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Abstract 

The partial substitution of Co by Ru in lanthanum cobaltite perovskites (LaCo1-xRuxO3, x 

= 0.05 and 0.2) and its influence on the reducibility and structural modifications in the 

perovskite lattice have been evaluated by N2 adsorption isotherms, in-situ XRD, TPR 

and XPS. Characterization of LaCo1-xRuxO3 perovskite precursors reveal that Ru is 

incorporated into the perovskite lattice, producing a distortion of the original 

rhombohedral structure, a decrease in mean crystallite size and some increase in the 

surface area. The structural evolution of the LaCo1-xRuxO3 precursors under a reductive 

treatment indicates that Ru promotes the reducibility of the perovskite leading to a 

greater reduction degree of cobalt species. Moreover, the smaller perovskite 

crystallites obtained with the partial substitution of cobalt by ruthenium evolve to 

smaller crystal domains of both Co0 and La2O3 after reduction. The catalysts formed 

after the reduction of perovskite precursors present very high catalytic efficiency to 

extract hydrogen from diesel molecules by oxidative reforming. However, those 

catalysts derived from Ru-substituted perovskites show better catalytic performance 

associated to the higher development of active metallic phases achieved on the 

surface of these catalysts. Additionally, Ru promotes the catalytic activity and stability 

for this reaction increasing the reduction degree of cobalt and decreasing coke 

formation and sulfur poisoning through the formation of smaller cobalt crystallites. 
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1. Introduction 

There is an increasing interest in the development of technologies for the conversion of 

hydrocarbons in hydrogen rich gas mixtures as a way to overcome the current 

technical limitations in hydrogen supply and storage. Among the different logistic fuels, 

diesel fuel is an excellent candidate to produce hydrogen by reforming due to its low 

price, high volumetric and gravimetric energy density, availability and well established 

supply infrastructure. However, its reforming is difficult due to the harsh operating 

conditions such as high reaction temperature, coke formation and sulphur poisoning 

[11]. Conventional and low price nickel-based catalysts, widely used for hydrogen 

production, are not stable for this purpose, since coke is formed in large amounts [22] 

and they do not tolerate sulfur compounds [33]. Thus, the successful extraction of 

hydrogen from diesel molecules largely depends on the development of catalysts with 

high thermal stability and improved properties with respect to coke formation and 

sulphur poisoning. For higher hydrocarbon reforming, the catalyst typically comprises 

metals such as Pt, Rh or Ru deposited or incorporated into carefully engineered oxide 

supports promoted or doped with elements for improved thermal stability or better 

activity [44]. With the non-noble metal formulations, such as Fe, Co or Ni supported on 

ion-conducting doped ceria-substrates, activities similar to PGM-containing catalysts 

has been reported [44].  In the search for new catalysts with improved activity for diesel 

reforming, the use of perovskite type oxides, ABO3, as catalyst precursors is a good 

alternative due to the possibility to form, by reduction, finely dispersed active metal 

particles of B atoms supported on a highly stable oxide of A. The key feature that make 

these oxides suitable as catalyst precursors are that, under reductive reaction 

conditions, the active phase is segregated out as small and well dispersed particles, 

which increases hydrogen formation and prevents deactivation by coke and sulfur 

[11,55]. LaCoO3 is particularly attractive, because it is one of the most reducible ABO3-

type perovskites and it forms after reduction highly dispersed Co particles in close 

contact with La2O3 which have been reported to have a role in improving catalyst 

stability favouring coke gasification [66]. A way to achieve more active and stable 

catalysts for heavy hydrocarbon reforming and tailor the catalytic properties is by 

producing structural and electronic modifications by partial substitution of Co sites by 

another cation in the perovskite lattice of the precursor [77,88]. Among transition 

metals substituting Co in the perovskite lattice, ruthenium was particularly effective in 

catalytic reforming of heavy hydrocarbon fuels. In previous papers, we have shown that 

the introduction of Ru in the catalyst derived from LaCoO3 increases the efficiency in 

the catalytic reforming of heavy hydrocarbon fuels, producing higher hydrogen yields 
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and more stable systems [99,1010]. Discarding the intrinsic activity of ruthenium, this 

improved catalytic behavior is attributed to structural changes produced in the 

perovskite lattice that manifest a higher exposition of active phases formed during 

reaction. 

With this background, the objective of this work is to gain insight about the influence of 

the partial substitution of Co by Ru over the physicochemical properties of LaCo1-

xRuxO3 perovskite precursors. The influence of the ruthenium substitution degree in   

the LaCo1-xRuxO3 perovskite precursor (x= 0.05 or 0.2) on the reducibility of the 

perovskite and its effect over the surface composition and structure of derived catalysts 

has been studied. The correlation of activity performance with catalysts 

characterization results, in fresh and used state, allows us to gain knowledge on the 

effect of the ruthenium substitution in perovskite precursors over the physicochemical 

characteristics and the activity and stability of the derived catalysts. 

