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Abstract.  

Tar formation during biomass gasification causes several operational problems, besides 

limiting the downstream application of the syngas produced. The development of an 

efficient catalyst for tar reforming at mild temperature is targeted. In this study, La-based 

perovskite (La0.6Sr0.4Co0.2Fe0.8O3-δ)-supported Ni materials have been synthesized 

through wetness impregnation (Ni/LSCF) and one-pot sol-gel method (Ni-LSCF).  

As-prepared catalysts have been characterized by N2 physisorption, XRD, TPR, H2-TPD 

and XPS. The impact of the synthesis path and the effect of Ru have been evaluated in 

steam reforming of toluene and phenol at low temperature (550 ºC) under a model syngas. 

Regardless the tar model molecule, similar catalytic stability and activity toward tar 

reforming were attained for both Ni/LSCF and Ni-LSCF. However, a better catalytic 

performance toward WGS and higher resistance to coke formation was evidenced for  

Ni-LSCF than for Ni/LSCF. This better behavior has been mainly ascribed to the high Sr 

content at its surface, pointing out the key role of the basic elements at the catalytic 

surface in the activity and stability in steam reforming of tars. The addition of Ru led to 
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an enhancement in the catalytic activity for toluene reforming, while no noticeable 

improvement was attained for phenol reforming.  

Keywords: Tar reforming, perovskites, Ni catalysts, Ruthenium, biomass gasification 

1. Introduction  

Biomass gasification is a potential biomass conversion technology for the production of 

energy or of valuable gas, known as syngas, used in the synthesis of biofuels or chemical 

products, such as methanol [1,2]. Nevertheless, the tar formation as undesired by-

products is one of the main drawbacks of this approach. Tar is a sticky and dark complex 

mixture of light and aromatic heavy hydrocarbons, with toluene as the major component 

[3]. The condensation of this mixture at ambient or moderate temperature can bring wide 

range of operational and environmental problems, counting the plugging and the fouling 

of turbines, pipelines and engines as well as the water pollution [1,4,5]. Moreover, the 

presence of tars in the product syngas could limit its use in some further downstream 

applications [6]. Conventional thermochemical process for tar removal, such as thermal 

cracking, requires high temperatures and/or an increment of the gas residence time, 

generating a large amount of soot [7]. The overall efficiency of the process can be 

improved by using a catalytic system. To date, steam reforming of tars has taken 

particular attention, since tar can be easily converted into H2, CH4 and CO at much lower 

temperature than that use in non-catalytic process. Afterwards, the product CO might 

simultaneously react with the steam through water gas shift (WGS) reaction to form H2-

rich syngas, upgrading the quality of the raw syngas [8–10]. Supported-Ni catalysts have 

been widely used in the industry for steam reforming reaction of tar due to its acceptable 

activity and low cost [11]. However, these catalysts can undergo catalytic deactivation 

through metal sintering and/or coke deposits when they are submitted to the harsh 

environment generated under biomass gasification conditions [12,13]. Accordingly, 
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many studies have been focused on the modification of the catalytic support in order to 

enhance the catalytic activity and stability by improving the metal dispersion and 

inhibiting the coke deposits. Supports with high oxygen mobility and oxygen storage 

capacity play a crucial role in the catalytic activity and stability in reforming reactions. 

The presence of high concentration of oxygen vacancies and mobile oxygen species in or 

on the support can facilitate the water activation during steam reforming reactions, 

boosting the gasification of coke deposits through oxygen supply to the active phase.  

Perovskite-based materials (ABO3) could be a promising catalytic support in steam 

reforming reaction due to their high lattice oxygen mobility [14]. In the general formula, 

the A-site is usually occupied by lanthanide, alkaline or alkaline earth cation whereas the 

B-site is composed by any transition metal cation as Mn, Co, Fe, Ni. The substitution of 

the A and/or B sites with other aliovalent ions and/or with different cationic radius have 

been studied for those kinds of materials. The distortion in the crystalline structure due to 

the addition of these ions causes structural defects in the perovskite lattice, leading to the 

formation of oxygen vacancies and, thus, to a high content of mobile oxygen species [14–

16]. Among the infinite possible composition of a perovskite oxide, the lanthanum-

containing perovskites have been widely investigated and have shown an outstanding 

catalytic performance in steam reforming of tar. Thereby, the partial insertion of alkaline 

earth elements (Ca2+, Sr2+) substituting La3+ into the A-sites induces nonstoichiometric 

oxygen into the perovskite structure [17]. Owing to its atomic size, strontium (Sr) has 

been extendedly used as a dopant on the A-site, introducing oxygen vacancies in the 

perovskite structure [14,18]. For instance, Oemar et al. [15] found that Ni/La0.8Sr0.2AlO3 

shown the best catalytic activity and resistance to coke in steam reforming of toluene, 

among Ni/LaAlO3, Ni/La0.8Sr0.2AlO3, Ni/La2O3 and Ni/α-Al2O3. The authors associated 

the high catalytic performance to an increase in the content of the oxygen vacancies over 
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the catalytic surface for Ni/La0.8Sr0.2AlO3 due to the lattice distortion caused by Sr doping. 

Besides, the effect of Mg, Ca and Sr doping into the LaNi0.8Fe0.2O3 (LNFO) perovskite 

in steam reforming of toluene has been investigated [19]. The higher number of active 

sites and lattice oxygen species displayed for the Sr-doped LNFO catalyst gives rise to an 

improvement in the catalytic activity and in the resistance to coke deposits. Sekine et al. 

[20] observed by transient isotopic tests that the substitution of La by Sr cations into the 

La0.7Sr0.3AlO3 perovskite structure could activate the lattice oxygen species to enhance 

toluene reforming and suppress the carbon formation. Furthermore, the use of cations of 

high valence into the B-site (Fe, Co or Cr) provides redox active sites that determine the 

adsorption/desorption of hydroxyl groups and may facilitate the steam activation during 

steam reforming reaction [14,21].   

In the present work, Ni-based catalysts using a Sr-doped lanthanum-based perovskite, of 

composition La0.6Sr0.4Co0.2Fe0.8O3-δ, as catalytic support has been prepared through 

traditional wetness impregnation and one-spot sol-gel method. The impact of the 

synthesis path as well as the effect of Ru as dopant have been evaluated in steam 

reforming reaction of tar. Up to now, most of the studies focused on the steam reforming 

of tar carried out at laboratory scale have been performed using a mixture of a model tar 

molecule and water for a better understanding of the reaction mechanism. Nevertheless, 

the conditions at industrial scale are largely different (syngas composition, presence of 

particles, sulphur compounds, ashes, …). Accordingly, steam reforming of toluene and 

phenol under model syngas composition have been investigated at relatively low 

temperature (550 ºC) in order to simulate industrial conditions. As the final goal would 

be the use of these materials in a downstream reactor at the outlet of a gasifier at pilot 

plant scale, the catalytic reaction conditions employed in this study have been mainly 
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built upon the composition and the temperature of the syngas produced from the wood 

gasification at large scale. 

