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On the search of new design procedures for high performance catalysts we have obtained a

very precisely defined surface architecture starting from a particular host structure. In this

case, high purity La1�xCaxAl1�yNiyO3 (x ¼ 0, 0.1; y ¼ 0.1, 0.2, 0.3) perovskites were chosen,

prepared by the citrate method and evaluated in the ethanol steam reforming reaction. The

samples were characterized by X-ray diffraction (XRD), specific surface area measure-

ments, X-ray photoelectron spectroscopy (XPS), X-ray absorption near-edge structure

(XANES) and extended X-ray adsorption fine structure (EXAFS), temperature-programmed

reduction (TPR) and Hydrogen Chemisorption. All the samples presented an excellent

catalytic activity and stability. Exceptionally high H2 yield values and low CO and CH4

selectivities were observed. Perovskite without the addition of Ca and with a value of

y ¼ 0.2 presented the highest stability during 12 h on stream.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Ethanol steam reforming is an endothermic reaction that

produces only hydrogen and carbon dioxide if ethanol reacts

in themost desirable way. However, usually by-products such

as carbon monoxide, methane, acetaldehyde and ethylene

can be formed. The use of an appropriate catalyst must favour

the reaction mechanism that reduces the formation of those

by-products, increasing the selectivity to the main products.

In general, different metals such as Ni [1], Co [2], Cu [3], Rh, Pt,

Ru [4,5] deposited on oxides supports (Al2O3, La2O3, ZnO, MgO)
N. Agüero).
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have shown a good level of activity and selectivity for ethanol

steam reforming. The high CeC bond breaking activity and the

relatively low cost of Nimake it a suitable active phase for this

reaction. However, there are still some challenges in the

application of Ni based catalysts. One of them is to avoid Ni

particle sintering, since large particles facilitate the formation

of carbon leading to the deactivation of the catalyst [6]. The

formation of carbonaceous deposits is a structure sensitive

reaction, and thus controllable with the domain size of Ni

centers. Beengard et al. [7], 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
ished by Elsevier Ltd. All rights reserved.
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formation. According to a model proposed by Borowecki [8]

there is a relationship between the domain size of the Ni

catalytic center and the rate of formation of coke. Chen et al.

[9] found that the crystal size of Ni has very significant effects

on the carbon nanofibers growth, including the initial coking

rate, the deactivation rate, and the final yield of carbon

nanofibers.

Another challenge is to prevent carbon deposition, which

takes place through the hydrogenation of CO and CO2 at low

temperatures and the decomposition of methane, ethane and

ethylene at higher temperatures [10]. The use of high surface

area supports favours the dispersion of active phase on the

support pores. g-Al2O3 is widely used as support, mainly due

to its thermal and mechanical stability associated with a high

surface area. However, its high acidity favors the reaction of

ethanol dehydration, which can lead to a progressive deac-

tivation of the catalyst [11]. Thus, the use of basic additives

and promoters such as alkali metal and alkaline earth has

been suggested as an alternative to neutralize the acid sites

of the g-Al2O3 [12,13]. Small amounts of MgO on Ni/Al2O3

catalysts caused a significant decrease in coke deposition in

the steam reforming reaction due to the decrease of the

support acidity [13]. Calcium is a metal with basic properties

and has been used as additive by several researchers in

steam reforming reactions. Choong et al. found an optimized

Ca loading that play a critical role in coke removal [14]. Elias

et al. studied the addition of Ca to Ni/Al2O3 catalysts and

found that these catalysts presented the lowest acidity and

carbon deposition and an excellent stability for 24 h of cat-

alytic test [15]. Zhong et al. [16]. studied the role of acid sites

on the catalytic steam reforming of ethanol using Rh cata-

lysts supported on different types of ZrO2. In order to modify

the acid and basic properties of the support, the authors

added small amounts of La2O3,CeO2 and Al2O3. They found

that at low temperature (300 �C), the Rh catalyst based on the

La promoted ZrO2 support with two types of acid sites was

more active, while above 450 �C all the catalysts exhibited a

similar catalytic activity.

Thus, it is essential to use a particular design criteria dur-

ing 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. Therefore, it is

necessary to make a proper selection of supports, either with

the addition of alkali elements [17], with the use of supports

with redox properties [18e20] or using novel methods of

preparation [21] to modify their properties and their interac-

tion with the nickel particles [22,23].

