oxygen vacancies.

The solvothermal reaction is suitable for synthesizing

Ce–Mn mixed oxides.
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