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Abstract:  Perovskites as host structures of cations were used in order to generate in situ active and stable catalysts for ethanol steam 

reforming. For this purpose, La1−xMgxAl1–yNiyO3 (x = 0.1; y= 0, 0.1, 0.2, 0.3) perovskites were synthetized by the citrate method. Ni 

segregation is evident for a substitution level higher than 0.2. The segregation of Ni as NiO generated species interacts with different 

metal-support after the reduction step. The y= 0.1 catalyst presents the highest H2 yield value about 85% during reaction time, with low 

mean values of CH4 and CO selectivities of 3.4% and 11%, respectively and a low carbon formation. The better performance of y= 0.1 

catalyst could be attributed to the minor proportion of segregated phases, thus a controlled expulsion of Ni is successfully reached. 
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It is known that catalysts provide low-energy pathways for 

converting chemical species and have been extensible used for 

the production of chemicals at industrial level
[1]

. There are 

several benefits in using catalytic processes, however, 

obtaining an efficient catalyst for a specific process is still a 

challenge. The need to obtain an economically viable catalyst 

with high catalytic activity and stability makes imperative the 

use of design criteria. A catalyst design not only must consider 

the separate effects of the active sites and support, but also 

should include the interaction between them
[2]

. In this sense 

the study of perovskite type solids as precursors of metal 

catalysts becomes interesting. Perovskite is a well-defined 

mixed oxide solid with general chemical formula of ABO3, 

whereby A site is lanthanide metal and B-site is a transitional 

metal. This structure admits the inclusion by substitution of 

other elements A or B which results interesting in order to 

find the desired physico-chemical features with high thermal 

stability and catalytic activity
[3,4]

. The exosolution of B’ is 

favoured in comparison of B on the basis of their metallic 

character. In fact, when this structure is submitted to a high 

temperature reducing atmosphere a catalyst with large 

amounts of nano-size metal particles homogeneously 

dispersed in an inorganic matrix is obtained.  

These advantages make this structure suitable to be used as 

precursor of catalysts used in structure sensitive reactions. A 

possible application of these solids is the steam reforming 

reaction. In recent years, ethanol steam reforming has become 

one of major processes for hydrogen production. 

Thermodynamic and reaction mechanisms of ethanol steam 

reforming reaction have been widely studied. There is vast 

information about this reaction and characterization of the 

catalytic centres. Therefore, it is possible to take this 

information to select A and B cations in order to try to design 

a catalyst. Hydrogen production depends on the different 

reaction pathways. Several undesired by-products as CO, CH4, 

C2H4, CH3CHO, and coke, could be obtained depending on 

the reaction involved
[5]

. Therefore, it is important to ensure 

sufficient amount of water steam and minimize the 

dehydration and decomposition of ethanol to maximize the 

production of hydrogen. Catalysts play a critical role in order 

to obtain total ethanol conversion and high hydrogen yield. 

Noble metals such as Rh, Ru, Pt, Pd and Ir have been widely 

investigated considering that all these metals present high 

C–C bond cleavage capacity
[6–12]

. The search for alternative 

catalysts is also driven by the high cost of noble metals. Thus, 

Ni has been proposed as an alternative catalyst after noble 

metals in reforming reactions due to its ability to promote the 

breaking of this bond
[13,14]

. 
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Fig. 1  Catalytic performance of perovskite catalysts during 9 h on stream 

: ethanol conversion; : H2; : CO selectivity; : CO2 selectivity; : CH4
 
selectivity 

 

 

Fig. 2  TG results of catalysts used in ethanol steam reforming reaction 

a: LaMgNi1; b: LaMgNi2; c: LaMgNi3 

 

Besides the active phase, the support can interact with 

ethanol modifying the catalyst activity. By partially 

substituting the A-site with alkaline earth metal oxide, the 

perovskite catalyst can have more basic sites. It is known that 

acid sites favour the reaction of ethanol dehydration, which 

can lead to a progressive deactivation of the catalyst by carbon 

formation
[15]