 

2. Experimental 

2.1 Perovskites preparation 

Perovskite precursors were synthesized by a modified citrate sol-gel method [1111]. 1 

M aqueous nitrate solutions containing the precursor cations (La(NO3)3·6H2O (99.9%), 

Co(NO3)2·6H2O (97.7%) and RuCl3 (40.49% Ru), all from Johnson Matthey, were 

added to a solution of citric acid (Johnson Matthey) and ethylene glycol (Riedel-de 

Haën) (molar ratio 1:1 and citric acid/(La+(Co+Ru))= 2.5). The mixture was stirred and 

heated at 343 K for 5 h in order to evaporate the excess of solvent and promote 

polymerization. After some hours, a black or purple, highly viscous gel was obtained  

for mixtures with or without Ru, respectively. The obtained product was charred at 573 

K for 2 h to remove the organic matter and calcined under air at 1023 K for 4 h. 

2.2 Physicochemical characterization 

The specific BET area of the perovskite precursors and catalysts was calculated from 

the nitrogen adsorption-desorption isotherms at 77 K, recorded with a Micromeritics 

ASAP 2100 apparatus. Prior to adsorption the samples were degassed at 423 K under 

vacuum (P < 3 x 10-5 mbar) for 4 h. 

XRD of perovskite precursors and fresh and used catalysts were recorded using a 

Seifert 3000P vertical diffractometer and nickel-filtered Cu K radiation ( = 0.1538 nm) 
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under constant instrumental parameters. For each sample, Bragg angles between 5º 

and 80º were scanned; a rate of 5 s per step (step size: 0.04º) was used during a 

continuous scan in the above-mentioned range. The mean LaCoO3 particle size was 

then estimated from X-ray line width broadening using the Scherrer equation. Width (t) 

was taken as the full width at half maximum intensity of the most intense and least 

overlapped peak (2 = 47.5º). 

In- situ X-ray diffraction (XRD) patterns during the reduction of perovskite precursors 

were obtained on a PANalytical X-ray diffractometer using Ni-filtered Cu K radiation. 

XRD profiles during the reduction of perovskite precursors were measured at different 

temperatures (room temperature, 373, 473, 573, 673, 773, 873, 973 and 973 K after 1 

h) by scanning steps (step size, 0.0167º) in the 2θ ranges between 20 and 50º, with a 

ramp of 10 K/min, under flowing 10% H2/N2 (mol %, 50 mlN/min). 

Hydrogen temperature-programmed reductions (H2-TPR) were conducted using a 

Micromeritics 2900 instrument by heating the sample under a 10% H2/Ar flow (50 

mL/min) up to 973 K at a linearly programmed rate of 10 K/min. 

A Philips CM200-FEG transmission electron microscope operated at 200 kV (point 

resolution, 0.19 nm) was employed to conduct high resolution transmission electron 

microscopy (HR-TEM) analyses of the fresh catalysts. The TEM was equipped with the 

EDAX Genesis detector. The perovskite precursors were reduced under the same 

conditions used in the activation pretreatment, before reaction, with a reductive stream 

of 50 mL/min (10% H2/N2) at 973 K for 1 h. The reduced samples were transferred from 

the glove box to the TEM by a vacuum holder, without exposure to air. 

X-ray photoelectron spectra were recorded using an Escalab 200R spectrometer 

equipped with a hemispherical electron analyzer and an Al K (h = 1486.6 eV, 1 eV = 

1.6302 x 10-19 J) 120 W X-ray source. Charging effects were corrected by referencing 

the binding energies (BE) to the C 1s signal at 284.6 eV arising from carbon 

contamination. The area of the peaks was estimated by calculating the integral of each 

peak after smoothing and subtraction of an S-shaped background and fitting of the 

experimental curve to a mixture of Lorentzian and Gaussian lines of variable 

proportions. Quantification of the atomic fractions on the sample surface was obtained 

by integration of the peaks with appropriate corrections for sensitivity factors [1212]. 

Elemental Chemical Analysis was performed to determine the carbon and sulfur 

content in the used catalysts. This was accomplished using a Leco CHNS-932 device 

with an AD-4 Perkin-Elmer autobalance. 
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2.3 Activity tests 

Diesel reforming tests were performed in a fixed-bed reactor at atmospheric pressure 

and a reaction temperature of 1023 K, to avoid maximum conversion and be able to 

discriminate among the different catalysts. The catalytic bed, 100 mg of perovskite 

precursor, was placed in a tubular reactor (8-mm i.d) with a coaxially centred 

thermocouple in contact with the catalytic bed.  Before the catalytic tests, the 

precursors were activated by reduction under a 10% H2/N2 flow (50 mlN/min, T = 973 

K, 1 h). Reactants were fed at a molar ratio of H2O/O2/C = 3/0.5/1. To decrease coke 

formation, a high H2O/C ratio was used. Diesel and water were separately introduced 

by using two HPLC pumps and vaporized in a preheater (473 K) before being passed 

through the catalyst bed. The gas flow rate was kept at 75 mlN/min (GHSV=20000 h-1). 

