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Abstract This work addresses the effect of catalyst

preparation method and the carrier compositions (MgO–

La2O3) over the NiO-support interaction, which affect the

reducibility, textural properties and the different oxygen

species chemisorbed at different temperatures over MgO–

La2O3 supported NiO catalysts. The materials were

prepared by wet sequential impregnation and wet

co-impregnation with different Mg molar fractions [Mg/

(La+Mg)]. The samples were characterized by X-ray

diffraction (XRD), temperature-programmed reduction

(TPR), infrared (IR) spectroscopy, scanning electron

microscopy (SEM), changes of surface potential and BET

surface area measurements. The total oxidation of methane

was use as model reaction. It has been found that the

catalyst formulations (i.e. NiO/MgO–La2O3) and the

preparation methods not only affect the interaction among

the catalyst components, but also the texture and material

morphology as a result of different degrees of particle

aggregation. The wet sequential impregnation-prepared

catalysts showed a stronger MgO–La2O3 interaction than

wet co-impregnation-prepared samples. A marked

tendency of NiO to react with MgO rather than La2O3

following a mechanism of lattice substitution is observed.

Mg-free catalyst showed LaNiO3 and NiO as major crys-

talline Ni-containing phases. The ternary Ni–Mg–La–O

system, on the other hand, facilitates the formation of

poorly reducible Ni phase, whereas the La-free catalyst

(i.e. NiO/MgO) displayed the lowest content of Ni-reduc-

ible phase, owing to the formation of Ni1–xMgxO solid

solution. Measurements of surface potential changes

together with catalytic studies suggest that La-containing

catalysts present oxygen vacancies, which markedly affect

the chemical nature of the surface oxygen species and

hence their catalytic behaviour.

Introduction

The goal of catalytic material preparation is to design a

probable commercial product, which could be used as an

active, selective and stable catalyst for a determined cata-

lytic process. In order to achieve this goal, the best pre-

parative method must be able to produce a catalytic

material with appropriate textural properties (i.e., suffi-

ciently high surface area and uniform pore distribution) and

suitable mechanical strength. Supported and unsupported

(or bulk) catalysts are usually thought to have an uniform

chemical composition, which might present a multiphase

structure as a consequence of either doping, promoting,

surface or bulk segregation or even the effect of the reac-

tion environment on the catalyst. Schwarz and co-workers

[1] divided the preparation routes of catalysts into two

categories: Methods in which the active phase is generated
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as a solid phase by either precipitation or a decomposition

reaction and methods in which the active phase is intro-

duced and fixed onto a pre-existing solid by a process

intrinsically dependent on the surface of the support. In

addition, there are two main steps for the supported catalyst

preparation. The first consists of depositing the active

component precursor in well-divided form onto the support

and the second of transforming this precursor into the re-

quired active component which, depending on the reaction

to be catalyzed, can be found in the oxide, carbide, sulfide

and metallic state [2].

Alkaline and rare earth oxides and their compositions

have been widely used as catalysts for the oxidative

coupling of methane (OCM) [3]. Among these oxides,

lanthanum oxide (lanthana) and magnesium oxide (mag-

nesia) have been also employed as supports for nickel

catalysts (viz. Ni/MgO, Ni/La2O3) both for the partial

oxidation of methane (POM) and for the carbon dioxide

reforming of methane [4–6]. The catalysts employed for

the oxidative coupling of methane are also able to catalyze

the selective reduction of NOx with hydrocarbons, owing

to their ability for producing methyl radicals that selec-

tively reduce NOx [7].

Perovskite-type catalysts have been widely studied as

substitutes for currently used total oxidation catalysts.