2. Experimental  

2.1. Support and catalysts synthesis 

Perovskite type oxide, La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), was prepared by pseudo sol-gel 

synthesis route. It is based on thermal decomposition of the associated mixed propionate 

precursor as it has been described in prior work [3]. The associated lanthanum (III), 

strontium (II), cobalt (II) and iron (II) metal acetates were used as starting salts. The 

resulting mixed propionate precursor was dried under air at 100 ºC and then, it was 

calcined at 800 ºC for 6 h with a heating ramp of 2 ºC·min-1. 

The addition of 10 wt% metallic nickel has been performed by two different pathways: 

(1) via pseudo sol-gel route during perovskite synthesis (Ni-LSCF) and (2) via wetness 

impregnation of the LSCF support oxide (Ni/LSCF). In the former, nickel (II) acetate was 

used as starting salt and it was introduced instantaneously in the pseudo  

sol-gel synthesis during the support preparation. In the latter, nickel (II) nitrate 

tetrahydrate solved in few millilitres of ethanol was added over the support. The mixture 

was stirred during 20 min and dried in air at 100 ºC until complete evaporation of the 

ethanol. Lastly, the impregnated mixed oxide was calcined under air at 500 ºC for 6 h 

using a ramp of 5 ºC·min-1. Additionally, a loading of 1 wt% of metallic Ru was added 

over the Ni/LSCF catalyst by a second wetness impregnation, resulting in RuNi/LSCF 

catalyst. Same impregnation procedure as for the Ni/LSCF catalyst was followed, using 

ruthenium (III) acetylacetonate as starting salt.  

2.2. Characterization techniques  



6 
 

The elemental composition of the materials was measured by X-ray fluorescence 

spectrometry (XRF) on a PANalytical AXIOS PW440 sequential spectrophotometer 

equipped with a rhodium tube as source of radiation.  

The specific surface area (SSA) and pore volume (Vpore) were determined through N2 

physisorption at 77 K on a Micrometrics sorptometer Tri Star 3000. The samples were 

previously outgassed at 250 ºC for 3 h in order to remove the moisture adsorbed at the 

surface and inside the pores.  

The crystalline phases of the fresh and spent materials were evaluated by X-ray diffraction 

(XRD) on a Bruker D8 Advance diffractometer with LynxEye detector side and Ni 

filtered Cu Kα radiation (1.5418 Å). The diffractograms were collected between 20 and 

85º with a step size of 0.05º and step time of 1.6 s. The crystallite sizes of the support 

(dsupport) and NiO (dNiO) have been calculated for the fresh materials using the well-known 

Debye-Scherrer equation. Reticular planes (112) and (204) placed at 2θ ~ 33 and 58º were 

used for the support, while reticular planes (111) and (200) at 2θ ~ 37 and 43º were 

considered for the NiO phase. Besides, the pseudo cubic lattice parameter (a) of the 

support has been averaged out.  

The reducibility and the metal-support interaction as well as the metallic surface were 

evaluated by temperature programmed reduction (H2-TPR) and H2-temperature 

programmed desorption (H2-TPD), respectively. Both techniques were conducted on a 

Micromeritics AutoChem II fitted with a thermal conductivity detector (TCD). For H2-

TPR analysis, an amount of around 50 mg of fresh samples was heated up to 950 ºC using 

a heating ramp of 15 ºC min-1 under a 10 mol% H2/Ar atmosphere (50 NmL min-1). The  

TPR profiles normalized with respect to the mass of the sample as a function of the 

temperature are shown. The support reducibility was determined from the H2 

consumption, assuming the complete NiO reduction to Ni0 and B-cation sites (Co3+ and 
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Fe3+) as the only reducible species in the perovskite oxide. For H2-TPD analysis, around 

100 mg of fresh samples were pre-reduced simulating pretreatment conditions performed 

before the catalytic reaction. Thereby, samples were reduced in a 10 mol% H2/Ar at 600 

ºC for 2 h with a ramp of 2 ºC·min-1. Afterwards, the reduced samples were exposed to 

Ar gas flow for 90 min, following by the injection of 15 pulses of 10 %mol H2/Ar with a 

loop of 50 μL at atmospheric pressure and 50 °C. Lastly, TPD was conducted by heating 

the samples upon 950 ºC under Ar atmosphere using a ramp of 10 ºC·min-1. Similarly, 

the TPD profiles normalized with respect to the mass of the sample as a function of the 

temperature are presented. Additionally, the metallic surface was calculated by 

considering only the exposed surface per atom of Ni (6.51 Å2) [22] since this metal is 

prevailing in the catalysts compared to the others (Co, Fe or Ru). This calculation has 

been detailed in a previous work [3]. 

The chemical surface composition and the oxidation state of the different elements at the 

surface of the fresh materials were evaluated by X-ray photoelectron spectroscopy (XPS). 

The XP spectra were recorded on an ultrahigh vacuum spectrometer fitted with a 

RESOLVE 120 MCD5 hemispherical electron analyzer using Al Kα (hv=1486.6 eV) as 

incident radiation.  Both, survey, and high-resolution spectra, were acquired using a 

constant pass energy mode of 100 and 20 eV, respectively. The C(1s) peak, placed at 

284.6 eV, was employed as reference for rectifying the binding energy values from 

possible charge effects. The area of the core level peaks was used for estimating the 

atomic surface content of the different elements.    

The carbon deposits generated over the catalytic surface during tar reforming reaction 

was characterized by thermogravimetric analysis (TGA) of the spent catalysts on a Q 

5000IR from TA instrument. A quantity of 3 mg of spent catalyst was heated up to 900 

ºC under air gas flow of 25 NmL·min-1 using a ramp of 10 ºC·min-1. Additionally, the 
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spent catalysts were analyzed by scanning electron microscopy (SEM) on a Zeiss 

GeminiSEM 500 microscope with an electron source based on FEG Schottky for 

determining the morphology of these carbon deposits.  

2.3.Catalytic tests  

The catalytic tests have been performed under isothermal conditions at 550 ºC for 6 h at 

atmospheric pressure in a fixed-bed quartz reactor using a fresh catalytic bed for each 

reaction. Prior to the catalytic tests, the catalytic systems were reduced in situ using a 

mixture of 40 mol% H2/N2 with a total gas flow of 77 NmL min-1 at 600 ºC for 2 h using 

a heating ramp of 2 ºC min-1. A scheme of the experimental set-up for each tar model 

molecule has been reported in our previous work [3] 

Toluene and phenol were used as tar model molecule. The molecules were fed one-by-

one along with a simulated molar gas composition (2% CH4, 10% H2O, 12% CO2, 16% 

H2 and 20% CO, balanced with N2). A total gas flow rate and a catalytic loading of  

139 NmL min-1 and 23 mg was respectively used (WHVSgas, 370 h-1). For toluene 

reforming, an inlet molar toluene content of 0.19% was fed into the reactor through a 

saturator at -20 ºC using a mixture of CO2 and N2 with a total gas flow of 73 NmL·min-1. 