. An essential requirement for these studies is to 

use synthesis methods to ensure a defined structure and high 

purity. The high purity of these materials is essential to 

discriminate the origin of cations expulsed to the surface. In 

addition, the selected synthesis method should allow 

controlling the particle size in nanometric scale. Since large 

particles facilitate the formation of carbon leading to the 

deactivation of catalyst
[13]

. The formation of carbonaceous 

deposits is a structure sensitive reaction, and thus controllable 

with the domain size of Ni centres. Bengaard et al
[16]

 have 

reported a critical size below which the formation of coke can 

be prevented and additives such as K, S and Au catalyst can 

give more tolerance to carbon formation. According to a 

model proposed by Borowecki
[17]

 there is a relationship 

between the domain size of the Ni catalytic centre and the rate 

of formation of coke. Thus, it is essential to use design criteria 

during the synthesis of catalysts, since the activity, selectivity 

and stability are affected by the nature of the metal particle, 

the support and the interaction between them. 

In a previous paper
[18]

, La1−xCaxAl1–yNiyO3 (x = 0, 0.1; y=0, 

0.1, 0.2, 0.3) perovskite type oxides were studied. These 

catalysts presented an excellent catalytic activity in ethanol 

steam reforming reaction. The effect of the addition of an 

alkaline metal in the A site of perovskites with the aim to 

avoid the ethanol dehydrogenation reaction and thus carbon 

formation was investigated. However, no significant 

differences in products selectivities were observed, which 

could indicate that Ca did not induce changes in reaction 

mechanism. Moreover, it could be demonstrated that the 

presence of Ca in the perovskite avoided total inclusion of Ni 

in the structure. For this reason, in this work it was decided to 

study the effect of the addition of Mg, another alkaline metal 

with a smaller radius, which could give the suitable basic 

character and it could probably allow a complete insertion of 

Ni in the structure. The purity of the prepared catalysts is 

necessary in order to control the expulsion of cations after the 

reduction process.  
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Table 1  BET specific surface area, H2 consumption from TPR, Ni content from ICP-OES and weight loss from TG 

Catalyst ABET/(m
2
g

–1
) H2 consumption/(molmg

–1
(Ni)) Ni content w/% Weight loss w/% 

LaAlO3 14 – –  

La0.9Mg0,1AlO3 15 – –  

NiO/LaAlO3 17 0.63 3.3 (2.8)*  

LaMgNi1 13 2.16 2.2 (2.8) 6 

LaMgNi2 10 2.04 3.4 (5.6) 7 

LaMgNi3 8 1.39 5.2 (8.3) 15 

*: values between brackets correspond to nominal ones 

 

 

Fig. 3  SEM images of used catalysts 

(a): LaMgNi1; (b): LaMgNi2; (c): LaMgNi3 

 

Therefore, this work is based in the use of AABBO3 

perovskites as precursors of catalysts with a proper selection 

of cations with the aim to generate in situ the active phase and 

the support with the desired characteristics, with A=La, Mg 

and B=Al, Ni. The samples will be evaluated in ethanol steam 

reforming reaction as a validation of the theory. 

 

1  Experimental 

 

La1−xMgxAl1–yNiyO3 (x = 0.1; y=0, 0.1, 0.2, 0.3) perovskites 

were synthetized by the citrate method
[19]

. Metal nitrates were 

dissolved in a lowest water quantity separately. In a 

round-bottom flak of plane base nitrates solutions were added 

by one to a citric acid solution (10% in excess) and agitated 

during 15 min. The resulting solution was concentrated with a 

slowly evaporation in a rotavapor at 75°C under vacuum until 

a gel was obtained. This gel was dried at 200°C overnight in a 

vacuum stove, producing a solid amorphous precursor. The 

resulting precursor was milled and calcined in air at 800°C for 

2 h. The samples were named LaMgNiy with y=1, 2, 3. 