Indeed, perovskite-type oxides (i.e. mixed oxides of

general formula ABO3, where lanthanide elements usu-

ally are at the A-site position and first row transition

metals at the B-site) are less expensive and often ther-

mally more stable than noble metals. Some formulations

were found to possess similar or even higher activity

than Pt-supported catalysts [8, 9]. On the other hand, the

NiO/MgO and NiO/La2O3 catalysts can form either a

solid solution (i.e. Ni1–xMgxO) [10] or a perovskite-type

phase (LaNiO3) [11] upon thermal treatment, respec-

tively. One would hence expect that their compositions

(i.e. NiO/MgO–La2O3) are also active for total oxidation

of methane, however, the degree of interaction of NiO

with the different support components and its influence

over the reducibility of nickel oxide are not easily pre-

dictable. Therefore, this work is focused on the effects of

the catalyst preparation methods and the support com-

positions on the NiO-support interaction, which affect

the reducibility, textural properties and the different

oxygen species chemisorbed at different temperatures

over MgO–La2O3 supported NiO catalysts. The role of

various oxygen species on the total oxidation of methane

was also addressed. To achieve theses aims we synthe-

sized, using different impregnation methods, and char-

acterized two catalyst series with variable carrier

composition, keeping constant the nickel oxide loading

(i.e. 19 mol.%).

Experimental

Sample preparation

Wet sequential impregnation

Lanthanum oxide (La2O3, Sigma 99.9%), previously cal-

cined at 700 �C, was impregnated with an aqueous solution

of magnesium nitrate-6-hydrate (E. Merck, 99%) and stir-

red at 70 �C for 3 h to obtain a paste with a determined

molar fraction [(Mg/La+Mg)]. The solid was dried at

140 �C for 15 h and then calcined at 750 �C for 3 h in

dry, CO2-free air stream. Subsequently, the supports with

different molar fraction were treated with nickel nitrate-6-

hydrate (J.T. Baker, 99.9%) aqueous solutions to get

catalysts with 19 mol.% NiO. Finally, the samples were

calcined at 600 �C for 3 h in CO2-free air stream and kept

in a desiccator thereafter.

Wet co-impregnation

Required amounts of magnesium nitrate and nickel nitrate-

6-hydrate were dissolved in distilled water and then

impregnating the lanthana with a lanthana/solution ratio of

1 g/5 mL. The mixture was stirred at 70 �C for 3 h and

then drying in an oven at 140 �C for 15 h. Finally, the

catalysts were calcined at 600 �C for 3 h in CO2-free air

stream.

Sample characterization

Semi-quantitative analysis of the catalyst series was carried

out by energy-dispersive X-ray spectroscopy (EDXS) using

a Kevex model Delta-3 system connected to a Hitachi

model S-2500 scanning electron microscope. This instru-

ment was also employed to find out the influence of the

support composition over the catalyst morphology.

The crystalline phases of the catalysts were identified by

X-ray diffraction (XRD) in a Siemens D5005 diffractom-

eter with h:h geometry, using CuKa radiation

(k = 1.54059 Å) and conditions of 40 kV and 30 mA. The

specimens were prepared by grinding a small amount of

each sample, using an agate mortar and pestle and then

loaded into a flat sample holder.

Surface areas determination is made from the adsorption

isotherm, while the BET method is employed for calcula-

tion. The sample was degassed at 350 �C for 4 h, before

exposing the solid to the N2–He mixture.

Temperature programmed reduction (TPR) was carried

out on a Micromeritics TPD/TPR 2900 system; the sam-

ples were pre-treated before analysis with a dry air flow

rate of 30 mL min–1 for 1 h at 600 �C to eliminate
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adsorbed water and carbon dioxide. The TPR runs were

done with a reducing H2–Ar mixture (10% H2),

25 mL min–1 flow rate, 10 �C min–1 heating rate and

50 mg of sample weight.

The IR spectra were taken in a FT-IR Perkin-Elmer

1725-X spectrometer. Approximately 1–2 mg of finely

ground sample was intimately mixed with about 100 mg of

dried standard infrared grade KBr using a mortar and pestle

and pressed to yield a transparent disk, which was then held

in a suitable holder and exposed to the infrared beam for

spectroscopic examination. The analysis was carried out at

room temperature under nitrogen atmosphere using 20

scans for sample and a resolution of 2 cm–1.