The products were analysed periodically with on-line gas chromatograph (HP 5890 

Series II) equipped with a TC detector which was programmed to operate under high 

sensitivity conditions (4A-molecular sieve column for H2, O2, N2, CO and CH4 

separation and Porapack N (80/100) for CO2, C2H4, C2H6 and H2O). Water (steam) and 

heavy hydrocarbons were condensed in a condensate trap before reaching the gas 

chromatograph. 

Activity data were reported as diesel conversion, hydrogen yield (moles of hydrogen 

and CO produced by carbon atom in the feed, considering also the hydrogen that will 

be produced by the subsequent WGS reaction stage (with an ideal efficiency equal to 

1)) and selectivities to the different products. These diesel conversion, hydrogen yield 

and selectivity of products are defined as follows: 

Diesel conversion (%):           100
)HC (mole

)HC (mole  )HC (mole

innm

outnminnm 
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Hydrogen yield:                      
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Product distribution: (%) (i: H2, CO, CH4, CO2, C2H4, C2H6, C3H6): 

100
 i) (mole

out

out 
 imole

 (3) 



  7

 

3. Results 

3.1 Characterization of perovskite precursors 

 

XRD patterns of perovskite precursors (Fig. 1) show in all cases the presence of a well-

defined perovskite structure with high degree of crystallinity and homogeneity (JCPDS 

048-0848). For Ru-containing samples, the typical doublet characteristic of the 

rhombohedral structure disappears, this effect being more pronounced with increasing 

Ru substitution (Fig. 2). For these samples, a distortion of the rhombohedral phase is 

produced (JCPDS 01-086-1665). In addition, all the samples display a small peak 

around 44.5º whose origin lies in the presence of a small fraction of segregated cubic 

Co3O4 phase with a preferential growth of (400) plane. No diffraction lines could be 

attributed to specific Ru-containing particles. It is also observed (Fig. 2) that the partial 

substitution of Co by Ru shifts the diffraction lines toward lower angle values. This shift 

suggests that the Ru cation incorporates at the B position of the perovskite lattice 

[1010], more likely as Ru4+, favoured under the oxidation conditions used in the final 

calcination step, during the syntheses of these samples [1313-1515]. For the Ru-

loaded samples, the observed X-ray line broadening points to a decrease in the 

crystallite domains. To quantify this effect, average grain sizes were calculated using 

the Scherrer equation. The results (shown in Table 1) reveal a decrease in the mean 

crystallite size of the perovskite with the partial substitution of Co by Ru in the 

perovskite lattice, this drop being more pronounced for the LaCoRu0.2 sample.  

BET surface areas of LaCo1-xRuxO3 precursors calculated from N2 adsorption-

desorption isotherms are also included in Table 1. As observed in this table, all 

precursors displayed low values of surface area supporting the fact that perovskite 

precursors did not develop a nanoporous structure. It is also found that the surface 

area of the perovskite precursors varied with the incorporation of Ru into the perovskite 

lattice, with some increase in surface area in Ru-containing samples observed. A 

similar trend has been also observed for LaRu1-xNixO3, for substitutions between x = 

0.2-0.6 [1616]. 

Structural evolution of perovskite precursors during reduction was studied by in-situ 

XRD and the diffraction patterns obtained during the reduction of the different 

perovskites, shown in Fig. 3, nicely illustrate the temperatures at which phase changes 
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occur. For all the precursors, it can be observed that an increase in the temperature up 

to 473 K under a reductive atmosphere produces a shift of the main diffraction lines to 

lower diffraction angles, a consequence of the thermal expansion of the perovskite 

lattice. For bare LaCoO3, the formation of a new structure that could be attributed to a 

brownmillerite phase (La3Co3O8) formed by the partial reduction of Co ions is observed 

at 573 K [17]. The structural evolution of the precursor continues with the increase in 

the reduction temperature, observing in the range 673-773 K the appearance of phases 

formed by the partial reduction of Co ions corresponding to La2CoO4 (JCPDS 034-

1081) (main diffraction line at 31.4º) and phases from Ruddlesden-Popper series 

(Lam+1ComO3m+1) such as La4Co3O10 (JCPDS 034-1150, 32.5º) [1818]. At 873 K, the 

XRD pattern of the LaCoO3 precursor shows the complete reduction of Co ions with the 

formation of hexagonal La2O3 (JCPDS 083-1344) and cubic metallic cobalt (JCPDS 

015-0806) crystallites (Fig. 3). The intensity and narrowness of these phases increase 

with a further increase in reduction temperature indicative of the crystalline growth of 

metallic Co and La2O3 phases. On the other hand, an increase in the temperature from 

298 to 673 K produces a progressive decrease of the diffraction line corresponding to 

cobalt oxide spinel, until it disappears, due to the reduction of this phase.  

