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Chapterr 2 

Surfacee properties and catalytic performance in CO oxidation 

off cerium substituted lanthanum manganese oxides 

ABSTRACT T 

Perovskitee type oxides may potentially replace noble metal catalysts as full oxidation 

catalystss of hydrocarbons, as present in combustion exhaust streams, due to their high 

activityy and fair hydrothermal stability. Presently we have investigated the catalytic 

activitiess of a series of Ce substituted La-Mn perovskites, prepared by coprecipitation, in 

thee oxidation of carbon monoxide. The composition, bulk structure and the surface 

propertiess were established using elemental analysis, XRD and XPS. The properties 

testedd include the reducibility and reoxidation behavior, the thermal stability of these 

perovskitess and the oxidation activity. It was observed that Ce is not totally incorporated in 

thee perovskite lattice. For a high degree of substitution, an excess Ce forms a separate 

Ce022 phase. Simultaneously, an increase in the atomic Mn4+/Mn3+ ratio and a decreasing 

surfacee oxygen concentration are observed. This suggests that cation vacancies are 

createdd at A (La) sites, resulting in the formation of unsaturated B (Mn) site ions on the 

surface.. The catalytic activity of the La-Mn perovskites systematically changes as a 

functionn of the degree of Ce substitution. A plausible explanation for this behavior is the 

nonstoichiometryy induced by Ce substitution, which results in the formation of cation/anion 

vacanciess near the surface. The specific surface area and the atomic surface composition 

playy a less pronounced role in the catalytic activity. 

'' This work has been published in: Y. Zhang-Steenwinkel, J. Beckers, and A. Bliek, Applied Catalysis A: 

General,, 235, (2002) 79 - 92 
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2.11 INTRODUCTION 

Noblee metals as palladium and platinum are well known and highly active catalysts for the 

fulll oxidation of carbon monoxide, methane, and olefins [1]. Compared to noble metals, 

basee metal catalysts show a lower but still sufficient activity as oxidation catalysts, their 

advantagee being the lower costs [1,4,6]. Moreover, noble metal catalysts are sometimes 

reportedd to demonstrate a poor thermal stability due to sintering and metal volatilization [2-

5].. Perovskites form an interesting category of mixed oxides that have been studied widely 

inn view of their activity in full oxidation, their hydrothermal stability and favorable costs. 

Therefore,, these materials have received increased attention in the last decades. 

Sincee 1970, perovskites, having the general structural formula AB03, have been 

suggestedd as substitutes for noble metals in electro catalysis and in the full oxidation of 

carbonn monoxide, methane, hydrocarbons and chlorinated hydrocarbons [2,5,7-11]. The 

ideall structure of the perovskite type oxide is of the cubic type [12,13]. A and B are usually 

raree earth and transition metal cations respectively, for which the corresponding 

perovskitess show a high activity and thermal stability [6,8]. B cations have octahedral 

coordinationn with oxygen and A cations are located in the dodecahedral lattice position. 

Thee ideal perovskite structure appears only in a few cases for tolerance factors t, with t = 

(rA+ro)/V^*(rB+r0),, where rAl rB and r0 are the radii of the respective ions, which are close 

too unity and for high calcination temperatures [12]. In fact, the perovskite structure exists in 

oxidess only between the limits 0.75 < t < 1 with t between 0.8 and 0.9 in most cases. 

Distortedd perovskite structures, as the rhombohedral and orthorhombic structure are 

known.. The cations in the perovskite lattice may be partially substituted by foreign ones, 

givingg rise to the general structural formulas as Ai.xA'xB03 or ABi.yB'y03, without inducing 

largee changes in the crystalline structure [3]. This has frequently been exploited in 

catalysiss because the substitution of foreign cations allows for a systematic modification in 

thee catalytic properties [3,7,8,10]. The impact of A site substitution for LaMn03 and 

LaCoC>33 on the catalytic properties in full oxidation of hydrocarbons has been extensively 

studiedd [11,14,15]. The substitution of La in LaMn03 by K, Ca, Sr, Ba, Pb or Hf was 

reportedd to enhance the catalytic activity in full oxidation reaction of CO and hydrocarbons 

[2,3,9,11,14,15].. In these case this activity was shown to reach a maximum for a degree of 

substitutionn of approximately 40%. The effect of the nature of the B cation on the physio 

chemicall and catalytic properties of lanthanum based perovskites has been also widely 
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studiedd for oxidation of CO, hydrocarbon and chlorinated hydrocarbons [5,10,15]. 