Oxygen species chemisorbed on the catalyst surface

were determined by measuring the surface potential chan-

ges using the vibrating capacitor technique [12]. The ref-

erence electrode was graphite, because of the inertness of

this material to different gases up to 450 �C. The samples

(deposited on an electrode) were previously stabilized in

presence of Ar–O2 mixture (oxygen partial pressure of

0.03 atm) by means of heating and cooling cycles in the

temperature range of 50–450 �C, until the surface potential

shows reversibility. Finally, the measurements of the

capacitor potential were carried out at different oxygen

partial pressures and temperatures.

Catalytic tests

The catalytic reactions were conducted in a packed-bed

tubular quartz reactor with an axial thermowell containing

a chromel-alumel thermocouple centered in the catalyst

bed. The sample (150 mg) was pretreated in situ at 500 �C,

for 1 h with a 50 mL min–1 dry He flow. The catalytic tests

were conducted at atmospheric pressure, 500 �C, 4 vol.%

CH4, 5 vol.% O2 in He and 30000 h–1 of weight hour space

velocity (WHSV). Gaseous products (C1, CO2, CO and O2)

separation and identification were done with an on-line gas

chromatograph.

Results and discussion

Bulk characterization

The XRD patterns of the MgO–La2O3-supported NiO

catalysts are shown in Fig. 1. Crystalline phase identifi-

cation was carried out using the diffractometer analytical

software after a revision of the PDF-ICDD database

crystalline materials [13]. The lanthana-containing samples

exhibit the characteristic peaks of lanthanum hydroxide as

major phase. XRD peaks associated with lanthanum

dioxomonocarbonate and perovskite-type LaNiO3 phases

in less extent are also observed. According to previous

studies [14–16], lanthana is a basic oxide with a high

tendency to adsorb water and carbon dioxide. Hence, the

formation of lanthanum hydroxide is facilitated when the

material is handled in humidity environment during

sieving and XRD sample preparation. The presence of

Mg-containing crystalline phase, on the other hand, is

clearly observed when Mg molar fraction is 0.68 or 1.0.

However, Ni-containing phase is not detected, likely due to

the formation of NixMg1–xO solid solution. According to

Hu and Ruckenstein [5], the absence of three double peaks

at 62.6�, 75.0 and 79.0 in 2h would support the solid

solution formation. The wet co-impregnation-prepared

catalysts showed a similar phase tendency than the above-

mentioned samples.

In order to find out the interaction of NiO with the

support components, the above catalyst series was char-

acterized by temperature-programmed reduction (TPR).

The TPR profiles are shown in Fig. 2. The catalyst free of

magnesium oxide shows a complex profile with four

hydrogen consumption peaks. The peaks at low reduction

temperature (i.e. 272 and 305 �C) are attributed to different

aggregation states of poorly-crystallized nickel oxide, since

NiO was not observed by X-ray diffraction and its reduc-

tion temperature is above 300 �C [17, 18]. The peak at

350 �C is also associated with partial hydrogen consump-

tion from the first reduction step of perovskite-type LaNiO3

[18]. On the other hand, the hydrogen consumptions at

higher temperatures (458 and 542 �C) are due to the last

reduction step of LaNiO3 and the reduction of Ni oxide

species that strongly interact with structure defect of lan-

thana, respectively. The presence of reducible species

markedly decreases with increasing MgO content. Indeed,

the addition of magnesium oxide over NiO/La2O3 catalyst

strongly attenuate the Ni oxide reducibility compared to

Mg-free catalyst, see inset in Fig. 1, because of strong

NiO–MgO interaction. This effect is significantly higher

for wet co-impregnation prepared catalysts, probably due

to the different contact planes available between Ni2+ and

Mg2+ precursors that facilitate the NiO diffusion on the

MgO surface during the thermal treatment. It is well-

established that the reducibility of Ni1–xMgxO solid solu-

tion is very limited [6, 17], owing to the high structural

stability conferred by the matrix of MgO. Therefore and in

line with XRD data, the above-mentioned results support

the formation of Ni1–xMgxO solid solution with increasing

Mg loading. This phase would facilitate the formation of

well-dispersed Ni nanoparticles over carrier with either low

ability to disproportionation reaction of CO or Ni–Ni bond

strength strong enough to hinder superficial reconstruction

and hence coke formation upon partial oxidation of meth-

ane [19].