Additionally, a reference catalyst NiO/LaAlO3 was prepared 

by impregnation incipient wetness with Ni(NO3)2 aqueous 

solution. The amount of Ni(NO3)2 was the necessary to obtain 

a nickel loading equivalent to LaMgNi1 catalyst. 

 

1.1  Catalysts characterization 

 

BET specific surface areas (ABET) of samples were 

calculated by the BET method. A Gemini V from 

Micromeritics apparatus was used. Samples were degassed 

overnight at 350°C. X-ray diffraction (XRD) patterns were 

obtained with a Rigaku diffractometer operated at 30 kV and 

25 mA using Cu K radiation with Nickel filter ( = 0.15418 

nm). Inductively coupled plasma (ICP) was used to 

determinate the elemental composition of catalysts. An ELAN 

DRC-e ICP-MS apparatus was used. Samples were previously 

dissolved using a START D microwave digestion system. 

X-ray photoelectron spectroscopy (XPS) was recorded with A 

Multitecnic UniSpecs equipment with a dual X ray source of 

Mg/Al and a hemispheric analyzer PHOIBOS 150 was used to 

obtained XPS data. The pressure was kept under 2.910
–8

 kPa. 

The samples were previously reduced at 600°C in 50 mL/min 

5% of H2/N2 stream. Temperature programmed reduction 

(TPR) was performed in a quartz tubular reactor using a TCD 

detector. Samples of 100 mg were reduced with a mixture of 5% 

H2/N2, at a total flow rate of 30 mL/min. The temperature was 

increased at a rate of 10°C/min from room temperature to 

700°C. Neutron power diffraction (NPD) was recorded in the 

D2B diffractometer at the Institute Laue Langevin 

(ILL)-Grenoble at room temperature (RT). The high-intensity 

mode (Δd/d≥ 210
–3

) was selected with a neutron wavelength 

 = 0.1594 nm over the angular range 0.1° < 2 < 160° with a 

0.05° step. Approximately 2 g of each sample were contained 

in a vanadium sample holder. The NPD patterns were 

analyzed by the Rietveld method
[20]

 with the Fullprof 

program
[21]

. A pseudo-Voigt function was considered to 

generate the profile shape. The background was fit to a 

5th-degree polynomial. 
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Fig. 4  X-ray diffraction patterns of samples calcined at 800°C 

 

The coherent scattering lengths used for La, Mg, Al, Ni, 

and O were: 8.24, 5.375, 3.44, 10.300, and 5.803 fm, 

respectively. Scanning electron microscopy (SEM) images 

were obtained with a LEO 1450 VP scanning electron 

microscope provided with energy dispersive X-ray analysis 

(EDAX) equipment for the quantitative analysis. 

Thermogravimetric analysis was carried out in a Shimadzu, 

DTG-60 model thermobalance. 10 mg samples were heated 

from ambient temperature up to 1000°C at a heating rate of 

10°C/min under 50 mL/min of synthetic air. 

 

1.2  Catalytic tests 

 

 The ethanol steam reforming reaction was carried out in a 

quartz fixed-bed reactor loaded with 150 mg catalyst (35–50 

mesh) mixed with 1000 mg quartz particles. The samples were 

previously reduced at 600°C in situ with 50 mL/min of 5% 

H2/N2 for 1 h, followed by purging at the same temperature 

with 50 mL/min of He during 30 min. The liquid solution was 

fed with a pump (Eldex) into a heated chamber (150°C) to 

completely evaporate the solution in the stream of He before 

reaction. A WHSV 3.310
–4

 mLliq/(mgcatmin) was used with 

50 mL/min of helium as carrier. The reaction temperature was 

600°C under atmospheric pressure. The composition of the 

non condensable fraction of the stream was quantified by a 

GC (Shimadzu) equipped with a Carbosphere column, 

whereas condensable materials were quantified by GC (Buck 

Scientific) with a Porapak Q column, both provided with a 

thermal conductivity detector (TCD).  