Perovskite oxides are widely used materials as catalysts.

This structure, with general formula ABO3 with A an alkaline

or lanthanide cation and B a transition element, admits the

inclusion by substitution of other cations A0 or B0. There are

several articles that report the use of these oxides in ethanol

steam reforming reactions, however, only few of them have

demonstrated to obtain solids with high purity [24e26]. The

main advantage of this type of structure is given by the pos-

sibility of its destruction by a reduction procedure. Thus, an in

situ formation of a phase arrangement appropriate to obtain

stable and active catalysts for the studied reaction is possible

onlywith the use of high purity solids. Therefore, the objective

of thiswork is to obtain pure AA’BB’O3 perovskites as catalysts
precursors with a correct selection of the cations in order to

generate in situ the active phase and the support with suitable

features for the ethanol steam reforming reaction.
Experimental

Catalysts preparation

La1�xCaxAl1�yNiyO3 (x ¼ 0, 0.1; y ¼ 0, 0.1, 0.2, 0.3) perovskites

were prepared by the citrate method [27]. La(NO3)3 � 6H2O,

Ca(NO3)2 � 4H2O, Al(NO3)3 � 6H2O, Ni(NO3)2 were dissolved in

water and were added to an excess citric acid solution. The

resulting solution was slowly evaporated under vacuum in a

rotavapor at 75 �C until a gel was obtained. This gel was dried

in a vacuum oven, slowly increasing the temperature to 200 �C
and maintaining this temperature overnight, to produce a

solid amorphous citrate precursor. The resulting precursor

was milled and then calcined in air at 800 �C for 2 h. The

samples were named LaNiy and LaCaNiy with y ¼ 1,2,3.

Additionally, a NiO/LaAlO3 catalyst was also prepared as

reference by impregnation to incipient wetness with an

aqueous solution of Ni(NO3)2. The amount of added solution

was the necessary to obtain a nickel loading equivalent to

LaNi1 catalyst.
Catalysts characterization

BET specific surface area measurements (SBET)
The specific surface area of the samples was calculated by the

BETmethod from the nitrogen adsorption isotherms obtained

at 77 K. A Gemini V from Micromeritics apparatus was used.

X-ray diffraction (XRD)
XRD patterns were obtained by using a Rigaku diffractometer

operated at 30 kV and 25 mA by employing Cu Ka radiation

with Nickel filter (l ¼ 0.15418 nm).

Inductively coupled plasma
The elemental composition was determined by inductively

coupled plasma. An ELAN DRC-e ICP-MS apparatus was used.

In each experiment, 10 mg of each catalyst was dissolved in

1 M HNO3 solution with a START D Microwave Digestion

System.

X-ray photoelectron spectroscopy (XPS)
XPS data were obtained with a Multitecnic UniSpecs equip-

ment with a dual X-ray source of Mg/Al and an hemispheric

analyzer PHOIBOS 150. A pass energy of 30 eV and an Al anode

operated at 100 W was used. The pressure was kept under

29 � 10�8 mbar. The samples were previously reduced at

600 �C in 50 mL/min�1 5% of H2/N2 stream.

Temperature programmed reduction (TPR)
The TPR was performed in a quartz tubular reactor using a

TCD as detector. Samples of 100 mg were used. The reducing

gas was a mixture of 5 vol% H2/N2, at a total flow rate of

30 mL min�1. The temperature was increased at a rate of

10 �C min�1 from room temperature to 700 �C.
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Hydrogen chemisorption
The samples were previously reduced at 600 �C with 50 mL/

min of 5%H2/Argon for1 h, followed by purging at 400 �C
during 1 h. The H2 isotherm was performed at 35 �C in a

Micromeritics ASAP 2010 equipment.