A schematic representation of the variation of reducible

Ni phase with changing support composition is shown in
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Fig. 3. This accounts for the marked tendency of NiO to

interact with MgO rather than with La2O3 according to a

mechanism of lattice substitution that leads to a system

relatively homogeneous. Mg-free catalyst presented

LaNiO3 and NiO as major reducible Ni phases. In contrast,

the ternary Ni–Mg–La–O system facilitated the formation

of less reducible Ni-containing phase, because of strong

NiO–MgO interaction. The NiO/MgO catalyst, on the other

hand, showed the lowest content of Ni-reducible phase,

owing to the formation of bulky Ni1–xMgxO solid solution.

According to Zechina et al. [20], we can assert that Ni2+

ions preferentially diffuse to form bulk solid solution and

partially occupy five-coordinated square-pyramidal sites on

the (100) face of MgO and also edges (steps) and corner

sites. These Ni2+ ions located on the MgO surface are most

probably reduced at temperatures higher than that of bulk

NiO and below 850 �C.

The IR spectra of the MgO–La2O3-supported NiO

catalysts prepared by wet sequential impregnation are

shown in Fig. 4. The lanthana-containing catalysts present

two bands at 1489 and 1396 cm–1 associated with lantha-

num dioxomonocarbonate (La2O2CO3), a small peak at

856 cm–1 corresponds to the m2 mode of carbonate groups

of La2O2CO3 [21–23]. La-carbonated phases were not

observed by XRD, suggesting the formation of poorly

crystallized structures. According to Le van et al. [23], the

strong band at 649 cm–1 is the superposition of the m4 mode

of La2O2CO3 and the dOH of the partially hydrated lan-

thanum oxide or La(OH)3. This latter phase was also

confirmed by a sharp and strong peak in the mOH region and

by XRD. A new IR band at 424 cm–1 for Mg molar ratio of

0.68 is defined (Fig. 4e). Indeed, this signal shows a clear

shift to higher wavenumber with increasing MgO loading,

reaching a maximum value at 491 cm–1 for La-free catalyst

(Fig. 4f). This band corresponds to the Mg–O stretching

vibration [24], and its shift might be indicative of strong

MgO–La2O3 interaction that produces local structure

changes of the high cubic symmetry of MgO, since a

MgO–La2O3 sample without NiO also displayed this strong
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Fig. 1 Powder XRD patterns of the 19 mol.% NiO/MgO–La2O3

catalysts prepared by wet sequential impregnation with different Mg

molar fractions [i.e. Mg/(Mg+La)]. (a) 0, (b) 0.11, (c) 0.35, (d) 0.41,

(e) 0.68, (f) 1.0
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Fig. 2 TPR profiles of the 19 mol.% NiO/MgO–La2O3 catalysts

prepared by wet sequential impregnation with different Mg molar

fractions. (a) 0, (b) 0.11, (c) 0.35, (d) 0.68, (e) 1.0. Inset: Influence of

the Mg molar fractions over the Ni-containing phase reducibility

Fig. 3 Schematic representation of MgO–La2O3-supported Ni-con-

taining phases
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interaction. In fact, Ivanova et al. [25] observed the forma-

tion of La2MgOx when MgO–La2O3 is calcined at 750 �C.

The IR spectra of the wet co-impregnation-prepared

catalysts are shown in Fig. 5. This catalyst series shows

similar spectral behaviour than that presented by above

catalysts, however the wavenumber of Mg–O stretching

mode for Mg molar fraction of 0.68 appears at higher

wavenumber (i.e. 470 cm–1) than that associated with the

catalyst prepared by wet sequential impregnation (i.e.

424 cm–1). This finding indicates a stronger MgO–La2O3

interaction in wet sequential impregnation-prepared cata-

lysts because of higher thermal pretreatment of catalyst

support (i.e. 750 �C). This hinders the NiO–MgO interaction

relative to wet co-impregnation prepared catalysts, particu-

larly in the catalyst with Mg molar fraction of 0.11, see inset

in Fig. 2.