The steam-carbon molar ratio, S/Ctar, determined by assuming only the moles of carbon 

in the tar molecule, was 7.7 and the tar weight hourly space velocity (WHSVtar, Equation 

1) was 2.6 h-1. For phenol reforming, an inlet molar phenol content of 0.10% was fed into 

the reactor by pumping a liquid flow of 10.4 μL min-1 of an aqueous phenol solution with 

a composition of 1.0 mol%. In this case, the reaction was carried out operating with 

slightly lower WHSVtar (1.4 h-1) and lower the S/Ctar ratio (16.5) than for toluene 

reforming. These reaction conditions have been selected based on the real syngas 

composition produced from a biomass gasification process at pilot plant scale as it has 

been already reported in prior work [3].  
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WHSVtar(h-1)=
Total tar mass flow  (g·ℎ−1)

Mass of catalyst (g)
       (Equation 1) 

The variation of the gaseous feed flows at the outlet of the catalytic reactor were analyzed 

online by gas chromatography. The condensable products were recovered with two traps 

in toluene reforming, whereas one trap was used in phenol reforming. In toluene 

reforming, the first trap was in water-ice bath (0 ºC) to mostly collect the outlet water, 

whereas the second one was placed in an acetone-dry ice bath (-77 ºC) to condense the 

non-converted toluene and other derivatives. One trap placed in water-ice bath (0 ºC) was 

used for phenol reforming. Lastly, the recovered liquid phases have been weighed and 

analyzed by off-line gas chromatography fitted with a flame ionization detector (FID).   

The average tar conversion (𝑋𝑡𝑎𝑟), the selectivity to benzene for toluene reforming 

(𝑆𝑏𝑒𝑛𝑧𝑒𝑛𝑒) and the selectivity to carbon deposits (𝑆𝑐𝑜𝑘𝑒) estimated from TGA analysis 

were defined as follow:  

𝑋𝑡𝑎𝑟 =
𝑛𝐶 𝑡𝑎𝑟,𝑖𝑛−𝑛𝐶 𝑡𝑎𝑟,𝑜𝑢𝑡

𝑛𝐶 𝑡𝑎𝑟,𝑖𝑛
                                        (Equation 2) 

𝑆𝑏𝑒𝑛𝑧𝑒𝑛𝑒 =
𝑛𝐶,𝑏𝑒𝑛𝑧𝑒𝑛𝑒

𝑛𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝐶 
                                           (Equation 3) 

𝑆𝑐𝑜𝑘𝑒(%) =  
𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑐𝑜𝑘𝑒

𝑛𝐶 𝑡𝑎𝑟,𝑖𝑛·𝑋𝑡𝑎𝑟
                       (Equation 4) 

Additionally, the outlet molar flow rate of the gaseous compounds (H2, CO, CO2 and 

CH4) versus the time on stream for each catalytic test was also presented. 

3. Results and discussion 

3.1. Characterization of the fresh support and catalysts 

The nominal bulk composition and the one determined by XRF analysis are shown in 

Table 1 for the as prepared materials. By comparing with the nominal composition, a 

lower amount of La and Fe is achieved for all the materials, while the amount of Sr and 
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Co incorporated was higher. Regardless the synthesis path, similar bulk composition is 

attained for the metal-containing catalysts, being approximately: 20 at% La, 20 at% Sr, 

11 at% Co and 30 at% Fe. Concerning the metal content, the Ni content, varied between 

20.7 at% and 21.6 at%, was also alike among the three catalysts and always higher than 

the expected value (17.3 at%), whereas the Ru content was the targeted one (1 at%). The 

differences between both, actual and nominal compositions, may arise from an unstable 

hydration state of the starting salts. 

Table 1. Bulk cationic composition obtained by XRF and nominal composition (in 

parenthesis) for the prepared materials 

 La (at%) Sr (at%) Co (at%) Fe (at%) Ni (at%) Ru (at%) 

LSCF 
26.2 

(30.0) 

24.6 

(20.0) 

12.2 

(10.0) 

37.0 

(40.0) 
- - 

Ni/LSCF 
19.5 

(25.0) 

20.9 

(16.5) 

9.7 

(8.3) 

29.2 

(33.0) 

20.7 

(17.3) 
- 

Ni-LSCF 
19.1 

(25.0) 

18.8 

(16.5) 

11.0 

(8.3) 

29.6 

(33.0) 

21.6 

(17.3) 
- 

RuNi/LSCF 
16.5 

(24.5) 

20.7 

(16.3) 

11.3 

(8.2) 

29.5 

(32.7) 

21.0 

(17.3) 

1.1 

(1.0) 

A summary of the physicochemical properties of the prepared materials is reported in 

Table 2. A low SSA was found for all the materials, ranged from 7 to 14 m2·g-1. These 

low values are caused by the high calcination temperature required to form their 

crystalline structure and are characteristic of the perovskite type oxides synthesized 

through sol-gel method [14,23]. Regardless the method, the addition of Ni leads to an 

increase of the SSA for both Ni containing LSCF systems (14 m2·g-1 for Ni/LSCF and 10 

m2·g-1 Ni-LSCF) with respect to the bare LSCF oxide (7 m2·g-1), reaching the highest 

SSA through wetness impregnation. As expected, a low Vpore are shown for all the 

materials, ranged from 0.03 to 0.08 cm3·g-1, typical of non-porous solids. No huge 

modification in the textural properties by the impregnation of Ru over Ni/LSCF 

(RuNi/LSCF), compared to its bare Ni/LSCF catalyst, are evidenced. 
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Table 2.  Physicochemical properties of the prepared materials 

 
SSAa 

(m2·g-1) 

V
pore

a 

(cm3·g-1) 

d
support

b 

(nm) 

d
NiO

b 

(nm) 

a
support

b 

(Å) 

Support 

reducibilityc 

(%) 

Smetallic
d 

(m2·g-1) 

LSCF 7 0.04 15 - 3.872 29 - 

Ni/LSCF 14 0.06 17 - 3.871 54 1.9 

Ni-LSCF 10 0.03 14 26 3.865 72 0.5 

RuNi/LSCF 13 0.08 14 - 3.876 56 2.1 
a
from N2 physisorption 

b
calculated from XRD analysis 

c
calculated from H2 consumption (H2-TPR) 

d
calculated from desorbed H2 (H2-TPD) 

The diffractograms of the fresh support and the catalytic systems are shown in Fig 1. Two 

crystalline phases with different relative intensities are appreciated for the bare LSCF 

oxide. The predominant crystalline structure is related to a perovskite structure with 

orthorhombic symmetry (La0.7Sr0.3Fe0.7Co0.3O3, JPCD 01-089-1268). The secondary 

phase corresponds to the formation of lanthanum oxide (La2O3, JPCD 01-083-1344). It 

reveals that the insertion of La3+ ions into the perovskite structure is not complete. No 

evidence of other crystalline phases related to Sr-, Co- or Fe- single or to mixed oxide 

structures are shown for the bare LSCF support. The crystallization of La2O3 as the only 

single oxide can be due to an excess of La added or to an excess of Sr incorporated in the 

A-site of the perovskite structure, rejecting part of La from the structure. According to 

the results reported in Table 1, the formation of La2O3 as secondary crystalline phase can 

be due to the excess of Sr detected for the bare LSCF by XRF analysis. The perovskite 

structure remained stable in both Ni/RuNi containing catalysts ((Ru)Ni/LSCF and Ni-

LSCF) however, La2O3 phase does no longer appear, despite that the excess of Sr was 

found for these catalysts as well (Table 1). The peak position linked to the reticular plane 