Ethanol conversion (xEtOH), selectivity to carbon products 

(sj); and hydrogen yield H2 were calculated as follows: 

xEtOH (%) = 100×(FEtOH,in – FEtOH,out) / (FEtOH,in)    (1) 

H2 (%) = 100×FH2,out / (6×FEtOH,in)      (2) 

sj (%) = 100×Fj,out / ( Σ Fj,out) , with j = CH4, CO and CO2 

             (3) 

 

2  Results and discussion 

 

Fig. 5  H2-TPR profiles of LaMgNi1, LaMgNi2, LaMgNi3 and 

NiO/LaAlO3 

 

As it is mentioned in the introduction section the objective of 

catalyst design is to obtain active and stable catalysts in the 

studied reaction. In this case the ethanol steam reforming 

reaction is considered as case study. Figure 1 presents the 

performance parameters, ethanol conversion rate, hydrogen 

yield and CH4, CO, and CO2 selectivities as a function of time. 

The three samples present high activity during 9 h on stream. 

The total conversion of ethanol for all samples is observed with 

high H2 yields, between 70% and 80%. Acetaldehyde, ethylene 

and ethane are not detected in any case. This is expected since a 

high reaction temperature (600°C) used. It is known that ethanol 

steam reforming is a sequential reaction
[22,23]

. Dehydrogenation 

of ethanol generates acetaldehyde and hydrogen, acetaldehyde 

can further react to produce acetone and hydrogen, and acetone 

can be further polymerized to form coke. In another way, 

acetaldehyde, acetone and the coke deposited can react with 

water to produce methane, carbon monoxide and hydrogen. 

Other two main reactions are the steam reforming of methane 

and the water gas shift reaction, both of which produce 

hydrogen. Steam reforming of methane generally takes place at 

higher temperature, mainly above 500°C. At lower reaction 

temperatures, some intermediate compounds, such as 

acetaldehyde and acetone, could remain and thus they could be 

detected in the reaction products. The low CH4 and CO 

selectivities and high H2 yield that these samples present would 

indicate the contribution of both, methane reforming and water 

gas shift reactions. LaMgNi1 catalyst presents the highest H2 

yield value, about 85%, during the reaction time, while low 

values of CH4 and CO selectivities of 3.4% and 11%, 

respectively, are measured. The effect of Mg addition can be 

observed comparing one of these catalysts, LaMgNi1 with a 

catalysts synthetized and presented in a previous paper
[18]

, with 

an equivalent composition of Ni. This catalyst is called LaAlNi1 

and presents the following values as a result of the ethanol 

steam reforming reactions: 71% H2 yield, CH4, CO and CO2 

selectivities of 4%, 10% and 18%, respectively. 
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Table 2  Structural parameters for the perovskites with nominal composition La0.9Mg0.1Al1–yNiyO3, refined in the rhombohedral R

3c (no. 167) 

space group at 25°C from NPD data 

Ni contents y= 0.1 y= 0.2 y= 0.3 

a/Å 5.3670(6) 5.3735(5) 5.3821(5) 

c/Å 13.139(2) 13.149(2) 13.149(2) 

v/Å
3
 327.75(8) 328.79(7) 329.86(6) 

La/Mg 6a (0 0 1/4)   

focc La/Mg 0.99(2)/0.01(2) 1.00(2)/0.00(2) 0.99(2)/0.01(2) 

B/Å
2
 0.36(4) 0.36(3) 0.31(3) 

(Al,Ni) 6b (0 0 0)   

focc Al/Ni 0.95(1)/0.05(1) 0.936(4)/0.064(1) 0.810(2)/0.190(2) 

B/Å
2
 0.49(6) 0.47(5) 0.88(3) 

O 18e (x 0 1/4)   

x 0.4751(2) 0.4737(2) 0.4717(2) 

focc 1.0 1.0 1.0 

B/Å
2
 0.69(3) 0.77(2) 0.88(3) 

Fraction main phase 96.6(1) 93.8(1) 93.1(1) 

Fraction MgO 1.2(1) 0.6(1) 2.7(1) 

Fraction NiO 2.2(1) 5.6(1) 4.2(1) 

Reliability factors    

2
  2.20 5.22 2.22 

Rp/% 2.82 2.60 2.82 

Rwp/% 2.27 3.61 2.12 

RI/% 2.48 1.58 1.77 

 

The presence of Mg favours the higher production of H2 

and CO2, namely, it favours the ethanol steam reforming 

reaction, with a lower production of CH4 and CO undesired 

products. Spent catalysts were characterized by TG and SEM 

analyses in order to study the presence or not of carbon, one of 

the most common undesired reaction products. The weight 

loss can be seen in Figure 2 and the data are listed in Table 1. 