Manganesee and cobalt containing perovskites have been found to demonstrate superior 

activityy in methane oxidation [6]. 

Ceriumm is a well known additive of exhaust catalysts, used in view of its oxygen storage 

capability,, enabling the application of such catalysts over a broad range of air-to-fuel 

ratios,, and enhancing the activity [7]. The catalytic activity of Lai.xCexMn03 has been 

investigatedd earlier in CO oxidation by NO, as well as in methane and propane oxidation 

[2,7,14].. Therefore, Lai-xCexMn03 is chosen as the perovskite type oxide in the present 

investigation. . 

Lai-xCexMn033 perovskites, with x = 0 - 0.3, were synthesized by coprecipitation followed 

byy calcination at high temperature. The bulk structure was determined XRD and the phase 

segregationn was studied by TEM/EDX. The reduction behavior and thermal stability was 

studiedd by temperature programmed reduction and oxidation (TPR&TPO). The surface 

compositionn has been analyzed using XPS. Finally, stability was assessed by activity 

studiess using CO oxidation, and by assessing the sintering behavior in hydrogen and 

oxygen.. In particular the objective of the current work is to understand the structure activity 

relationn of a series of La-Mn based perovskites with a varying degree of substitution of La 

byy Ce. 

2.22 EXPERIMENTAL 

CatalystCatalyst Preparation 

AA series of perovskite type oxides Lai.xCexMn03 with x from 0 to 0.3 was prepared by 

coprecipitation,, details of which can been found elsewhere [5]. A 0.5 N aqueous solution of 

thee corresponding nitrates was used with 0.5 N sodium hydroxide solution and hydrogen 

peroxidee as the precipitating agent. The molar ratio of Mn2+-to-H202 used is 1.80. 

Hydrogenn peroxide is used to partially oxidize the Mn2+. The precipitation was carried out 

att 323 K and a constant pH of around 9.1. The resulting precipitate was filtered off, 

washedd with distilled water, and dried overnight at 393 K in air. Following drying, the 

precipitatee was crushed and sieved to obtain the required particle size (< 200 \xm). Finally 

thee ground precipitate was calcined at temperatures varying from 773 K - 1073 K in air for 

66 hours. 
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Characterization Characterization 

Thee composition of the perovskite type oxides was determined by Inductively Coupled 

Plasmaa Atomic Emission Spectroscopy (ICP-AES) on a multichannel Thermo Jarrel Ash 

ICAPP 957 spectrometer, upgraded to ICAP 61. The specific surface areas were obtained 

byy N2-physisorption, evaluated using the BET equation, on a Sorptomatic 1990 (CE 

Instruments).. The XRD patterns of calcined samples were collected on a CPS120 using a 

primaryy monochromator with 20 = 0 - , using CuKa radiation. (HR) TEM images were 

obtainedd on a Philips CM30UT electron microscope with a field emission gun as the 

sourcee of electrons operated at 300 kV. EDX elemental analysis was performed using a 

LINKK EDX system. 

Thee core levels and valence electronic structure of the Lai-xCexMn03 perovskites (x = 0, 

0.05,, 0.1 and 0.2) were studied using XPS. The spectra were obtained on an Omicron 

UHVV system equipped with a Dar400 X-ray source and a EA125 hemispherical analyzer 

operatedd at 20 eV constant pass energy, using Mg Ka (1253.6 eV) radiation at 25W. The 

spectraa were measured in vacuum, better than 10~10 mbar. The core level of La3d, Mn2p, 

Ce4d,, 01s and C1s were recorded. The atomic ratios of Mn4+/Mn3+ and OSUrface/Mn2p were 

determined. . 

Thee reduction behavior of the perovskites was studied using TPR by thermo gravimetric 

analysis.. About 90 mg of the sample was heated in a flow of 120 ml/min of a 67% H2 in Ar 

mixturee (Praxair, 99,999% pure). During TPR, temperature was increased with 2.5 K-min"1 

too 1073 K and allowed to stabilize for one hour. Following TPR, the samples were cooled 

downn in the H2/Ar mixture to room temperature and reoxidized by TPO in a technical air at 

aa heating rate of 2.5 K-min"1 to 1073 K. Subsequently the samples were reduced again 

underr the original conditions. 