(112) of the perovskite structure (inset Fig 1) exhibits a slight shift to higher 2θ for the 

sol-gel catalyst (Ni-LSCF) compared to the support (LSCF) and the equivalent catalyst 

(Ni/LSCF). This displacement points out that a partial insertion of Ni2+/3+ ions into the 
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perovskite structure through sol-gel method might be favored, generating its cell 

contraction. For steric reasons, this partial insertion of Ni is highly favored as Ni3+ ions 

in the B-site cations of the perovskite [24]. Besides, an additional crystalline phase 

associated to NiO (JPCD 03-065-2901) is clearly observed for the sol-gel catalyst (Ni-

LSCF) and no visible for the two impregnated ones ((Ru)Ni/LSCF). The absence of both, 

NiO and La2O3 phases, for the (Ru)Ni/LSCF catalysts indicates that a secondary 

perovskite (LaNiO3) may be generated by the impregnated Ni and the excess of La2O3 

observed in the diffractogram of the bare LSCF. This phase cannot be observable due to 

the overlap between the diffraction peaks of the LaNiO3 phase, related to a hexagonal 

phase, and those associated to the LSCF one. In addition to the likely formation of 

LaNiO3, the presence of well crystallized NiO particles of around 5 nm has been 

evidenced by TEM (see supplementary materials) for the impregnated materials 

((Ru)Ni/LSCF).  The absence of La2O3 phase for the sol-gel catalyst (Ni-LSCF) suggests 

that the introduction of La into the perovskite structure is facilitated by the partial 

insertion of the Ni ions. Due to the low content (and probably the small crystallites) of 

Ru added, the RuO2 phase is not detected in the diffractogram of the RuNi/LSCF catalyst.   



13 
 

 
Fig 1. Diffractograms of the prepared materials  

The support and the NiO crystallite size (dsupport/NiO) as well as the pseudo cubic lattice 

parameter (asupport) of the prepared materials are listed in Table 1. Regardless the synthesis 

method, similar support crystallite size (dsupport) was found for all the materials, around 

14-17 nm. The relatively high NiO crystallite size reached for the sol-gel catalyst (26 nm) 

could be associated to a possible sintering process of the rejected NiO caused by the high 

calcination temperature used for its preparation (800 ºC). The pseudo cubic lattice 

parameter related to an elemental perovskite into a cubic system was determined by the 

cube root of the normalized perovskite cell volumes, 𝑉/𝑧; being 𝑉 = 𝑎𝑏𝑐 and 𝑧 = 4 

for the orthorhombic systems. In order to estimate the cell volume, the reticular 

parameters a, b and c were calculated using the diffraction peaks at 32.7º, 40.3º and 58.4º 

associated respectively to the (112), (022) and (204) reticular planes. The partial Ni 

insertion is clearly proved by comparison of the pseudo cubic lattice parameter of the 

impregnated catalysts and the sol-gel one. Indeed, the (Ru)Ni impregnation has not 

significant effect on the support lattice parameter (3.871 Å for Ni/LSCF and 3.876 Å for 

RuNi/LSCF) compared to the bare LSCF (3.872 Å), whereas a much lower value is shown 
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for the sol-gel catalyst, Ni-LSCF (3.865 Å). Therefore, as prior observed by XRD, the 

existence of Ni partially inserted into the LSCF oxide structure leads to a shift to higher 

2θ for Ni-LSCF catalyst (inset Fig 1), since the ionic radius of the Ni3+ species in 8-fold 

coordination (0.56 Å) are smaller than the Fe3+ (0.645 Å) one [25]. 

 

The H2-TPR profiles of the different materials are shown in Fig 2. As it has been reported 

in the literature, the reduction processes into a perovskite system are commonly linked to 

the B-site cations, since the A-site cations are rather difficult to reduce under experimental 

conditions [26,27]. A complex profile divided in two regions (region I and II) can be 

distinguished for the support and the catalytic systems. Regarding the LSCF reduction 

profile, the region I and II have been widely associated to Co3+ and Fe3+ reduction, 

respectively [23,26,28]. The former is observed at low temperature, between 250-550 ºC, 

and the latter at higher one, from 700 ºC to 950 ºC. Two main peaks located at maximum 

temperatures of 380 ºC and 487 ºC were noted in the region I, being commonly associated 

to the next two reduction steps [29,30]: (1) Co3+  Co2+ and (2) Co2+  Co0. One single 

peak at high temperature (around 850 ºC) linked to the reduction of Fe3+ to Fe0 is detected 

in the region II [23,27,28]. These high reduction temperature has been associated to the 

high stability of Fe3+ in the octahedral sites of a perovskite structure [27]. In addition, the 

absence of H2 consumption between the two regions, around 550-700 ºC, indicates the 

formation of a stable partially reduced cobalt-perovskite (Co0/LSCF) at this temperature 

range. Bedel et al. [23] proved the formation and stability of partially reduced Co in the 

orthorhombic LaCoxFe1-xO3 perovskite between 500-570 ºC under reducing conditions. 

Similar to our TPR profiles, they found two reduction zones well separated, with no H2 

consumption over the range of temperature aforementioned. In order to elucidate the 

formation of metallic cobalt on the surface, they followed the reduction by magnetic 

measurements. For orthorhombic systems (x < 0.5), two signals were found at 410 and 
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625 ºC. The first increase observed at 410 ºC was linked to the ferromagnetic phase 

formed after the partial reduction of cobalt, giving rise to a metal phase well dispersed on 

a stable cobalt-deficient perovskite. Recently, Lim et al. [31] have demonstrated that the 

incorporation of a second transition metal (Ni) into the B-site of LaCoO3 lowered the 

interaction between La and Co. Thereby, by inserting Ni into LaCoO3, they evidenced 

that the diffusion from the bulk to the surface is highly feasible under reducing 

atmosphere for the B-site elements with weaker interaction, forming an ex-solved 

bimetallic NiCo alloy at the surface. Similarly, a weak interaction between the A-site and 

B-site caused by the presence of both Fe and Co in the B-site of LSCF structure might 

favor the migration of part of Co to the surface at reduction temperatures between 550-

700 ºC, since Fe ions are reduced at high temperatures. It could explain the formation of 

this partially reduced Co-perovskite. Nevertheless, in view of the complexity of the 

system, deep investigations must be conducted to describe in detail this phenomenon. The 

impregnated catalyst, Ni/LSCF, and bare support exhibit similar reduction profile. The 

likely presence of the secondary LaNiO3 phase for the Ni/LSCF catalyst prior discussed 

in the XRD results gives an even more complex reduction process than for the bare LSCF 

oxide. Likewise, two peaks centered at temperatures close to those above mentioned (385 

ºC and 476 ºC) are perceived for Ni/LSCF in the region I, with a small one placed at the 

lowest temperature, 290 ºC. Two reduction peaks have been reported in the literature for 

the complete reduction of the LaNiO3 perovskite [1,32]. The first reduction peak, located 

at low temperatures (350-450 ºC), was ascribed to the reduction of LaNiO3 to Ni0 and the 

formation of the La2NiO4 spinel. Afterwards, the spinel phase could be further reduced, 

resulting in the complete reduction of Ni0 and the formation of La2O3 [32]. This second 

reduction process usually appears at higher temperatures (~530-550 ºC). Accordingly, the 

peak located at the lowest temperature might be attributed to the reduction of the “free” 
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NiO to Ni0 with weak Ni-support interaction, not observed by XRD analysis for the 

Ni/LSCF catalyst (Fig 1). The two other peaks found in the region I could be associated 

to the decomposition of the LaNiO3 perovskite along with the reduction of Co3+ species. 