The weight loss is attributed to the combustion of carbon 

deposition. The amount of carbon deposited increases with the 

increase in Ni substitution level. Indeed, LaMgNi3 catalyst 

presents the highest weight loss (15%). It is known that 

different types of carbon can be found on the surface of spent 

catalysts, such as amorphous carbon, filamentous carbon, 

graphitic carbon, polymeric carbon stemming from ethylene 

polymerization and CHx species
[24–27]

.  

In order to characterize the nature of the carbonaceous 

species formed over the catalysts, the SEM analysis was 

carried out and the micrographs are shown in Figure 3. The 

images show the presence of carbon filaments over the three 

catalysts. It has been published that Ni particles are located at 

the ends of carbon filaments. Therefore, the metal remains 

active during ethanol steam reforming because the surface 

remains exposed to the reactants and therefore, the carbon 

formed does not result in significant catalyst deactivation. 

Even if differences in catalytic activity with the other catalysts 

are small, the better performance of LaMgNi1 catalyst and the 

lower carbon formation are significant. Thus an exhaustive 

characterization of solids would be necessary in order to 

explain the excellent catalytic performance. The possibility 

that perovskite structures present to incorporate different 

cations at A and B sites makes them suitable to be used as 

precursor catalysts in steam reforming reactions. A good 

dispersion of the active phase could be reached by the 

migration of more reducible cations, in this case Ni, from the 

host perovskite structure to the surface, after a reduction 

procedure. However, a high purity of the synthetized samples 

is essential to corroborate the inclusion of nickel into the 

structure and to control its expulsion after the reduction step. 

The synthesis method used in this work is the citrate method, 

which is known to yield solids with high purity since the 

precursor gel is highly homogeneous. Moreover, solids 

prepared by this method have higher surface areas than those 

one obtained from other preparation methods for the same 

compositions. Table 1 shows the ABET results. The specific 

surface areas of samples decrease with Ni substitution level, 

from 13 to 8 m
2
/g approximately. The partial substitution of 

sites with Mg leads to an increase of the ABET in comparison to 

the unsubstituted LaAlO3 perovskite. The purity of the 

samples can also be analysed from XRD results. 

Diffractograms of calcined catalysts are shown in Figure 4. 
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Fig. 6  Neutron powder diffraction Rietveld profiles of LaMgNiy for (a) y= 0.1, (b) y= 0.2 and (c) y= 0.3 

 

 

Fig. 7  A view of the crystal structure of LaMgNi2 at RT, defined as 

a superstructure of perovskite consisting of a framework of slightly 

tilted (Al, Ni)O6 octahedra with La atoms in the voids 

 

All samples show a good crystallinity and exhibit 

diffraction peaks corresponding to those reported for the pure 

LaAlO3 perovskite phase (JCP.DS file 96-900-7996). The 

crystallinity is not modified with the substitution of Mg, nor 

by the higher Ni content in the B position. Diffraction peaks 

corresponding to La2O3, MgO, NiO, Al2O3, or other 

segregated phases are not observed. However, due to the 

limitations of this technique, it is possible to have the presence 

of these phases in low concentrations or in amorphous 

arrangements. Table 1 shows the Ni content of samples. The 

values are lower than the nominal ones in all cases. Ni 

contents increase from approximately 2% to 5% with Ni 

substitution level. Considering the Ni low concentration and 

the high crystallinity of samples, it could be deduced that the 

absence of diffraction lines corresponding to NiO phases 

could be related either to the presence of small crystallites of 

NiO or to the insertion of Ni into the perovskite structure. The 

analysis of catalysts reducibility could give more information 

about Ni species in the perovskite. H2-TPR profiles of 

catalysts and a reference of NiO/LaAlO3 are shown in Figure 

5. This reference sample presents two reduction signals at 330 

and 400°C, and another one at higher temperature that is not 

completely resolved due to the limitations of the equipment. 