CatalyticCatalytic Activity 

Thee catalytic activity of the perovskites was tested in CO oxidation, carried out in a six-flow 

reactor,, allowing the simultaneous testing of a variety of samples, coupled to a mass 

spectrometerr (Balzers, TPG 300). About 50 mg of perovskite was placed between quartz 

wooll in the middle of a temperature controlled reactor. The conversion of 1 vol% CO 

(99.9%,, Praxair) and 1 vol% 02 (99.5%, Praxair) in 98 vol% He (99.999%, Praxair) was 

investigatedd by a linear temperature programming from 348 K to 573 K with a heating rate 
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off 5 K-mirï1 (SV = 2-10"2 m3s"1-kg"1). The final temperature was maintained for 90 minutes 

too attain steady state conversion. The thermal stability of the perovskites was assessed by 

twicee repeating the experiments, under equal reaction conditions. 

OxygenOxygen Exchange 

Thee reduction of La0.8Ceo.2Mn03 (50 mg), calcined at 1073 K in air for 6 hours, was studied 

byy passing labeled 1 vol% C180 (95%, Icotec) in balance He over the catalyst and 

monitoringg the production of C160, C180, C180160 and C160160, thereby providing basic 

informationn on the reaction mechanism. 

2.33 RESULTS AND DISCUSSION 

2.3.12.3.1 Catalyst characterization 

ElementalElemental chemical analysis and specific area 

Thee elemental composition with regard to La, Ce and Mn for the samples calcined at 1073 

K,, expressed as atomic ratios relative to manganese in table 2.1, demonstrate that for 

somee perovskites this parameter deviates from the targeted atomic ratio (La+Ce):Mn = 

1:1.. This may suggest that these perovskite series are nonstoichiometric, as will be 

discussedd later. The specific areas of the catalyst series demonstrate that the specific BET 

surfacee area increases quite substantially for a higher degree of substitution x of La for Ce, 

withh a maximum at x = 0.2. 

Tablee 2.1: Specific area and elemental chemical composition of 1073 K calcined Lâ xCexMnOa 

catalysts. . 

X X 

0.0 0 

0.05 5 

0.1 1 

0.2 2 

0.3 3 

Specificc area 

(mV) ) 
17.22 2 

17.17 7 

31.00 0 

40.98 8 

26.80 0 

Elementall Chemical Composition (mol/moIMn) 

Laa Ce Mn 

0.911 0.00 1.00 

0.855 0.04 1.00 

0.800 0.08 1.00 

0.700 0.19 1.00 

0.611 0.27 1.00 
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BulkBulk structure 

Thee degree of crystallinity of the samples prepared at calcination temperatures of 873 K, 

9733 K and 1073 K was investigated by XRD, showing that low temperature calcined 

sampless are poorly crystalline and a good crystallinity is obtained only at temperatures in 

excesss of 1073 K. The formation of a well defined perovskite structure shifts to higher 

temperaturess as a function of the degree of Ce substitution (not shown). Also it is 

observedd that cerium is not totally incorporated in the perovskite lattice. Beyond x = 0.2 a 

separatee CeC>2 phase is formed, as shown in figure 2.1. The perovskites LaMnC>3, 

Lao.95Ce0.o5Mn033 and La0.9Ceo.iMn03 show a well defined single crystalline phase 

followingg calcination at 1073 K, whereas for the perovskites La0.8Ceo.2Mn03 and 

Lao.7Ceo.3MnC>3,, a separate CeC>2 phase remains visible. 

155 25 35 45 55 65 75 

299 O 

Figuree 2.1: XRD patterns of perovskite Lai.xCexMn03 (x - 0, 0.05, 0.1, 0.2 and 0.3) calcined at 

10733 K, : perovskite; A: Ce02. 

Thiss is confirmed by TEM/EDX analysis. Figures 2.2 a/b show that for x = 0.20 a 

segregatedd Ce02 phase forms, whereas no separate Ce02 phase is observable for x = 

0.05.. The formation of a separate CeC>2 phase is promoted by higher calcination 

38 8 



ChapterChapter 2 SurfaceSurface properties and catalytic performances in CO oxidation 

temperatures:: whereas at 1073 K a single perovskite phase is formed in case of 

Lao.95Ceo.o5Mn03,, for higher calcination temperatures a separate CeC>2 phase appears 

(figuree 2.3). This result seems contrary to the findings of Taihei Nitadori et al. [14], who 

observedd the opposite for Lai_xSrxMn03. 