Surface characterization

The impregnation methods employed in this work affect

not only the interaction among the catalyst components,

but also the textural characteristics as is illustrated in

Fig. 6. Addition of small amount of MgO (9 mol.%) to

NiO/La2O3 catalyst has only negligible effect on the BET

specific surface area (SBET). With increasing MgO load-

ing, the SBET for wet sequential impregnation-prepared

catalysts shows a maximum value for Mg molar ratio of

0.68. Further MgO content markedly decreases the SBET.

This maximum surface area is 1.5 times higher than that

of NiO/La2O3 catalyst and ca. 9 times above 19 mol.%

NiO/MgO catalyst. The wet co-impregnation-prepared

catalysts, on the other hand, show a progressive decrease

in the surface area with rising MgO content. The textural

differences produced both by the preparation methods and

by the Mg molar fractions over the ternary Ni–Mg–La–O

system are most probably due to different aggregation

degree of the catalyst particles. In fact, the SEM images in
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Fig. 4 IR spectra of the 19 mol.% NiO/MgO–La2O3 catalysts

prepared by wet sequential impregnation with different Mg molar

fractions. (a) 0, (b) 0.11, (c) 0.35, (d) 0.41, (e) 0.68, (f) 1.0

Fig. 5 IR spectra of the 19 mol.% NiO/MgO–La2O3 catalysts

prepared by wet co-impregnation with different Mg molar ratios.
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Fig. 7 for wet sequential impregnation-prepared catalysts

show that 19 mol.% NiO/La2O3 (Fig. 7a) has a major

platelet shape morphology because of lanthana particles

[23]. The Mg-enriched catalysts illustrate a flake mor-

phology with particle soft aggregation that generates some

porosity (see Fig. 7b) and particle compact aggregation

that strongly decrease the total porosity (see Fig. 7c) and

hence the BET surface area. On the other hand, the SEM

image of wet co-impregnation-prepared catalyst reveals an

agglomerated aspect with ill-defined particles, partially flat

and smoother appearance (Fig. 7d). These SEM images

support therefore that the preparation methods and the

catalyst compositions not only affect the interaction

among the catalyst components and the textural charac-

teristics, but also the catalyst morphology as result of

different particle aggregation degrees in the ternary

Ni–Mg–La–O systems. A similar effect was also observed

for NiO/SrO–La2O3 catalysts with support variable com-

position [26]. In order to find out the influence of the Mg

molar ratios over the surface reactivity of the NiO/MgO–

La2O3 catalysts in the oxygen adsorption reaction, in next

section we determine the different oxygen species

adsorbed on this catalyst series.

In Fig. 8 is displayed the kinetic studies of the

oxygen adsorption monitored by measurements of the

surface potential changes at 350 �C. This adsorption

reaction on the catalyst surface can be described by the

reaction (1):

aO2 þ be� !N� ð1Þ

where a and b are non-dimensional stoichiometric coeffi-

cients and N– is the adsorbed oxygen species (i.e. O–, O2–,

O2
–) with the stoichiometric coefficient.

The surface potential changes (V) vs time follow the

Elovich model [27], hence the data were fitted using the

Eq. 2:

VðtÞ ¼ KT

be

� �
ln

t

to
þ 1

� �
ð2Þ

where K is the Boltzman constant, e the electron charge, b
the number of electrons transferred, t the time on stream

and to the gas arrival time to the sample.

On other hand, the surface potential changes with partial

pressure of O2 (pO2) are illustrated in Fig. 9, these data

were fitted by using the Eq. 3:

VðpO2Þ ¼
a
b

� �
KT

e

� �
ln pO2ð Þ þ cons tan t ð3Þ

where a is the adsorption rate order [12].

Fig. 7 Representative SEM

images of the 19 mol.% NiO/

MgO–La2O3 catalysts with

different Mg molar ratios. Wet

sequential impregnation-

prepared catalysts: (a) 0, (b)

0.68, (c) 1.0. Wet co-

impregnation-prepared catalyst:

(d) 0.68
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All experimental data were satisfactory fitted with the

above-described equations, permitting the determination of

the stoichiometric coefficients (i.e. a and b) and hence

the oxygen species adsorbed on catalyst surface, Table 1.