The first two signals would correspond to the reduction of Ni 

species, which are in different levels of interaction with the 

support
[28]

. The signal at higher temperature could be 

attributed to the presence of oxygen vacancies in the LaAlO3 

perovskite
[24]

 or to the presence of a spinel phase. It has been 

reported that NiAl2O4 phase presents a reduction signal above 

700°C
[25]

. XRD data give no evidence of the presence of the 

spinel phase, but, as it is mentioned above, the presence of this 

phase cannot be discarded. LaMgNi1 perovskite presents a 

broad reduction signal between 300 and 500°C, with a 

maximum at 420°C, and another signal at a temperature above 

700°C. The reduction profiles of LaMgNi2 and LaMgNi3 

perovskites present a main reduction signal at 350°C, which 

intensity increases with Ni content, two signals of low 

intensity between 400 and 450°C and also the signal above 

700°C. 
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Table 3  Main interatomic distances (Å) and selected angles (°) for 

the perovskites with nominal composition La0.9Mg0.1Al1–yNiyO3 

Ni content y=0.1 y= 0.2 y= 0.3 

Al,Ni)–O ×6 1.9018(7) 1.9044(7) 1.9073(8) 

O–(Ni,Mo)–O 90.16(4) 90.20(4) 90.28(5) 

(Ni,Mo)–O–(Ni,Mo) 171.94(2) 171.50(2)  

 

It has been reported that LaNiO3 perovskite presents three 

reduction signals at 350, 380 and 500°C, approximately. The 

first two peaks are assigned to the reduction of LaNiO3 to 

La4Ni3O10 and then to La2NiO4. The third broad peak 

corresponds to the reduction of La2NiO4 to Ni
0
 and La2O3

[26,27]
. 

The similarity in reduction temperatures between NiO and 

LaNiO3 makes it difficult to correct assign phases. However, 

the presence of more than two signals in the case of LaMgNiy 

perovskites gives evidence of the incorporation of Ni in the 

perovskite structure. More accurate information could be 

obtained from H2 consumption data presented in Table 1. It 

can be observed that perovskites present higher values of H2 

consumption than the impregnated sample. This would 

indicate the presence of Ni
3+

 species together with Ni
2+

. It is 

also observed a decrease in the consumption with a higher Ni 

substitution level which would reveal a higher proportion of 

Ni
2+

 species. Up to now, it could be assumed that part of the 

Ni is included in the perovskite structure in the three samples, 

though part of Ni is segregated as NiO especially in LaMgNi2 

and LaMgNi3 perovskites. The increase of the first signal 

intensity could also give evidence of the above explained 

facts. 

In order to elucidate the actual crystalline structure of the 

perovskite, the samples were studied by neutron powder 

diffraction (NPD). The refinement of the crystal structure of 

La0.9Mg0.1Al1–yNiyO3 (y = 0.1, 0.2, 0.3) from NPD data, recorded 

at RT (room temperature) demonstrate that all these samples 

belong to a rhombohedral polymorph perovskite, which is 

defined in the space group (no. 167), Z = 6. The unit-cell 

parameters are listed in Table 3. La and Mg atoms are, at first, 

distributed at random at 6a (0 0 1/4) positions, Al and Ni 

statistically distributed over the 6b (0 0 0) sites and oxygen 

atoms are at 18e (x 0 1/4) positions. After the first stage of the 

refinement, it is evident that Mg is rejected from the A positions 

of the ABO3 perovskite, yielding occupancy factors close to 100% 

for La atoms (Table 2), within the standard deviations. The 

Al/Ni ratio is also experimentally refined, taking advantage of 

the high contrast between the scattering lengths for Ni and Al. 