Figuree 2.2: TEM image of Ce substituted La^xCexMnOa calcined at 1073 K for 6 hours: a) x = 0.05, 

b)xx = 0.2. 
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20 0 25 5 30 0 35 5 

266 O 

12733 K 

40 0 45 5 

Figuree 2.3: XRD patterns of La0 95Ce0 05MnO3 calcined at 1073 K, 1173 K and 1273 K in air, : 

perovskite;; : Ce0 2 . 

Sincee up to a calcination temperature of 1273 K, the Mn203 and La203 phase were not 

detected,, the perovskites consist of a single phase with a bulk composition corresponding 

too Lai-x<t>yCex-yMn03 (1 > x > y > 0 ; < | ) = A site cation vacancy). When comparing the 

integratedd area of the CeC>2 peak at d = 2.76 A with the perovskite characteristic peak at d 

== 3.14 A for x = 0.2 and x = 0.3, respectively, for x = 0.3 twice the amount of the separate 

CeC>22 phase is observed as for x = 0.2. Assuming that the CeC>2 content is linearly 

correlatedd to this peak area, the maximum amount of Ce incorporated in the perovskite 

latticess would be 10  0.4 mol%. On the basis of ICP data on the bulk composition, one 

mayy now assess the amount of cation vacancies (table 2.2). The results show that the 

concentrationn of cation vacancies gradually increases for a higher degree of substitution of 

Laa for Ce. 
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Tablee 2.2: Calculated concentration of cation vacancies versus the degree of substitution x of La 

forr Ce. 

X X 

0.0 0 

0.05 5 

0.1 1 

0.2 2 

0.3 3 

Concentrationn of cation vacancy cj> (mol/moIMn) 

0.090 0 

0.111 1 

0.138 8 

0.207 7 

0.301 1 

SurfaceSurface analysis 

Thee surface composition of a series of the perovskites calcined at 1073 K for 6 hours was 

studiedd by XPS. The resulting binding energy values were corrected using the C1s peak at 

2855 eV. Table 2.3 lists the corresponding binding energies of La3d, Mn2p, and Ols. The 

fittedd XPS spectra of Ols and Mn2p are shown in figure 2.4(a) and (b), respectively. The 

surfacee composition was calculated for atomic ratios of Mn4+/Mn3+ and OSUrface/Mn2p, 

whichh are summarized in figure 2.5. 

Tablee 2.3: La 3d, Mn2p, 01s, and C1s binding energies for Lai.xCexMn03 perovskites. 

Degreee of 

substitutionn X 

0 0 

0.05 5 

0.1 1 

0.2 2 

La3d(eV)) Mn2p (eV) Ols(eV) C1s(eV) 

834.33 641.6 529.3 285.0 

838.44 642.9 531.2 286.5 

644.44 289.3 

834.66 641.6 529.5 285.0 

838.66 642.9 531.3 286.6 

644.66 289.0 

834.66 641.6 529.6 285.0 

838.77 642.9 531.5 286.4 

644.99 288.9 

834.33 641.9 529.6 285.0 

838.33 642.9 531.5 286.7 

644.77 289.3 

lce3d/lMn2pp 'La3d/lMn2p 

0.000 5.31 

0.500 3.93 

1.677 3.25 

0.799 3.06 

Thee C1s level shows three peaks at 285.0 eV (carbon contamination), 286.5 eV (CO 

bond)) and 289.2 eV caused by the presence of surface carbonates [16-20]. Two peaks of 

La3d3/22 are located at 855.3 eV and 851.2 eV and those of La3d5/2 are at 838.5 eV and 
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834.44 eV, respectively, see table 2.3. These are close to the values recorded for pure 

lanthanumm oxide, i.e. at 838.0 eV and 834.4 eV [18]. The spin-orbit splitting of La3d is 16.8 

eV.. As might be expected, the data indicate that lanthanum ions are present in the 

trivalentt form for all the samples. The li.a3d/lMn2p ratio as determined by XPS is shown in 

tablee 2.3. It seems that La is mainly at the surface of the catalysts and it gradually 

decreasess with a higher degree of Ce substitution. 

Twoo peaks may be assigned to 01s: a low binding energy (BE) at 529.0 eV, which is 

generallyy accepted as lattice oxygen in the form of O2" (metal oxygen bond), and a peak at 

531.00 eV, which is assigned to the surface adsorbed oxygen in the form of CO32' or OH", 

seee figure 2.4 (a) [16,18,21,22]. It seems the surface oxygen concentration decreases for 

aa higher degree of Ce substitution, see figure 2.5. Peaks above 533.0 eV were observed 

forr none of the samples, suggesting that these samples do not contain any adsorbed 

molecularr water. 