For the Ru-loaded samples, an increase in temperature to 473 K, also gives a shift of 

the diffraction peaks to lower diffraction angles but does not produce significant 

changes in the perovskite structure. The reduction of cobalt starts at lower temperature 

as observed with the formation of phases with Co2+ at 773 K, such as La2CoO4 and 

La4Co3O10. For Ru-containing samples, a decrease of the diffraction peak associated to 

Co3O4 until its disappearance at 773 K is also noted. The complete reduction of Co 

phases for the Ru-containing precursors is observed at a temperature much lower than 

that found for the bare lanthanum cobaltite. Thus for Ru-containing samples, the 

formation of hexagonal La2O3 (JCPDS 083-1344) and cubic metallic cobalt (JCPDS 

015-0806) crystallites are observed at reduction temperatures of around 773 K. For Ru-

containing samples, it should be pointed out the coexistence of cubic (JCPDS 022-

0369) and hexagonal lanthana at 773 and 873 K. For higher reduction temperatures, 

only the presence of hexagonal crystallites of La2O3 which are growing together with 

Co0 crystallites are observed. 

No diffraction lines corresponding to ruthenium species were observed in any of the 

above XRD patterns. As will be derived from HRTEM analyses of reduced samples, the 

reduction produces the formation of Ru0 particles, although with crystalline domains too 

small to be detected by XRD. 
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The TPR profiles for the LaCo1-xRuxO3 perovskite series are displayed in Fig. 4.  The 

TPR experiments show two main reduction peaks: a first contribution with maxima at 

540–645 K, and a second at 805-845 K for all the samples. In accordance with the 

structural evolution of precursors during the reduction observed by in-situ XRD (Figure 

3), the first main peak is attributed to the reduction of Co (III) to Co (II) and the second 

to the reduction of Co(II) to metallic cobalt [1919,2020]. LaCoO3 and LaCo0.95Ru0.05O3 

samples show an overlapping peak in the first hydrogen consumption that includes the 

reduction of the perovskite structure to LaCoO2.67 (La3Co3O8 phase that it is then 

decomposed in La2CoO4 and CoO) [17] and the reduction of segregated cobalt oxide 

spinel particles, already observed by XRD [11]. 

Looking at the reduction temperatures, there is a marked effect of Ru in the reducibility 

of LaCoO3 phase, in accordance also with results obtained by in-situ XRD, where a 

shift of the first reduction peak to lower temperatures with the partial substitution of Co 

by Ru in the perovskite lattice was observed. Although the position of reduction peaks 

also depends on the type of structure, crystallite size and oxygen defects of perovskites 

[1010,2121,2222], which are modified with the addition of Ru, the incorporation of 

noble metals also enhances the reducibility of cobalt ions via hydrogen spillover 

[11,1010,22,2323]. Therefore, Ru metal formed by the reduction of surface ruthenium 

phase would favour the reduction of cobalt by H-spillover in this first reduction step.  

3.2 Bulk and surface structures of catalysts 

As indicated in the experimental section, the perovskite precursors were transformed in 

catalysts by reduction before reaction. XRD patterns corresponding to samples treated 

at 973 K (figure 3) show a complete restructuring of initial perovskite precursors into a 

mixture of hexagonal lanthanum oxide and cubic metallic cobalt particles (figure 3). 

None of the fresh reduced catalysts exhibited any reflection corresponding to metallic 

ruthenium. This could be indicative of a high dispersion of metallic ruthenium forming 

crystallites with a size lower than 4 nm undetectable by this technique. Quantitative 

estimation of crystalline domains of Co0 and La2O3 in fresh catalysts, by applying the 

Scherrer equation (Table 2), indicates a decrease of Co0 and La2O3 crystalline domains 

with the increase in the partial substitution of cobalt by ruthenium in the perovskite 

precursor. 

The morphology and structure of the reduced catalysts were investigated by HRTEM. 

The images have been recorded on samples derived from a reduction treatment of 

perovskites LaCoO3 and LaCo0.8Ru0.2O3, already described in the experimental section, 

reproducing the pretreatment conditions followed in the reaction system. Figure 5 
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shows typical HRTEM micrographs of the catalyst derived from reduction of bare 

LaCoO3, being observed quasi-spherical fcc Co0 nanoparticles with a diameter around 

5-25 nm. The lattice fringes (1 1 1) of metallic cobalt were identified with their acute 

angle [2424,2525], which is in accordance with the phase found by XRD. Moreover, 

one can find many stacking faults and micro-twinning of typical metallic cobalt, as 

indicated by the arrows. The HRTEM micrographs of the catalyst derived from the 

reduction of LaCo0.8Ru0.2O3 precursor are shown in Figure 6. Together with fcc metallic 

cobalt particles, small nanoparticles of Ru (some of them smaller than 5 nm) in its 

metallic phase were found, based on measurements of the lattices fringes of the (1 0 1) 

and (0 1 1) crystal planes with their characteristic acute angle. 