The refined Ni content is lower than the nominal value, as 

shown in Table 2. As a consequence of the segregation of MgO 

and NiO, these oxides are identified in the three NPD patterns 

and introduced in the refinement as second and third phases, 

respectively. 

Table 4  XPS results of catalysts 

Catalyst n(Ni)/n(La+Mg+Al) n(Mg)/n(La+Ni+Al) n(Oad)/n(Ol) 

LaMgNi1 0.048 (0.05)
*
 0.05 (0.05) 0.15 

LaMgNi2 0.091 (0.11) 0.07 (0.05) 0.18 

LaMgNi3 0.131 (0.176) 0.095 (0.05) 0.22 

*
: values between brackets correspond to nominal ones 

 

Both oxides exhibit a NaCl-type structure, which is defined 

in the Fm-3m space group, with Ni(Mg) at 1a (0 0 0) and O at 

1b (½ ½ ½). For MgO, a = 4.195(2) Å; for NiO, a = 4.188(2) Å. 

From the scale factors it is possible to estimate the relative 

amount of the main perovskite phase and the minor NiO and 

MgO impurities (Table 2). 

Table 2 contains the structural parameters and selected 

interatomic distances of the main perovskite phases at 25°C. 

Figure 6 shows the good agreement between the observed and 

the calculated phases, for the three compositions, y = 0.1, 0.2 

and 0.3. A view of the rhombohedral superstructure is shown 

in Figure 7. After the refinement of the mixed occupancy 

factors of La/Mg and Al/Ni it is obvious that Mg is not present 

at the A sublattice, whereas the amount of Ni is progressively 

increasing at the octahedral B sublattice. Nickel amount 

incorporated into the LaAlO3 structure is about 66% of the 

nominal one, which accounts for the presence of NiO as a 

second phase (together with MgO). It is possible that the total 

insertion of Ni would require larger pressure of O2, since 

LaNiO3 contains Ni
3+

 and must be stabilized under high 

oxygen pressure. As Ni content increases along the series, the 

unit-cell parameters and volume expand, given a larger ionic 

size for Ni
3+

 (and Ni
2+

) vs Al
3+

 in octahedral coordination. The 

(Al, Ni)–O bond lengths also increase along the series for the 

same reason, from 1.9018(7) Å for y = 0.1 to 1.9073(8) Å for 

y = 0.3 (Table 3). The (Al, Ni)O6 octahedra are slightly 

distorted with O–Ni–O angles of 90.16(4)º, which slightly 

increase along the series. The main tilting angle of the (Al, 

Ni)O6 octahedra, which controls the orbital overlap and hence 

the electronic transport properties, becomes narrower as 

temperature increases, from 171.94(2)° for x = 0.1 to 

170.81(2)°, as the tolerance factor of the perovskite becomes 

smaller since the octahedral size increases with Ni 

incorporation. These structural subtleties are unveiled to the 

extraordinary precision of the x coordinate for O atoms, 

determined by neutrons. NPD results corroborate what is 

supposed by H2-TPR results that a Ni segregation is more 

evident for a substitution level higher than 0.2. The 

segregation of Ni as NiO would generate species with 

different metal support interaction after reduction step, since 

the nature of Ni species is different. A low metal support 

interaction is also evident by the shift to low reduction 

temperatures with the increase of Ni content. These results 
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also corroborate the absence of a spinel phase as it is supposed 

by H2-TPR results. 