Thee peaks of Mn2p3/2 and Mn2p1/2 are located at 642.3 eV and 653.9 eV (figure 2.4b). The 

spin-orbitt splitting of Mn2p is 11.7 eV, which is close to that of Mn02 (642.2 eV + 11.7 eV) 

[16].. To determine the mean Mn oxidation state, one may either use the Mn3s splitting 

[23],, or the Mn2p3/2-01s difference in binding energy, or finally one could revert to a peak 

synthesiss procedure [3,20]. As the Mn3s and La4d peaks may overlap or the a.34 La4d 

structuree can be perturbing the Mn3s features with the natural X-ray source used, the 

Mn3ss exchange splitting cannot be used [20]. It has also been tried to determine the mean 

Mnn oxidation state, using the binding energy difference between the Mn2p3/2-01s 

emissions.. Literature data suggests that the BE difference increases with about 0.6 - 0.7 

eVV for the change of oxidation state between Mn3+ and Mn4+ [20]. A value of AEMn2P3/2- 01s 

== 112.75  0.06 eV was found to be quasi independent of the substitution of La by Ce and 

correspondss to the oxidation state Mn4+ (112.55  0.08 eV) [20]. This indicates that the 

meann oxidation state of Mn ions on the surface layers would be extremely difficult to 

detect.. This problem may be resolved by applying a peak synthesis procedure, according 

too Ponce et al. [3]. In this way three peaks were observed for all samples. The presence of 

twoo species (Mn4+ and Mn3+) is supported by the two H2 consumption peaks in TPR 

profiles,, also no MnO characteristic peak is observed in the XRD pattern of the samples 

reducedd in H2 up to 775 K, which will be discussed later. The three components found are: 

Mn4++ (642.8 eV), Mn3+ (641.5 eV) and a satellite, which are also included in table 2.3. As 

cann be seen in figure 2.5, the ratio of Mn4+/Mn3+ increases with increasing Ce substitution, 
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exceptt for x = 0.2. For a higher degree of Ce substitution, the Mn4+/Mn3+ ratio declines 

insteadd of increases. In summary it may be concluded that the number of cation vacancies 

risess with the degree of Ce substitution, especially when the separated CeÜ2 is formed 

(thee number of estimated cation vacancies of x = 0.2 is two times higher than those of x = 

0.1).. Mn tends to shift to the +4 state, thereby charge compensating for the vacancies for x 

<< 0.1. Also, the surface oxygen concentration drops with x and finally the structure 

becomess oxygen deficient for values of x > 0.2. For a higher value x, the surface oxygen 

tendss to desorb and coordinatively unsaturated B site ions are formed. Concurrently anion 

vacanciess are created on the surface. Therefore Mn is reduced to +3, which is exactly 

whatt happens for with x = 0.2. This suggests that beyond x = 0.2 an additional phase, 

CeC>2,, is formed, as is also found by XRD. 
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Figuree 2.4: XPS spectra for (a) 01s , (b) Mn2p of the La^CexMnOa with x = 0, 0.05, 0.1 and 0.2. 
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££ 0,6 

0,055 0,1 0,15 

degreee of substitution x 

Figuree 2.5: Surface atomic ratios based on XPS data of Mn4+/Mn3+(»), Ototai/Mn2p (A) and cation 

vacancyy ) versus the degree of Ce substitution (x = 0, 0.05, 0.1 and 0.2). 

Inn the BE region 130-120 eV, no Ce4d peaks of Ce4+ were observed for x = 0.05. For x = 

0.22 two Ce4d peaks, assigned to Ce4+ located at 121.2 and 124.6 eV, with a spin-orbit 

splittingg of 3.4 eV were observed, indicating that a separate CeC>2 phase is formed [24]. 

Forr x = 0.1, also two very weak Ce4d peaks assigned to Ce4+ are visible. The ratio of the 

integratedd area of these peaks between x = 0.1 and x = 0.2 is about 0.3, suggesting the 

mostt of the cerium substituted in the La-Mn perovskite is inserted as Ce3+ in the perovskite 

lattice,, leading to the formation of a single crystalline phase for x < 0.1. It is known that a 

substantiall degree of reduction during XPS measurements is possible, but only when the 

measurementt time is extended to several hours [25], and not for a limited exposure time. 