Indeed, the simultaneous reduction of LaNiO3 and of Co3+ species can be evidenced by 

the noticeable increase in the H2 consumption into the region I attained for Ni/LSCF. As 

expected, the addition of Ru lowers the temperature of the region I compared to the 

Ni/LSCF catalyst and notably enhances the H2 consumption of the peak located at the 

lowest temperature as well. . It suggests that Ni reduction is promoted by the addition of 

Ru over the Ni/LSCF catalyst. Regarding the Ni-LSCF catalyst, the region I is shifted to 

higher temperatures and shows a distinct profile shape compared to the impregnated 

Ni/LSCF catalyst and the bare LSCF oxide, presumably due to the presence of inserted 

Ni ions species into the LSCF oxide. This shift might hint that the interaction between the 

A-site and B-site ions or between the transition metals in the B-site is strong and it could 

hinder in some extent the migration of metallic Co at the surface. The main reduction 

peak observed at 460 ºC could be mostly related to the reduction of Ni  species to Ni0 with 

strong Ni-support interaction [33,34]. Different shoulder peaks most likely  linked to the 

Co3+ and Ni3+ reduction can be as well distinguished in this zone. The shift of the region 

II to lower temperature in both Ni- and RuNi-containing materials with respect to the 

support reveals that the support reduction is favored by the presence of (Ru)Ni added. 

This shift is noteworthy for the Ni-LSCF catalyst compared to Ni/LSCF, suggesting that 

inserted Ni2+ species into the LSCF structure might provide high removable oxygen 

species.  

 

Furthermore, the support reducibility is reported in Table 1 for the prepared materials. As 

it can be seen, the Ni addition enhances the support reducibility, increasing from 29% to 

54% for Ni/LSCF catalyst and up to 72% for Ni-LSCF one. No modification in the 
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support reducibility is displayed for the RuNi/LSCF catalyst (56%) compared to the 

Ni/LSCF one (54%). Therefore, the enhancement of the support reducibility is 

remarkable for the Ni-LSCF catalyst due to the partial Ni insertion into the LSCF oxide, 

while the presence of Ru promotes the Ni reduction, but does not improve the support 

reducibility.  

 
Fig 2. H2-TPR profiles of the prepared materials 

The H2-TPD profiles of all the prepared catalyst are shown in Fig 3. Two main peaks 

with different relative intensities, located at 124 ºC and 386 ºC, are displayed for the four 

investigated materials. These peaks are respectively ascribed to a weakly and strongly 

adsorbed H species on reduced cobalt, according to Gonzalez Tejuca et al. [35]. The 

presence of these Co species partially reduced at 600 ºC proves the formation of a pseudo 

stable state (Co0/LSCF) between 550-700 ºC temperature range, prior evidenced by H2-

TPR analysis for all the prepared materials (Fig 2). An increase in the intensity of the 

peak at high temperature is shown for the impregnated catalysts, being more noticeable 

for the Ru-containing catalyst (RuNi/LSCF). This enhancement highlights the promotion 

of the cobalt reduction by the presence of Ni species, as it has been previously seen by 

H2-TPR. Moreover, the increased intensity of the peak at the lowest temperature (~124 
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ºC) displayed for the RuNi/LSCF catalyst might be due to the generation of metallic Ru 

species. By contrary, these peaks are less intense for the sol-gel catalyst, Ni-LSCF, 

compared to the Ni/LSCF one and the bare LSCF mixed oxide, revealing that the amount 

of the reduced Co and Ni species generated at the surface are much lower than for its 

equivalent impregnated catalyst. It confirms that the Ni insertion enhances the interaction 

of the Co cations either with the A-site cations (La, Sr) or with the other B-site cations 

(Ni, Fe), inhibiting the migration from the bulk to the surface of these species along with 

the metallic Ni ones. Indeed, this fact it has been evidenced by the metallic surface area, 

reported in Table 1 for the Ru(Ni)-containing catalysts. In general, low values of metallic 

surface area are displayed for all the catalysts as consequence of the low SSA shown for 

the LSCF mixed oxide. A rather lower metallic surface is attained for Ni-LSCF (0.5 m2·g-

1) than for Ni/LSCF (1.9 m2·g-1), most likely due to the large NiO particle size initially 

displayed for the Ni-LSCF catalyst (26 nm) estimated from XRD analysis (Table 1). As 

well, the strong interaction between Co and A-site cations or the other B-site cations into 

the lattice of the LSCF oxide observed for the Ni-LSCF catalyst might hamper the 

diffusion of these species through the bulk to the surface. The reduction of the low amount 

of “free” NiO as well as the probable decomposition of the LaNiO3 perovskite to Ni0 and 

La2O3 could generate small Ni0 particles size, enhancing the metallic surface for the 

Ni/LSCF catalyst. The metallic surface was alike for both impregnated catalysts, 

Ni/LSCF (1.9 m2·g-1) and RuNi/LSCF (2.1 m2·g-1), which is in accordance with the 

support reducibility reported in Table 2.  
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Fig 3. H2-TPD profiles of the prepared materials after reduction at 600 ºC for 2 h 

under H2/Ar atmosphere 

The XPS spectra of Ni 2p – La 3d regions are presented in Fig 4. The analysis of these 

regions (Fig 4) becomes complicated due to the partial overlapping of the Ni 2p and the 

La 3d photoelectron peaks. Peaks located at binding energies (BE) between 845 eV and 

830 eV, linked to the 3d3/2 and 3d5/2 orbital components of the La3+ state, are found for 

all the as prepared materials (Fig 4)[36,37]. Additional remaining peaks in the BE region 

of 870-840 eV related to the satellite peaks of La3+ species can be also discerned [36]. 

The appearance of such as satellite peaks as well as their relative intensity and binding 

energy separation are highly susceptible to the chemical coordination environment of the 

La atoms, giving rise to complex spectra [36,38]. As expected, differences in intensity 

between the Ni/LSCF and Ni-LSCF catalysts are noticeable within the Ni 2p region (875-

840 eV) (Fig 4). The 2p1/2 and 2p3/2 orbital components associated to the Ni species can 

be clearly evidenced for the Ni/LSCF catalyst. Peaks placed at 853.4 eV and 860.3 eV, 

ascribed to the 2p3/2 orbital component and its satellite peak, as well as the 2p1/2 satellite 

peak found at 873.6 eV, are distinctive of the Ni2+ species and verifies the presence of the 

“free” NiO species at the surface of the Ni/LSCF catalyst [39]. Besides, two peaks located 
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at 854.8 eV and 853.4 eV can be deduced for this latter material in the overlapping region 