The surface potential changes were lower for La-con-

taining catalysts than that of 19 mol.% NiO/MgO over the

whole temperature range studied. The former catalysts

shows O– as major oxygen species adsorbed at 250 �C,

from 350 to 425 �C a clear tendency to predominate lattice

O2– species is noted. However, the 19 mol.% NiO/La2O3

catalyst showed a maximum surface potential of 40 mV,

whereas the ternary Ni–Mg–La–O system reached ca.

65 mV (see Fig. 8). This increase indicates an improve-

ment in the content of oxygen species as consequence of

higher basicity or concentration of oxygen vacancies for

NiO/MgO–La2O3 catalyst, likely due to the surface

enrichment of lanthanide ions. According to XPS data, the

surface of the binary Mg–La–O system was enriched in

lanthana with an effective negative charge higher than that

of MgO [25]. In contrast, the superoxide anion (O2
–) pre-

dominates on the 19 mol.% NiO/MgO catalyst surface in

the temperature range studied, reaching a maximum sur-

face potential of approximately 130 mV. This is clearly

higher than those obtained by La-containing catalysts,

most probably due to an increase in the amount of oxygen

chemisorbed on the catalyst surface. However, the effect

of transient oxygen species with different negative charges

on the surface potential measurements is not ruled out

[28]. The above-discussed results indicate that the oxygen

adsorption sites in La-containing catalysts have a high

tendency to transfer electrons, facilitating the dissociative

adsorption of dyoxygen, in contrast to La-free catalyst

(NiO/MgO) that permits the adsorption of molecular

oxygen.

In order to find out the ability of the ternary Ni–Mg–La–

O system to transform methane to carbon dioxide, the

samples were catalytically studied at 500 �C, using 4 vol.%

CH4 and 5 vol.% O2 in He (see Fig. 10). It is clearly no-

ticed that the support composition strongly affects not only

the CH4 conversion, but also the CO2 selectivity. Catalysts

with high La composition facilitate the formation of CO2

compared with high Mg molar ratio-containing catalyst

(i.e. 0.68). This tendency can be rationalized considering

that different oxygen species exist at the surface as the

result of the dynamic equilibrium between the metal oxide

catalyst and the gas phase molecular oxygen as is illus-

trated in equilibrium (4) [29, 30]:

O2ðgÞ !O2ðadsÞ !þe
O�2 !

þe
O2�

2  !2O� !þe
2O2� ð4Þ

According to Bielański and Haber [31] the activation of

hydrocarbon molecules to generate total oxidation products

is driven by electrophilic oxygen species (e.g. O2
–, O– and

O2 (ads)), whereas the formation of selective oxidation

products is conducted by nucleophilic lattice oxygen ions

(i.e. O2–). One can envisage that the activity-selectivity

(c)

(b)

(a)

Fig. 8 Variation of surface potential with time on stream for wet

sequential impregnation-prepared 19 mol.% NiO/MgO–La2O3 cata-

lysts. Studies conducted at 350 �C and oxygen partial pressure of 0.02

atm. (a) 0, (b) 0.68, (c) 1.0

(a)

(b)

(c)

Fig. 9 Surface potential versus oxygen partial pressure at 350 �C for

wet sequential impregnation-prepared 19 mol.% NiO/MgO–La2O3

catalysts. (a) 0, (b) 0.68, (c) 1.0

6538 J Mater Sci (2007) 42:6532–6540

123



performance of the NiO/MgO–La2O3 catalysts in the total

oxidation of methane is likely associated with the equi-

librium (5) [32]:

O2�
o $ V�o þ O�Chem ð5Þ

Which reveals that the concentrations of electrophilic

and nucleophilic oxygen species depend upon the abun-

dance of oxygen vacancies (i.e. Vo
–) [33]. The above-

mentioned propose is based on the presence of a strong

MgO–La2O3 interaction in the NiO/MgO–La2O3 catalysts,

particularly in the sample with Mg molar ratio of 0.68. This

interaction might facilitate the formation of oxygen

vacancies, which decrease the concentration of transient

electrophilic oxygen ions, compared with catalysts with

lower Mg molar fractions, and hence the methane con-

version and CO2 selectivity (see Fig. 10).