The chemical composition of above reduced samples was determined by STEM/EDX 

elemental mapping, as shown in Fig. 7. One can find that the constituting elements are 

homogenously distributed in the sample at this low magnification scale. On the other 

hand, the EDX analyses (Table 3), performed on a large area, give an average Co/La 

and Ru/Co/La ratios close to the nominal ones. 

XPS analyses were performed to probe the surface chemical composition of the 

reduced catalysts. The binding energies of core-levels of all the fresh reduced samples 

(Fig. 8) indicate that both metallic cobalt ( 778 eV) and cobalt oxide ( 780 eV) [26] 

are present on the catalyst surface. The Co 2p line profile of the catalyst derived from 

LaCoO3 displays a satellite line somewhere around 790 eV which is the fingerprint of 

Co3O4 species. On the contrary, the catalyst derived from LaCo0.95Ru0.05O3 shows this 

satellite peak placed at 786 eV which is characteristic of CoO [2626]. For the reduced 

LaCo0.8Ru0.2O3 sample these satellites, associated to the presence of cobalt oxide on 

the surface, almost disappear, indicating the fact that cobalt phase is mostly in the 

metallic state. The greater reduction degree of cobalt phase by the presence of 

ruthenium has been also reported and discussed on the basis of results obtained by 

TPD of CO and CO2 and by TPSR of propane [2727]. 

The binding energy values of La 3d5/2 core-level spectra of reduced samples also point 

to a greater degree of reduction upon increasing the substitution of Co by Ru. Thus, the 

La 3d level corresponding to Ru-containing catalysts shows a more resolved profile 

with binding energies around 835 eV indicative of the presence of La3+ ions in a higher 

purity lanthana phase [28], mostly carbonated and/or hydroxylated [29,30]. Thus, 

surface lanthana can strongly adsorb CO2, already existing at the surface of the 

perovskite precursor, and also hydroxyl groups, produced during the formation of water 

in the reduction process [31]. 
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In parallel with the appearance of the La2O3 phase, Ru0 phase is expected to appear. 

This was confirmed by the binding energy of the Ru3p3/2 level whose binding energy 

appears close to 462 eV, typical of metallic ruthenium [11]. 

Atomic surface ratios have been calculated and the respective values are compiled in 

Table 4. The most significant is the higher surface exposition of La phase in relation to 

the element in the B position (Co or Ru), considering the nominal ratio (=1). It should 

also be pointed out that there is a  greater relative surface proportion of elements in the 

B position for the samples with Ru. In the case of the catalyst derived from the 

LaCo0.8Ru0.2O3 precursor, the low relative surface proportion of cobalt is compensated 

by the high value for Ru. On the other hand, the high proportion of non-lattice oxygen in 

these fresh reduced catalysts with Ru should be noted, being higher for the sample 

derived from the more substituted lanthanum cobaltite. This result is explained by the 

greater surface proportion of lanthana, derived from the higher reduction degree of 

LaCoRu0.05-R and LaCoRu0.2-R, forming carbonated/hydroxylated species [3232,3333]. 

3.3 Catalytic Performance 

The selectivity toward hydrogen and the diesel conversion versus time on stream over 

catalysts derived from the reduction of LaCoO3, LaCo0.95Ru0.05O3 and LaCo0.8Ru0.2O3 

are shown in Fig. 9. For all the catalysts, activity-time curves display data scattering 

that is normal of this type of reaction and arises from a non homogeneous mixture of 

the reactants [3434]. The initial activity indicates that the substitution of cobalt by 

ruthenium has a favorable effect on the capacity to extract hydrogen from the 

hydrocarbon molecules contained in diesel fuel, providing more active and stable 

catalysts. It is observed that all the catalysts suffer a substantial deactivation after 24 

hours of reaction, which is favoured by the relatively low reaction temperature, with 

enhanced coke formation [35] and S poisoning [3636,3737]. Average values for diesel 

conversion, 88, 85 and 92% for catalysts derived from LaCoO3, LaCo0.95Ru0.05O3 and 

LaCo0.8Ru0.2O3, respectively, were obtained although higher and more stable hydrogen 

yields are found for catalysts with Ru. Thus, the average of the moles of hydrogen and 

CO produced for each C-atom in the feed are 0.91, 0.99 and 1.35 for catalysts derived 

from LaCoO3, LaCo0.95Ru0.05O3 and LaCo0.8Ru0.2O3, respectively. The catalyst derived 

from LaCoO3, shows a decrease in hydrogen production of around 23%. On the 

contrary, for the catalysts derived from the perovskites with Ru, this decrease is around 

16% and 9% for LaCoRu0.05-R and LaCoRu0.2-R, respectively. The higher capacity of 

Ru-containing catalysts to extract hydrogen from diesel molecules is also reflected in 
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the lower proportion of non-reformed hydrocarbons (CH4, C2H4, C2H6 and C3H6) in the 

products (Fig. 9). 