The disposition of this different Ni species on the surface 

after the reduction procedure can be analysed from the XPS 

results. XPS data of reduced catalysts are presented in Table 4, 

and are expressed as atomic ratios of the elements. The partial 

overlapping between the La 3d3/2 and Ni 2p3/2 energy regions 

makes it difficult to accurately estimate the Ni oxidation state, 

so Ni 3p is analysed. n(Ni)/n(La+Mg+Al) atomic ratio results 

are similar to the nominal value for LaMgNi1 perovskite, 

which indicates that the expulsion of Ni to the surface is 

reached in a controlled way, repeating the atomic ratio of the 

crystalline lattice. The same is observed for the 

n(Mg)/n(La+Ni+Al) ratio. An increase of n(Ni)/n(La+Mg+Al) 

with the increase in Ni content is observed, but these ratios are 

lower than the nominal ones for LaMgNi2 and LaMgNi3. Thus, 

the Mg ratio on the surface is slightly higher than the nominal 

value for these two catalysts. Evidently, the higher NiO/MgO 

segregation in these two samples modifies the disposition of 

cations on the surface after the reduction step. 

 It is also interesting to study the O 1s spectrum in order to 

analyse the presence of oxygen vacancies on the catalysts 

surface. The O 1s spectra of the samples present a main peak 

at around 530–531 eV. By deconvoluting this peak, two 

components are distinguished, specifically the low binding 

energy peak at 529.8–530.1 eV, ascribed to lattice oxygen, Ol, 

(O
2− 

2 ) and the high binding energy peak 531.3 eV, assigned to 

surface adsorbed oxygen, Oad, (O
2−

 or O
−
), OH

–
 groups and 

oxygen vacancies
[29]

. The relative abundance of Ol and Oad 

species are presented in Table 4. As expected, the most 

abundant component in all samples is the lattice oxygen. It is 

interesting to note that the LaAlO3 base perovskite evidences 

the presence of oxygen vacancies, (n(Oad)/n(Ol)= 0.39) that 

corroborates what is deduced from H2-TPR results. The 

increase in Ni content is concomitant to the increment of the 

oxygen vacancies, which could be explained by the 

segregation of oxides phases and the incorporation of Ni as 

Ni
2+

 instead of Ni
3+

 into the perovskite lattice.  

The characterization results demonstrate that the better 

catalytic performance of LaMgNi1 catalyst could be attributed 

to the minor proportion of segregated phases, and thus a 

controlled expulsion of Ni phases from the perovskite 

structure could generate more active species. It is important to 

note that the inclusion of Mg into the perovskite structure does 

not allow total inclusion of Ni cations as expected, and 

evidently there is a limit value of substitution level 

corresponding to y=0.1. However this fact could also 

demonstrate the importance of the origin of generated Ni 

particles. The exclusion of Ni from the perovskite structure 

generates Ni particles with a higher interaction with the 

support than those generated from segregated NiO phases. It 

has been demonstrated that a higher interaction of particles 

with the support could avoid particles sintering which leads to 

a highly active and stable catalysts as it is demonstrated in this 

work. This also confirms the importance in catalyst design 

especially in this reaction where the physicochemical 

characteristics of the generated particle directly affect its 

catalytic performance.  

 

3  Conclusions 

 

The obtained results show that it is possible to make a 

proper design of catalysts in the studied reaction. Indeed, high 

purity La1−xMgxAl1–yNiyO3 (x = 0.1; y = 0, 0.1, 0.2, 0.3) 

perovskites with appropriate textural features are obtained. 

The insertion of Ni in the perovskite structure is confirmed by 

the increase in the cell parameter of the host perovskite, and 

corroborated by the H2-TPR and NPD results. However, the 

segregation of Ni as NiO generates species with different 

metal support interaction after the reduction step. The 

methodology used in the synthesis of catalysts is adequate 

since active catalysts are obtained. The three samples present 

high activity during 9 h on stream. Total conversion of ethanol 

is reached in all cases with exceptionally high values of H2 

yields. LaMgNi1 catalyst presents the highest H2 yield value, 

about 85%, during reaction time, with low values of CH4 and 

CO selectivities of 3.4% and 11%, respectively, and a low 

carbon formation. The design of catalysts used in steam 

reforming reaction is essential in order to obtain catalysts with 

adequate properties in order to favor H2 production and avoid 

carbon formation. The use of pure perovskites as precursors of 

Ni leads to catalysts with a high catalytic performance. 
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