Thereforee de possibility of reduction of Ce4+ to Ce3+ is excluded. In table 3, lce3d/lMn2p ratio 

iss given. For an increasing degree of substitution, the lce3d/lMn2P ratio tends to become 

higher.. It should be realized however that the error in the calculation of this ratio is 

substantial. . 
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ReductionReduction behavior 

TPRR profiles of the perovskite series calcined at 1073 K for 6 hours were recorded to 

assesss the reduction characteristics. Figure 2.6 shows two clear reduction bands: 523 K -

7233 K and 833 K - 993 K. The reduction profile of Lai.xCexMn03 in the 523 K - 723 K 

regionn displays a broad peak, the intensity and position of the peaks depend on the 

degreee of cerium substitution. LaMn03 shows a major peak around 681 K, with a shoulder 

closee to 613 K. For x = 0.1, a main peak with a shoulder appears at ca. 645 K and 577 K. 

Forr x = 0.2 a broad peak around 557 K and a shoulder at ca. 613 K may be distinguished. 

SampleSample Lao.7Ceo.3Mn03 shows a broad peak located at 577 K. 

Thee sharp TPR bands of LaMn03 and La0.9Ce0.iMnO3 at 913 K and 866 K respectively, 

suggestt that a well defined crystalline structure is formed. The shift of the reduction band 

forr Lao.9Ceo.iMn03 to lower temperature may be due to the fact that Ce substitution for La 

leadss to an increase in the number of cation/anion vacancies as discussed above, thereby 

facilitatingg the reduction of Mn4+. The reduction peaks of Lao.8Ceo.2Mn03 and 

Lao.7Ceo.3Mn033 appear as broad peaks at 943 K and 916 K respectively, with low intensity. 

Thiss suggests that the well ordered crystalline structure is disturbed at a higher degree of 

Cee substitution. 

46 6 



ChapterChapter 2 SurfaceSurface properties and catalytic performances in CO oxidation 
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Figuree 2.6: TPR of La^CexMnCb calcined at 1073 K with x = 0, 0.1, 0.2 and 0.3 in H2/Ar mixture 

withh 67% H2, the temperature was raised with 2.5 K-min"1 to 1073 K and maintained at 1073 K for 

onee hour. 

Thee reduction band at low temperature corresponds to the elimination of the excess 

oxygenn of the perovskite and the reduction of Mn4+ formed to compensate the cation 

vacancyy caused by Ce ion incorporation [3]. 

LaLaxx__xxCeCexxMnOMnOMM +H2-> La,_xCexMnOi + SH20 

LLaiai__xxCeCexxMn['!Mn['! xxMn'Mn'xx
¥¥0,0, +-xH2 -> La,_xCexMnmO,_xll +^xH20 

(1) ) 

(2) ) 

Afterr the reduction up to 775 K the perovskite lattice structure remains intact, as evidenced 

fromm the fact that following reduction at 773 K, no change of color is observed. Also the 

XRDD data show no significant change in the bulk structure, see figure 2.7. XRD patterns of 

thee samples taken after the first reduction step show the signals of a distorted crystalline 

perovskitee phase. The lattice expansion is explained by the reduction of Mn4+ to Mn3+, the 

latterr having a larger ionic radius. 
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200 25 30 35 40 45 50 

299 ) 

Figuree 2.7: XRD patterns of La0.8Ceo.2Mn03 calcined at 1073 K (fresh sample), after TPR at 773 K 

andd after TPR up to 1073 K in H2/Ar mixture with 67% H2. The temperature was raised with 2.5 

K-min"11 to the final reduction temperature and maintained for one hour, perovskite (•), La203 (T), 

MnOO (•), Ce203 (A), Ce02 (•). 

Thee values of the total H2/Mn ratio, see table 2.4, are higher than 0.5 for all the samples, 

confirmm the presence of a fraction of Mn4+ in the sample, which is also observed by XPS. 

Sincee the reduction step at a high temperature is strongly activated, it is assigned to the 

reductionn of Mn4+/Mn3+ to Mn2+: 

11 X 

LaLa11__xxCeCexxMiOMiOM/2M/2 + H2 -> - ( l - jc ) Ia 2 0 3 +MnO + -Ce1Oi + H20 (3) 

Thee samples, initially black, become gray/white after reduction at 1073 K, suggesting that 

neww phases have been formed. XRD data indeed reveal the disappearance of the 

perovskitee phase, with concurrent formation of individual La203 , MnO and Ce203 phases 

(figuree 2.7). 
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Tablee 2.4: The values of the total H2/Mn ratio of reduction of Lai-xCexMnOs up to 1073 K and the 

valuess of the total O/Mn ratio of reoxidation of those perovskites up to 1073 K. 