It can also be observed that the decrease in hydrogen yield is accompanied by an 

increase in CO for the catalyst derived from LaCoO3 and also, although in a minor way, 

in the catalyst derived from LaCo0.95Ru0.05O3. This fact is explained in basis to a greater 

development of the Boudouard reaction (CO2 + C  2CO), favoured, as it will be 

pointed out in the Discussion, by a greater formation of carbon in above catalysts, 

which push this reaction forward. 

3.4 Characterization of catalysts after reaction 

XRD analyses performed on catalysts after reaction (Fig. 10) show the presence of 

La2O2CO3 (JCPDS 37-804), Co0 (JCPDS 15-806) and graphitic carbon (JCPDS 75-

1621). As in the case of the fresh reduced catalysts, none of the used catalysts 

exhibited any reflection corresponding to metallic ruthenium and a lower intensity 

carbon diffraction peak is observed in catalysts derived from Ru-substituted perovskite 

precursors. Table 4 shows the mean crystallite size of the La and Co phases in the 

used catalysts calculated by application of the Scherrer equation using the most 

intense and non-overlapped diffraction peaks (30.2º and 44.0º, respectively). Obtained 

results highlight that the average particle size of these phases decreases for the 

catalyst derived from perovskites substituted with Ru. 

XPS analysis of the catalysts after reaction was also performed in order to determine 

the evolution of the surface composition under reaction conditions. Although it is not 

presented, Co 2p, La 3d and C 1s spectra obtained for catalysts after reaction show 

that the surface of the three systems is mainly composed of lanthanum oxycarbonate, 

metallic cobalt and graphitic carbon. From XPS spectra, the atomic surface ratios of the  

used catalysts have been calculated and the results are shown in Table 4. The used 

catalysts containing Ru showed a greater ratio (Co+Ru)/La and also a higher 

exposition of cobalt phase.  

Elemental chemical analyses were performed to quantify the carbonaceous and 

sulphur residues deposited on the catalysts after the activity tests (Table 5). These 

results indicated different amount of carbonaceous and sulphur deposits on the used 

catalysts depending on the presence of ruthenium in the catalyst formulation. After 

reaction, the Ru-containing catalysts reveal some lowering of sulphur deposition on 

catalysts and an important decrease in carbon deposits. The decrease in the quantity 

of carbon deposited was close to 70% for the catalyst derived from LaCoRu0.2 with 
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respect to the catalyst derived from bare LaCoO3. This result is in accordance with the 

higher activity and stability observed for the catalysts containing Ru in its formulation. 

4. Discussion 

LaCoO3 and LaCo1-xRuxO3 mixed oxides (x = 0.05 and 0.2) have been prepared by sol-

gel modified Pechini method. This preparation methodology was chosen amongst 

others to obtain purer perovskites and the efficiency of the catalyst precursors for 

hydrogen production from diesel oxidative reforming reactions probed [33]. 

The physical-chemical characterization of the LaCo1-xRuxO3 perovskite precursors 

pointed out that the partial substitution of Co by Ru, produces changes at textural and 

structural levels. Characterization of precursors by XRD showed a decrease of more 

than 50% in crystallite domain size following the substitution of Co by Ru in the 

perovskite lattice (Table 1). The partial substitution of Co also leads to textural changes 

of the perovskites.  The textural characterization of perovskite precursors showed a 

macro-porous texture for all samples with an increase in the surface area with the 

substitution of Co by Ru (Table 1). Since the perovskites do not present internal 

porosity, this result is explained from an increase in the geometrical external area of 

perovskite particles.  

Structural characterization of perovskite precursors by XRD (Figure 2) indicated the 

distortion of the rhombohedral structure of bare LaCoO3 when cobalt is substituted by 

ruthenium. The shift of diffraction lines toward lower values indicates the insertion of 

ruthenium cations into the B position in the perovskite lattice. Considering that 

calcination during the final step of the syntheses of the perovskites is carried out in air, 

it is assumed that most of ruthenium is introduced as Ru4+ [1313-1515]. 

The difference in the characteristics of the perovskite precursors affects the structure 

and morphology of the derived catalysts formed after the thermal reduction of the 

precursors. In-situ XRD measurements under a reductive atmosphere shows the 

modifications produced in the structure of the perovskites under the activation 

performed prior to the activity tests. All the perovskites suffer a deep structural 

transformation toward systems constituted by Co0 and Ru0 particles over a matrix of 

lanthanum oxide. It is observed that the perovskites suffer a reduction process through 

the formation of different structures with Co2+, such as La and Co spinel oxide 

(La2CoO4) and some structures corresponding to Ruddlesden-Popper series 

(Lam+1ComO3m+1) such as La4Co3O10. The appearance of these new phases is observed 

at 673 K for bare LaCoO3. The comparison of the diffraction patterns during the 
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reduction of the different perovskites provides some insights about how the presence of 

Ru in the structure affects the reducibility.  