(inset Fig 4). Similar XPS spectra shape has been observed within this region in the 

literature, where peaks around 855.5 eV and 853.8 eV have been widely linked to Ni3+ 

and Ni2+ species, respectively [39,40]. It must be remarked that XPS analysis cannot be 

used as a definitive proof of the existence of the LaNiO3 perovskite for the Ni/LSCF 

catalyst since Ni2+ and Ni3+ are difficult to discriminate, especially considering the 

overlapping of the La 3d and Ni 2p3/2 peaks (Fig 4). Despite that, the highly probable 

Ni2+/Ni3+ mixture at the surface deduced by XPS along with the prior results obtained by 

XRD and H2-TPR could suggest the formation of LaNiO3 as a secondary perovskite for 

the Ni/LSCF catalyst. The absence of Ni-related peaks in the Ni 2p region of the Ni-LSCF 

spectrum, even though similar Ni content as Ni/LSCF is expected (~ 13 wt%, Table 1), 

points out that the nickel atoms are fully inserted in the bulk of the LSCF structure. This 

fact could explain the low metallic surface area of Ni-LSCF (Table 2) and highlights, 

once again, that the Ni2+ insertion into the LSCF structure is promoted by the sol-gel 

method, in accordance with XRD and H2-TPR results.  

 

Fig 4. XPS spectra of La 3d – Ni 2p region of the prepared materials 
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XPS spectra of Co 2p and Fe 2p regions are plotted in Fig 5 for the materials of this study. 

The Mg Kα irradiation was also used for the Ni/LSCF spectrum (see insets, Fig 5) in 

order to remove the interferences of the Auger Ni (LMM) peak which falls into both 

regions when the samples are irradiated with Al Kα irradiation. Regarding the Co 2p 

region, one peak around 782.3 eV and small shoulder at 787.3 eV can be discerned for all 

the materials (Fig 5 (a)), ascribed to the component 2p3/2 of different cobalt ions (Co2+, 

Co3+ or Co4+) [41]. The oxidation state of these cobalt species is quite difficult to identify 

because of the proximity of the Co2+ and Co3+ peaks [42]. Generally, photoelectron peaks 

around 725.4 eV and 711.9 eV belong to the Fe3+ species are discerned in the Fe 2p region 

for all the investigated materials (Fig 5 (b)) [41]. 

 

Fig 5. XPS spectra of (a) Co 2p and (b) Fe 2p regions of the prepared materials. 

The chemical surface composition determined by XPS spectra is shown in Table 3 

for the prepared materials. The region areas linked to the La 3d5/2 orbital components 

(from 845 to 830 eV) have been considered to calculate the La surface content. 

Moreover, the Ni surface content was just reported for the Ni/LSCF catalyst since 

the Ni 2p1/2 peaks were not noticeable within the Ni 2p region for the Ni-LSCF one 

(Fig 4 (a)). Some differences in the surface composition compared to the bulk are 

found for the bare LSCF. The higher La content achieved at the surface compared to 
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the bulk for the bare LSCF is consistent with the presence of the La2O3 phase earlier 

detected by XRD analysis. As expected, a Ni content slightly higher than in the bulk 

is found at the surface for the Ni/LSCF catalyst, giving rise to a noteworthy decrease 

of the La and Sr content compared to the bulk composition and to the surface content 

of the bare LSCF. The likely formation of LaNiO3 could also cause the decrease in 

the La surface content for the Ni/LSCF catalyst. Similarly, lower La content is 

displayed for the Ni-LSCF (29.5 at %) compared to the bare LSCF, outstanding that 

the La insertion into the perovskite structure is encouraged by the Ni insertion. 

Thereby, the formation of the La2O3 phase is less favored through sol-gel method 

and, it explains its non-detection by XRD analysis for the Ni-LSCF catalyst (see Fig 

1). In addition, a higher Sr (30.0 at %) at the surface is achieved for Ni-LSCF catalyst 

than for the bare LSCF (17.3 at %) and the Ni/LSCF catalyst (5.4 at %). Due to its 

basic character, this high content of Sr shown for the Ni-LSCF catalyst might 

facilitate the steam adsorption at the surface under steam reforming conditions. The 

low amount of Co and Fe found for the Ni-LSCF compared to the Ni/LSCF at the 

surface is in good agreement with the low metallic surface attained for the former 

catalyst (Table 2).  

Table 3. Chemical surface composition calculated by XPS, and bulk composition 

calculated by XRF in brackets (without oxygen) for the prepared materials 

 La (at %) Sr (at %) Co (at %) Fe (at %) Ni (at %) 

LSCF 
34.9 

[26.2] 

17.3 

[24.6] 

17.5 

[12.2] 

30.4 

[37.0] 

- 

Ni/LSCF 
8.2 

[19.5] 

5.4 

[20.9] 

21.4 

[9.7] 

40.8 

[29.2] 

24.2 

[20.7] 

Ni-LSCF 
29.5 

[19.1] 

30.0 

[18.8] 

19.7 

[11.0] 

20.8 

[29.6] 

- 

[21.7] 

3.2.Catalytic activity 
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Prior the catalytic tests, all the samples have been submitted to a reduction pretreatment 

at 600 ºC for 2 h under 40 %mol H2/N2 mixture. According to H2-TPR and H2-TPD, the 

formation of a Co0/LSCF perovskite are expected for all the materials. In addition, part 

of the LaNiO3 phase observed for the (Ru)Ni/LSCF catalysts could be: (i) fully reduced, 

generating Ni0 species and La2O3 or (ii) partially reduced, generating Ni0 and a secondary 

La2NiO4 spinel phase.  

In the present study, steam reforming of toluene and phenol at 550 ºC for 6 h has been 

conducted over the prepared materials.  

The steam reforming of toluene could proceed as described in Reaction 1. Additionally, 

hydrogenation of toluene can simultaneously occur (Reaction 2), giving benzene as by-

product. 

𝐶7𝐻8 + 7 𝐻2𝑂 → 7 𝐶𝑂 + 11 𝐻2                                    Reaction 1 

𝐶7𝐻8 + 𝐻2 → 𝐶6𝐻6 + 𝐶𝐻4                                            Reaction 2 

The steam reforming of phenol is described as follows:  

𝐶6𝐻5𝑂𝐻 + 5 𝐻2𝑂 → 6 𝐶𝑂 + 8 𝐻2                                Reaction 3 

Besides the steam reforming reactions, other parallel equilibrium reactions such as WGS 

(Reaction 4), CO methanation (Reaction 5) and/or carbon formation through Boudouard 

reaction (Reaction 6) or thermal decomposition of the tar model molecule can take place. 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2                                           Reaction 4 

𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂                                          Reaction 5 

2𝐶𝑂 ↔ 𝐶∗ + 𝐶𝑂2                                                       Reaction 6 

The partial molar flows of the gaseous components (H2, CO, CO2 and CH4) versus time 

on stream during toluene and phenol reaction can be respectively found in Fig 6 and 7. 