Degreee of substitution X 

0.0 0 

0.1 1 

0.2 2 

0.3 3 

TPR,, H 2 W M n 

(mol/moll Mn) 

0.64 4 

0.53 3 

0.53 3 

0.51 1 

TPO.Ototai/Mn n 

(mol/moll Mn) 

0.47 7 

0.46 6 

0.46 6 

0.47 7 

ThermalThermal stability in H2 and 02 

Thee thermal stability of the various perovskites was tested by successive reduction and 

reoxidationn treatments in H2 and 02. After TPR all the samples were treated in air at 1073 

KK and reduced again under the same conditions as in the first experiments. The two TPR 

patternss thus obtained are not exactly the same. XRD analysis performed on a sample 

reoxidizedd in air at 1073 K subsequent to TPR, shows that the perovskite phase is not fully 

restoredd by reoxidation. BET surface area data show that these materials suffer from 

sinteringg during successive reduction and reoxidation, their surface areas decreasing to 

lesss than 1 m2-g"1. This indicates that during the reduction of the perovskites in H2 up to 

10733 K, irreversible sintering takes place. This conclusion is contrary to the finding of 

Ciabellii et al. [6] for La1.xSrxMn03. 

Thee reoxidation properties of Lai.xCexMn03 perovskites are shown in figure 2.8 in the form 

off TPO data. For x = 0 and x = 0.1 two reoxidation bands are observed, which can be 

assignedd to surface oxygen located at 443 K - 685 K and lattice oxygen positioned at 

approximatelyy 715 K. For x = 0.2 and x = 0.3 the TPO peak at high temperature has 

disappearedd and a broad peak, located at 413 K - 648 K remains visible. This suggests a 

phasee change, possibly caused by distortion of a well ordered crystalline structure. The 

totall O/Mn molar ratio in table 2.4 is lower than that of the total H2/Mn ratio, illustrating that 

followingg reduction in H2 the samples are only partially reoxidized. 
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0.03 3 

4500 550 650 
Temperaturee (K) 

750 0 850 0 

Figuree 2.8: TPO of La^CexMnOs perovskites with x = 0, 0.1, 0.2 and 0.3 in air, the temperature 

wass increased with 2.5 K-min"1 to 1073 K and maintained at 1073 K for one hour. 

Thee thermal stability of these perovskites in air was also tested by soaking La0.8Ceo.2Mn03 

att 1073 K in air for different times (6 hr, 12 hr, 24 hr, and 36 hr). The results show that this 

perovskitee is very stable in air at 1073 K, with BET surface areas showing only a moderate 

decreasee from 40.6 m2g"1 to 37.0 m2g~1. 

2.3.22.3.2 Catalytic activity 

CatalyticCatalytic activity in CO oxidation 

Thee oxidation of CO was studied over a series of Lai.xCexMn03 perovskites calcined at 

10733 K for 6 hours over a temperature range of 348 K to 573 K (figure 2.9). Clearly, 

withoutt catalyst, CO oxidation does not take place for temperatures below 573 K. The 

catalyticc activity increases in the order Lao.8Ceo2Mn03 > La0.7Ceo.3Mn03 > La0.9Ceo.iMn03 

>> La095Ce005MnO3 > LaMn03 . The catalytic properties of Lao8Ceo.2Mn03 are entirely 

differentt from the physical mixture of LaMn03 and Ce02 , see figure 2.9. The introduction 

off Ce in the perovskite lattice is seen to modify significantly the catalytic activity of this 
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perovskitee series. Beyond x = 0.2 the catalytic activity of the perovskites decreases, likely 

ass a result of the formation of a separate, non active Ce02 phase. 

100 0 

o o 
o o 

550 0 600 0 450 0 

Temperaturee (K) 

Figuree 2.9: CO conversion in a gas mixture of 1% CO/1%02 in 98% He (SV = 2-10"2 mVkg"1) 

versuss temperature for perovskite series calcined at 1073 K: blank (-), x = 0 (0), x = 0.05 (a), x = 

0.11 (A), x = 0.2 (x), x = 0.3 (+) and LaMn03+Ce02 (o) with La : Ce = 0.8 : 0.2 (molar). 