For the perovskites with Ru, the appearance of those phases containing Co2+ and Co0, 

takes place at temperatures substantially lower, that those observed in the case of bare 

LaCoO3. This fact is in accordance with the shift of the reduction peaks toward lower 

temperatures observed in the reduction profile of Ru-containing perovskites (Fig. 4). 

Thus, the presence of Ru in the lattice of the perovskite facilitates the reduction of the 

perovskite at lower temperatures, which has also been observed when other noble 

metals, i.e. Pd, are incorporated in the lattice of LaCoO3 [1717].  The catalysts obtained 

after reduction of perovskites are structurally composed of Co0 (for catalyst derived 

from LaCoO3) or Co0-Ru0 (for catalysts derived from LaCo1-xRuxO3 perovskites over a 

matrix of La2O3, as shown by XRD and TEM (Fig. 3, 5 and 6). Similar values for both 

mean crystallite size calculated by means of the Scherrer’ equation from XRD patterns 

(table 2) and particle size of metallic cobalt particles, observed by TEM (figures 5 and 

6), are found. This result may be related to the smaller size of crystallites found in the 

original Ru-containing perovskite precursors (Table 1). 

The improved reducibility of the perovskite with the presence of Ru in the lattice also 

has a consequence for the surface composition of the catalysts obtained after thermal 

reduction of perovskites. Surface analysis by XPS of the reduced catalysts showed a 

greater reduction degree of cobalt phase in catalysts derived from the perovskites 

containing Ru (Fig. 8). Moreover, the higher proportion of non-lattice oxygen, 

associated to carbonated or hydroxylated lanthana, also highlighted the greater 

reduction degree achieved with the incorporation of Ru in the precursors. 

Results derived from activity tests point out a very high conversion of diesel and high 

hydrogen yields for all the catalysts studied (figure 9). However, catalysts showed 

differences in initial activity and stability with time on stream. The initial activity values 

in Fig. 9 indicate that the substitution of cobalt by ruthenium has a favorable effect in 

the capacity to extract hydrogen from the hydrocarbon molecules contained in diesel 

fuel. In a general way, the activities of the Co (and Ru) based catalysts are directly 

related with its surface concentration and interaction of metallic Co (and Ru) particles 

over the lanthanum oxide surface. Therefore, the order of activity during the first hours 

of reaction could be explained by the higher exposition of Co and Ru active phases 

(Table 4) and the higher proportion of metallic cobalt (Fig. 8) achieved in the catalysts 

derived from the perovskites containing Ru. 
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Although all the catalysts suffer deactivation with time on stream, higher stability was 

observed in the catalysts containing Ru (Fig 9).  Besides cobalt surface concentration, 

catalyst deactivation by coking or sulphur were other factors to be considered for 

describing the evolution of catalytic activity with time on stream. Different quantities of 

carbonaceous deposits on the used catalysts were detected in the order: LaCoO3-U> 

LaCoRu0.05O3-U > LaCoRu0.2O3-U (Table 5). Therefore, the higher stability observed for 

the catalysts with Ru is explained by the higher surface exposure of active phases 

(Table 4) and the greater contact with lanthanum oxycarbonate, which has a role 

gasifying coke precursors [38]. Moreover, the smaller crystallite size of cobalt particles 

in used catalysts, derived from LaCo0.95Ru0.5O3 and LaCo0.8Ru0.2O3 should decrease 

the formation of coke [39] and the poisoning by sulfur compounds present in the feed 

[40]. 

 

Conclusions 

Partial substitution of Co by Ru in LaCoO3 perovskite leads to textural and structural 

modifications that have a positive influence in the efficiency of derived catalysts to 

produce hydrogen by oxidative reforming of diesel fuel. LaCo1-xRuxO3 (x = 0.05 and 

0.2) perovskites, prepared by Pechini sol-gel method, present high crystallinity and 

purity. The modifications of diffraction patterns with the content of Ru indicate that most 

of Ru cations are incorporated in the perovskite lattice, producing a distortion of the 

rhombohedral phase, a decrease in crystal domain and some increase in surface area. 

The evolution of the precursors under a reductive heat treatment, studied by in-situ 

XRD, clearly show that Ru favours the reduction of the perovskite, with the final 

reduction phases (Co0 and La2O3) appearing at lower temperature and presenting 

smaller crystallite sizes. The Co0 and La2O3 phases, as well as Ru0, have been also 

observed by HRTEM in reduced systems, forming nanometric particles. The better 

reducibility of perovskite precursors promoted by Ru, has also an effect at the surface 

level in activated samples, where a decrease in the oxidation state of surface Co with 

Ru content is found. 