Moreover, the average tar conversion, the selectivity to benzene (for toluene reforming) 

and to coke formation are reported in Table 4. As the bare LSCF support are composed 
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by transition metals, such as Co and Fe, likely actives in steam reforming reactions, its 

catalytic activity has been evaluated in toluene reforming. The changes in the outlet 

partial molar flows under both model molecules, toluene (Fig 6) and phenol (Fig 7), 

follow similar trend for the bare support and the (Ru)Ni-containing materials. Thus, the 

CO consumption along with the CO2 and CH4 production indicate that WGS and CO 

methanation are the main reactions that simultaneously occur. The slight amount of CH4 

formed compared to CO2 observed in both reforming reactions (Fig 6 for toluene and Fig 

7 for phenol) for all the investigated materials highlights that a considerably higher 

catalytic activity toward WGS reaction than CO methanation are achieved. This 

observation could be due to the presence of Co or Fe into the bare LSCF structure, well-

known to be active in WGS reaction [43]. In addition, it has been reported that a high 

density of active hydroxyl species could enhance the catalytic activity toward WGS 

instead of CO methanation by generating reaction intermediates [44]. According to Zhang 

et al. [45], the basic character of Sr, present into the bare LSCF structure, could facilitate 

the water adsorption and enhance the content of active OH groups, promoting in that case 

the WGS reaction. Hence, the presence of Sr into the LSCF perovskite could also favored 

the WGS reaction instead of the CO methanation for these types of materials in both 

toluene (Fig 6) and phenol reforming (Fig 7) conditions.  

As far as the influence of the preparation method is concerned, stable partial molar flows 

along the time on stream can be found for all the prepared materials, regardless the tar 

model molecule, (Fig 6 for toluene and Fig 7 for phenol). The catalytic activity toward 

the WGS reaction seems to be alike for the bare LSCF and the impregnated Ni/LSCF 

catalyst during toluene reforming, whereas the sol-gel Ni-LSCF shows the highest 

catalytic activity to WGS among the prepared materials in both reforming reactions. No 

enhancement in apparent catalytic activity due to the addition of Ru is displayed for the 
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RuNi/LSCF with respect to the Ni/LSCF catalyst, as it can be seen from their outlet molar 

flows (Fig 6 and 7).  

As regards the average toluene conversion (Table 4), no significant catalytic activity to 

toluene reforming is shown for the bare LSCF, with a toluene conversion less of 5%. 

Slightly higher toluene conversion (65%) and resistance to coke formation (Scoke of 7%) 

is exhibited for the Ni-LSCF than for the Ni/LSCF catalyst (Xtoluene of 54% and Scoke of 

16%). Both the catalytic activity toward toluene reforming and the resistance to coke 

formation are improved by the addition of Ru over Ni/LSCF catalyst. Thus, the toluene 

conversion becomes 82% from 54% as well as the selectivity to carbon decreases from 

16% to 8%. Generally, the selectivity to benzene is negligible for all the prepared 

materials (~2 – 4%).  

Concerning the average phenol conversion, comparable values are attained for both 

Ni/LSCF and Ni-LSCF catalysts (~85 – 90%). Similarly, the Ni/LSCF catalyst (Scoke of 

15%) displays lower resistance to coke formation than the Ni-LSCF one (Scoke of 9%) 

(Table 4). Despite the high carbon selectivity achieved for the Ni/LSCF catalyst, the high 

stability displayed in the gas phase along the reforming reactions for both tar molecules 

should be highlighted, accounting for an apparent stable catalytic activity. An opposite 

behavior in the catalytic activity is exhibited for the RuNi/LSCF catalyst in phenol 

reforming reaction, reaching similar average phenol conversion (76%) and selectivity to 

carbon (16%) as Ni/LSCF.  

As expected from the inlet tar content, a higher average tar conversion is achieved for 

phenol (WHSVtar of 1.4 h-1 and S/Ctar of 16.5) than for toluene reforming (WHSVtar of 

2.6 h-1 and S/Ctar of 7.7) for the three materials of the study. However, the selectivity to 

carbon achieved for the prepared materials is alike under both reforming reactions, even 

though the reactions conditions were softer for phenol than for toluene reforming. This 
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fact, along with the differences in catalytic activity toward tar reforming shown for 

RuNi/LSCF, highlights the differences in the reaction mechanism between oxygenate and 

hydrocarbon compounds. These  results are in good agreement with those achieved in 

prior study, beingassociated to the low thermal stability of the oxygenate compounds that 

could easily undergo through thermal decomposition and/or cracking over the support 

[3]. Therefore, high amount of coke at the catalyst surface due to phenol decomposition 

might be able to be generated, despite the high-water content used.  

Broadly, the catalytic stability regarding the gas phase analysis and the catalytic activity 

toward tar reforming displayed for both Ni-containing materials are alike, being Ni/LSCF 

more prone to carbon formation than Ni-LSCF. Thus, taking into account the catalytic 

activity to WGS displayed in the gas phase as well as the resistance to coke formation, it 

could be concluded that the sol-gel Ni-LSCF catalyst is the best catalytic system of the 

series.  
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Fig 6. Outlet partial molar flows vs time on stream during toluene reforming at 550 ºC 

over the prepared catalysts (WHSVgas = 370 h-1; WHSVtar = 2.6 h-1 and S/Ctar = 7.7). 

 

Fig 7. Outlet partial molar flows vs time on stream during phenol reforming at 550 ºC 

over the prepared catalysts (WHSVgas = 370 h-1; WHSVtar = 1.4 h-1 and S/Ctar = 16.5). 

Table 4. Average tar conversion, selectivity to benzene (for toluene reforming) and 

selectivity to carbon for steam reforming of toluene and phenol at 550 ºC 

Model tar 

molecule 
Toluene  Phenol 

 Xtoluene (%) Sbenzene (%) Scoke (%) Xphenol (%) Scoke (%) 

LSCF < 5 - - - - 

Ni/LSCF 54 4 16 85 15 

Ni-LSCF 65 2 7 90 9 

RuNi/LSCF 82 < 2 8 76 16 

The key role of the metallic surface in reforming reactions have been underlined in prior 

studies [3,46,47]. It has been demonstrated that the catalytic activity is correlated with the 

metallic surface for a given catalyst.  However, a similar catalytic activity toward steam 
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reforming reactions was attained for both Ni-containing catalyst, despite the rather higher 

metallic surface found by H2-TPD analysis for Ni/LSCF (1.9 m2·g-1) than for  

Ni-LSCF (0.5 m2·g-1). This comparable catalytic behavior might be associated to the fact 

that the active phase (Ni) forms part of a perovskite structure for both fresh catalysts as 

LaNiO3 phase for Ni/LSCF and as Ni2+ partially inserted into LSCF for Ni-LSCF, 

according to XRD and XPS results. Regarding the resistance to coke, several researchers 

underlined the positive effect of Sr in reforming reactions owing to its basicity. The 

catalyst surface basicity is known to inhibit coke formation in dry reforming of 

methane[48] and steam reforming of n-heptane[49] by enhancing the water adsorption 

and, thereby the carbon gasification on the catalyst surface. Moreover, it was observed 

that the substitution of La with Sr atoms into a La-based perovskite structure upgrades 

the lattice oxygen mobility at the surface of the Ni/La0.7Sr0.3AlO3-δ catalyst, leading to 

high resistance to coke deposits[20]. Accordingly, the higher resistance to coke formation 

shown for Ni-LSCF than for Ni/LSCF could be due to the higher Sr content at the surface 

displayed for the former(30.0 at %) compared to the latter (5.4 at %), that can promote 

the carbon gasification by facilitating the water adsorption. This could be also ascribed to 

the high lattice oxygen mobility suggested by the shifts to lower temperature of the region 