Thee stability of the perovskites was tested by repeating the CO oxidation experiments for 

eachh perovskite twice, for the temperatures ranging from 348 K to 573 K. A similar activity 

wass observed, suggesting that the perovskites are stable under these conditions. 

Surprisingly,, no clear correlation was observed between the specific surface areas and 

activity. . 

OxygenOxygen Exchange during Reduction of Perovskites by C180 

Thee oxygen exchange during reduction of the perovskites by CO was investigated using 

labeledd C180 as the reducing agent. The background signal is subtracted from the 

obtainedd MS signal and is corrected for the inlet pressure using Ar as reference gas. 

Figuree 2.10a demonstrates that following a step change from He to 1vol% C1sO/He over 

Lai.xCexMn033 (x = 0, 0.1 and 0.3), the amount of C180 adsorbed increases with the 
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degreee of Ce substitution. Also C160 is formed and desorbs from the surface, as shown in 

figuree 2.10b for LaogCeo.-iMnOa. When the signal of C1 80 is restored to its original level, 

bothh C1 601 60 and C 1 80 1 60 are formed and desorb from the surface. The release of 

Q16Q16QQ a n c | Q18Q16Q decreases t 0 zero after some time, as result of the exhaustion of 

availablee lattice oxygen from the perovskites. Tentatively, we propose a mechanism as 

depictedd in figure 2.11. 

600 80 

timee (s) 

a a 

99 8 

-0-C18O,, X 
-fi-C180.. X 
-0-C180.. x  x 

== 0 
== 0.1 
== 0.3 

C160 0 
C160160 0 

C180160 0 

Figuree 2.10: The MS signal versus time for the reduction of La^CexMnOa by C180 at 473 K. The 

backgroundd signal is subtracted from the obtained MS signal and is corrected for the inlet pressure 

usingg Ar as reference gas. a: C1sO signal versus time for x = 0, 0.1 and 0.3; b: C160, C160160 and 

C1801600 signal versus time for x = 0.1. 
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Figuree 2.11: The reaction mechanism of the reduction of La^CexMnOs by C1 80 at 473 K. 

Ass a result of the successive substitution of more La site by Ce, the concentration 

anion/cationn vacancies gradually increases. Isotopic labeling experiments indicate that 

concurrentt to this the amount of adsorbed is enhanced. This can be rationalized in the 

sensee that anion vacancies would provide suitable CO adsorption sites. That would form a 

plausiblee explanation for the increased activity in CO oxidation, which has been observed. 

Onee may hypothesize therefore, that the gradual substitution of Ce for La leads to the 

formationn of a successively higher concentration of anion vacant CO adsorption sites, 

therebyy leading to a higher activity in CO oxidation. Only beyond a degree of substitution 

off La for Ce higher than 10-20 mol%, the activity of the perovskites drops, which is to be 

attributedd to the formation of a catalytically inactive separated Ce02 phase, as evidenced 

byy XRD and TEM. 
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2.44 CONCLUSION 

Cee substituted La-Mn based perovskites demonstrates a high activity in CO oxidation. 

Whereass these materials are stable at high temperatures in an oxidative environment, as 

evidencedd by the fact that the specific surface area and the oxidation activity are barely 

affectedd by such treatment. In contrast, in a reducing atmosphere the perovskites readily 

decomposee to the oxides of the individual metals and the catalytic activity is lost. The 

substitutionn of La for Ce in La-Mn based perovskites results in an enhanced catalytic 

activityy in CO oxidation, the highest activity being demonstrated by Lao.sCeo^MnOs. On the 

basiss of XRD and TEM data, it can be concluded that Ce cannot be accommodated in the 

perovskitee lattice beyond a degree of substitution of x = 0.1 - 0.2, the excess forming a 

separatee catalytically inert Ce02 phase. For this reason the catalytic activity goes down 

beyondd x = 0.2. XPS data suggests that the substitution of La by Ce is accompanied by 

ann increasing concentration of cation/anion vacancies in the perovskite, which in turn 

leadss to a shift in the Mn4+/Mn3+ ratio. It is tentatively suggested that the number of 

cation/anionn vacancies is directly related to the catalytic activity in CO oxidation by 

facilitatingg the CO adsorption, explaining why up to x = 0.2 the activity of La-Mn 

perovskitess increases by substitution of La by Ce. 
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