The substitution of Co by Ru in the perovskite lattice modifies the behavior of the 

derived catalysts in the oxidative reforming of diesel, being found to improve the initial 

activity and stability of the catalysts in perovskites containing Ru. This improvement 

was related to the higher exposure of metallic active phases (Co and Ru) under 

reaction and to the formation of smaller crystallites of Co0 and La2O2CO3, from the 
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reduction of the Ru-containing perovskites that makes the catalysts less prone to 

deactivation by coke and sulphur deposits. 
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Figure captions 

 

Figure 1. XRD patterns of LaCo1-xRuxO3 (precursors of catalysts) (x = 0, 0.05, 0.2) 

(R. LaCoO3 rhombohedral, C. Co3O4 cubic) 

Figure 2.  XRD detail of LaCo1-xRuxO3 (x = 0, 0.05, 0.2) precursors in the region 28-

44º and 31-35º (R. LaCoO3 rhombohedral, C. Co3O4 cubic) 

Figure 3. XRD patterns and evolution of phases obtained under a reductive heat 

treatment (10% H2/N2) from (A): LaCoO3, (B): LaCo0.95Ru0.05O3, (C): 

LaCo0.8Ru0.2O3 ( LaCoO3 rhombohedral, LaCoO3 rhombohedral, 

Co3O4 cubic, La2O3 hexagonal, La2O3 cubic, Co0 cubic) 

Figure 4. TPR profiles of LaCo1-xRuxO3 (x = 0, 0.05, 0.2) precursors 

Figure 5. Typical HR-TEM image of catalyst derived from the reduction of bare 

LaCoO3 precursor 

Figure 6.  Typical HR-TEM image of catalyst derived from the reduction of 

LaCo0.8Ru0.2O3 precursor 

Figure 7. Annular Dark Field (ADF) STEM images and corresponding EDX 

elemental maps of Co, La and Ru for the catalysts derived from the 

reduction of LaCoO3 (top) and LaCo0.8Ru0.2O3 (bottom) 

Figure 8. Co 2p and La 3d core level XPS of catalysts derived from the reduction 

of LaCo1-xRuxO3 (x = 0, 0.05, 0.2) precursors 

Figure 9. Diesel conversion and product distribution during oxidative reforming of 

diesel over LaCo-R, LaCoRu0.05-R and LaCoRu0.2-R catalysts 

( Diesel conversion (%), % H2, % CO, % CO2, % CH4, 

% C2H4, C2H6, C3H6, 1023 K, 20,000 h-1, 24 h, H2O/O2/C=3/0.5/1).   

Figure 10.  XRD patterns of catalysts after reaction, derived from LaCo1-xRuxO3 (x = 

0, 0.05, 0.2) in the region 20-60º (H. La2O2CO3 hexagonal, C. Co0 cubic, 

H^. C graphitic hexagonal)  
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Tables 

 

Table 1. Surface area and average grain size of perovskites LaCo1-xRuxO3 (x = 0, 0.05, 

0.2) obtained from XRD data 

Sample 
Surface  

area (m2/g)

Average grain 

size (nm) 

LaCoO3 1.1 54 

LaCoRu0.05 3.1 24 

LaCoRu0.2 2.9 20 

 

Table 2. Average grain size of different phases after thermal reduction of LaCo1-xRuxO3 

perovskites and after reaction different phases in fresh and used catalysts derived from 

LaCo1-xRuxO3 perovskites (x = 0, 0.05, 0.2) 

Reduced  After reaction 

 
La2O3 

(nm) 

Co0 

(nm) 
  

La2O2CO3

(nm) 

Co 

(nm)

LaCoO3-R 23 20  LaCoO3-U 33 19 

LaCoRu0.05-R 18 13  LaCoRu0.05-U 30 12 

LaCoRu0.2-R 17 8  LaCoRu0.2-U 29 14 

 

Table 3. Results of EDAX analyses for fresh catalysts derived from LaCoO3 and 

LaCo0.8Ru0.2O3 

% atom From reduced LaCoO3 Average values

La 56.3 60.3 42.4 39.2 58.6 51.4 

Co 43.7 39.7 57.6 60.8 41.4 48.6 

% atom From reduced LaCo0.8Ru0.2O3 Average values

La 42.5 56.3 57.7 - - 52.2 

Co 50.9 35.8 35.9 - - 40.9 

Ru 6.6 7.9 6.4   7 
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Table 4. Surface (XPS) atomic ratios of fresh and used catalysts 

 Co/La Ru/La (Co+Ru)/La

Fresh reduced 

catalysts 
   

LaCoO3-R 0.27 (1) - 0.27(1) 

LaCoRu0.05-R 0.28 (1) 0.07 (0.05) 0.35 (1) 

LaCoRu0.2-R 0.08 (0.8) 0.26 (0.2) 0.33 (1) 

Used catalysts    

LaCoO3-U 0.41 (1) - 0.41 (1) 

LaCoRu0.05-U 1.34 (0.95) 0.18 (0.05) 1.52 (1) 

LaCoRu0.2-U 0.56 (0.8) 0.34 (0.2) 0.90 (1) 

             Nominal values in parentheses 
 

 

Table 5. Carbon and sulfur content (%) on used catalysts 

Used 

Catalysts 
% C % S 

LaCoO3-U 8.9 0.05 

LaCoRu0.05-U 4.3 0.03 

LaCoRu0.2-U 2.4 0.03 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 10 
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