II for Ni-LSCF than for Ni/LSCF through H2-TPR analysis (see Fig 2). Furthermore, it 

has been reported in the literature that an increase in the amount of Fe into a catalytic 

system enhances the acidity of the catalyst surface[50]. Therefore, the high Fe content 

along with the low Sr content found by XPS analysis at the surface of Ni/LSCF catalyst 

(Table 3) could provoke an increase in the acidity of the catalyst surface. Consequently, 

catalytic tar cracking reactions might be more favoured, leading to a higher amount of 

coke deposits in the case of this catalyst. Eventually, as the physicochemical properties 

are alike for both Ni/LSCF and RuNi/LSCF, the better catalytic activity achieved for the 
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latter in toluene reforming points out the positive impact of Ru as noble metal. However, 

this improvement was not noticeable in phenol reforming conditions (at high S/Ctar), 

attaining slightly lower average phenol conversion and similar selectivity to coke to the 

bare Ni/LSCF catalyst (see Table 4). 

Steam reforming of toluene has been performed over similar kinds of materials using 

toluene/steam mixture as a feedstock at reaction temperatures around 550-650 ºC. Sekine 

et al.[20] investigated the catalytic activity toward toluene reforming reaction (WHSVtar= 

0.81 h-1, S/Ctar= 2) over 10 wt% Ni/La0.7Sr0.3AlO3 catalyst at 600 ºC for 180 min, 

achieving a toluene conversion of 57%. Oemar et al.[19] found a toluene conversion of 

48% for a perovskite composed by La0.8Sr0.2Ni0.8Fe0.2O3 after 500 min on stream under 

toluene reforming reaction (WHSVtar= 34.6 h-1 , S/Ctar= 3.4) at 650 ºC. More recently, 

Zhang et al.[45] reported a toluene conversion of 65% and 93% for 9 wt% 

Ni/La0.7Sr0.3AlO3 when toluene reforming (WHSVtar= 1.33 h-1 ,S/Ctar= 2) was performed 

for 120 min at reaction temperatures of 550 ºC and 650 ºC, respectively. To the best of 

our knowledge, research studies that investigate steam reforming of toluene under model 

syngas composition were not reported yet in the literature for these Ni-perovskite type 

systems. Besides, studies dedicated to the catalytic evaluation of these type of materials 

under reforming reaction using phenol as model tar molecule have not been found either, 

not even employing phenol/steam mixture as feedstock. In the present study, average 

toluene conversion around 55-65% was obtained for Ni-based catalysts (Ni/LSCF and 

Ni-LSCF) using lower temperature than generally reported and a mixture of a model 

syngas composition and toluene as tar. It reveals the high efficiency toward toluene 

reforming of the investigated catalysts.  
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Even if no comparison with data from literature is possible, the high average phenol 

conversion (85%) found for these materials under severe conditions in this work must be 

highlighted, contributing new and innovative results.  

 

4. Characterization of spent catalysts  

Diffractograms of the spent catalysts after reforming reactions can be found in Fig 8. 

Regardless the model tar molecule, no modifications in the crystalline structure of the 

LSCF perovskite after the catalytic tests is observed for the spent materials compared to 

the fresh ones. Generally, peaks located at 2θ ~ 44º and 52º ascribed to the metallic Ni 

phase are evidenced for all the spent materials. The La2O3 phase, expected from the 

complete reduction of LaNiO3 phase, is not noticeable for the impregnated (Ru)Ni/LSCF 

catalysts (Fig 8 (a) and (c)), despite the formation of Ni0 due to the reduction 

pretreatment. Therefore, the existence of Ni as a LaNiO3 perovskite or as a La2NiO4 spinel 

structure could be assumed for the (Ru)Ni/LSCF catalysts, elucidating the similar 

catalytic behavior found for both Ni/LSCF and Ni-LSCF catalysts. Eventually, a peak 

belonging to the NiO phase is barely discerned for all the spent catalysts likely due to the 

re-oxidation of the Ni0 in atmosphere or its oxidation with the steam or with the lattice 

oxygen of the catalytic support[3]. It reveals that catalytic deactivation by Ni oxidation is 

negligible, clarifying the high catalytic stability observed in the gas phase for all the 

catalysts. An additional peak placed around 2θ ~ 26º displayed for the spent materials 

indicates the formation of structural or graphitic carbon during the steam reforming 

reactions. 
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Fig 8. Diffractogram of spent materials post-steam reforming reactions: (a) Ni/LSCF, 

(b) Ni-LSCF and (c) RuNi/LSCF 

The morphology of the carbon deposits generated over the catalysts surface during steam 

reforming reactions has been also studied. Fig 9 shows the SEM image of the spent 

Ni/LSCF catalyst post-toluene reforming reaction. Structural carbon deposits as carbon 

nanofibers are mainly found, as prior observed by XRD of the spent materials. The 

formation of this type of carbon deposit might be favored by the presence of the CO2 and 

the CH4 in the inlet syngas composition, widely used as precursors of carbon nanofibers 

or nanotubes in Catalytic Chemical Vapor Deposition processes[3,51]. 
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Fig 9. SEM image of the Ni/LSCF catalyst post-toluene reforming reaction 

5. Conclusions 

In the present work, two different preparation methods were used for the synthesis of the 

(Ru)Ni-LSCF systems, wetness impregnation and pseudo sol-gel, giving rise to 

(Ru)Ni/LSCF and Ni-LSCF catalysts, respectively. Accordingly, the influence of the 

preparation method as well as the presence of Ru as noble metal on the physicochemical 

properties and the catalytic activity toward steam reforming reactions was studied.  

 

Steam reforming of tar using toluene and phenol as model tar molecule along with a 

typical syngas composition has been conducted over all the catalysts of the study. No 

influence of the synthesis path on the catalytic activity toward tar reforming was 

observed. Thus, regardless the model tar molecule, similar average tar conversion and 

stability in the gas phase was found for both Ni/LSCF and Ni-LSCF catalysts due to the 

presence of Ni as perovskite structure in both systems. The higher catalytic activity to 

WGS and resistance to coke formation found for the Ni-LSCF catalyst than for the 

Ni/LSCF one has been ascribed to the presence of high removable oxygen species 

indicated by H2-TPR and the higher Sr content found at the surface of this material by 
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XPS. It stresses out the important role of the surface basicity in the coke formation and 

therefore, in the likely catalytic deactivation under reforming reaction conditions. An 

improvement in the catalytic activity toward reforming reaction and in the resistance to 

coke formation was evidenced for RuNi/LSCF during toluene reforming, whereas no 

improvement in tar conversion compared to the bare Ni/LSCF was achieved under phenol 

reforming conditions. This opposite catalytic performance as well as the high selectivity 

to coke attained for phenol reforming, despite the high S/Ctar, highlighted the differences 

in the reaction mechanism between the two model tar molecules of the study. 

Generally, the catalytic results reveal that the studied systems are highly efficient and 

have a great potential for tar abatement at relatively low temperature under simulated 

biomass gasification conditions, upgrading the syngas produced.   
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