With the support of the experimental observations, a

probable sequential reaction pathway is suggested.

Hydrogen abstraction from CH4 occurs at the surface

electrophilic oxygen sites, leading to the formation of

methoxide anion [31] continued by electrophilic (or

nucleophilic) oxygen insertion and/or hydrogen abstraction

that end in total oxidation products (i.e. H2O and carbon

dioxides), see reaction (6):

CH4 ��! ½O��CH3O ��! ½O��COþ CO2 þ H2O ð6Þ

Catalytic species regeneration occurs by elimination of

H2O and concomitant formation of electrophilic oxygen

sites. The tendency to form CO or CO2 as main oxidation

product is probably associated not only with the different

oxidizing ability of the electrophilic oxygen species

involved upon the catalytic reaction, but also with the

enhanced reaction rate of the electrophilic-to-nucleophilic

oxygen transition by the presence of oxygen vacancies.

Conclusions

The wet sequential impregnation-prepared catalysts show

a stronger MgO–La2O3 interaction than wet co-impreg-

nation-prepared catalysts, owing to the higher thermal

pre-treatment of catalyst support. A marked tendency of

NiO to react with MgO rather than with La2O3 following

a mechanism of lattice substitution is observed. The cat-

alyst with 19 mol.% NiO/La2O3 showed LaNiO3 and NiO

as major crystalline and reducible Ni-containing phases.

The ternary Ni–Mg–La–O system, on the other hand,

facilitates the formation of poorly reducible Ni phases,

because of strong NiO–MgO interaction. La-free catalyst

(i.e. NiO/MgO) displayed the lowest content of Ni-

reducible phase, due to the formation of bulky Ni1–xMgxO

solid solution. It is proposed that Ni2+ ions partially

occupy surfaces sites of MgO are reduced at temperatures

above bulky NiO.

The catalyst formulations (i.e. NiO/MgO–La2O3) and the

preparation methods not only affect the interaction among

the catalyst components, but also the texture and catalyst

morphology as result of different degrees of particle

Table 1 Types of oxygen

species on 19 mol.% NiO/

MgO–La2O3 catalysts at

different temperatures

Sample [Mg/(Mg+La)] T (�C) a b Oxygen species

NiO/La2O3 (0.0) 250 1 2 O–

350 1/2 2 O2–

425 1/2 2 O2–

NiO/MgO–La2O3 (0.68) 250 1 2 O–

350 1/2 2 O2–

425 1/2 2 O2–

NiO/MgO (1.0) 250 1 1 O2
–

350 1 1 O2
–

425 1 1 O2
–
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Fig. 10 Dependence of the total oxidation of methane for the ternary

Ni–Mg–La–O system with different Mg molar fractions. Catalytic

reactions conducted at 500 �C, 4 vol.% CH4, 5 vol.% O2 in He and

WHSV of 30.000 h–1
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aggregation, particularly in the ternary Ni–Mg–La–O

system. Measurements of surface potentials reveal that

La-containing catalysts present oxygen vacancies that

facilitate the dissociative adsorption of dyoxygen to lattice

O2– ions. On the other hand, La-free catalyst (i.e. 19 mol.%

NiO/MgO) permits the adsorption of molecular oxygen to

form O2
– ions. The La-enriched catalysts favour the forma-

tion of carbon dioxide whereas the Mg-enriched catalyst

(i.e. Mg molar fraction of 0.68) facilitated the production of

carbon monoxide from the methane oxidation reaction. This

different catalytic behaviour is tentatively attributed not

only to different oxidizing ability of the electrophilic oxy-

gen species involved upon the catalytic reaction, but also to

the presence of oxygen vacancies that enhance the rate of

the electrophilic-to-nucleophilic oxygen transition.
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