XAFS
The XAFS experiments (including X-ray absorption near-edge

structure region-XANES and extended X-ray adsorption fine

structure region-EXAFS) were carried out at the XAFS2

beamline at LNLS, Campinas, Brazil [28], using a double crystal

Si (111) monochromator. The Ni K-edge (8333 eV) spectra were

collected in transmission mode. The required quantity of

powder sample was mixed with boron nitride and pressed

into self-supporting discs in order to obtain an homogeneous

sample optimized for transmission measurements. The en-

ergy calibration was obtained by simultaneous absorption

measurements on the Ni metal sample positioned between

the second and the third ionization chamber. X-ray absorption

data were analyzed by using standard procedures [29]; a linear

background was fitted at the pre-edge region and then sub-

tracted from the entire spectrum; the jump of the spectrum

was normalized to unity with the post edge asymptotic value

by using a quadratic fit. The atomic background, m0(k), was

determined by using cubic splines and the radial distribution

function FT (c (k)) was obtained by Fourier transforming the k3

weighted experimental XAFS (c (k)) function in the region of

2e17 Å�1, multiplied by A Hanning window, into the R space.

The spectra reported represent the average of three data sets.
Table 1 e BET specific surface area (m2/g), elemental
composition from ICP-OES (wt%) and Ni dispersion (%)
from H2 chemisorption.

Catalyst SBET
(m2/g)

Ni content (wt%) Exposed surface
(m2/g)Experimental Nominal

Ni/LaAlO3 17.1 3.4 2.7 0.50

LaNi1 6 4 2.7 0.34

LaNi2 7 5.5 5.3 0.60

LaNi3 6 8.7 7.8 0.14

LaCaNi1 17 2.3 2.8 0.16

LaCaNi2 15 3.5 5.5 0.29

LaCaNi3 12 5.2 8.2 0.24
Catalytic tests

The catalytic evaluation of the prepared catalysts was

accomplished in a lab-ioniscale kinetic set-up which includes

dosing and evaporation of the liquid feed mixture

(waterþ ethanol), electrical heating, and quantitative analysis

of the exit gaseous stream (both composition and total volu-

metric flowrate were measured). The liquid feed was dosed by

a syringe pump (Cole Parmer 74900) directly from a storage

tank. The subsequent vaporization and overheating of this

mixture was performed by using heating tapes. A furnace

(Heraeus) with PID temperature control was employed to

house a stainless steel reactor in which the catalyst was

disposed. A K-type thermocouple was used to register the

reactor temperature. The condensable fraction of the stream

exiting the reactor was collected in a second storage tank,

whereas non-condensables were quantified by GC (HP 4890D)

equipped with Porapak Q and Carbosienve-II columns and a

TCD detector. Additionally, the total volumetric flowrate of

this gaseous fraction wasmeasured by a bubble-soapmeter in

order to close element mass balances.

To fill the reactor, prepared catalysts were grounded up to a

mean particle diameter of 0.4 mm. In order to moderate

thermal effects, dilution by mixing with quartz (similar par-

ticle diameter) was adopted. 50e150 mg of catalyst were used,

with a ratio catalyst:inert 1:10 w/w. The samples were previ-

ously reduced at 600 �C with 50 mL/min of 5%H2/N2 for1 h,

followed by purging at the same temperature with 50 mL/

min�1 of He during 30 min. By means of the above-described
lab set-up, steady-state stability tests of the catalysts were

performed operating at isothermal and isobaric conditions.

Catalytic runs were conducted at 600 �C and 1.2 bar. A

Water:ethanol feed molar ratio of 5:1 was selected (S/C ¼ 2.5)

with a WHSV 3.3 � 10�4 mLliq/(mgcatxmin) and using 50 mL/

min of nitrogen as carrier.

Ethanol conversion (XEtOH), Selectivity to carbon products

(Sj) and hydrogen yield hH2 were estimated as:

XEtOH (%) ¼ 100 $ (FEtOH,in � FEtOH,out)/(FEtOH,in)

hH2 (%) ¼ 100 $ FH2,out/(6 $ FEtOH,in)

Sj (%) ¼ 100 $ Fj,out/(S Fj,out), with j ¼ CH4, CO and CO2

Results

Specific surface area (SBET)

SBET results are listed in Table 1. Perovskites substituted with

Ca presented higher specific surface areas (12e17m2 g�1) than

unsubstituted ones (around 6 m2 g�1).

X-ray diffraction (XRD)

XRD patterns of LaNiy and LaCaNiy (y ¼ 1,2,3) are shown in

Fig. 1. All the samples showed a good crystallinity and pre-

sented a diffraction pattern close to the reported for the pure

perovskite LaAlO3 phase (JCPDS file 31-22). Diffraction lines

corresponding to segregated phases of lanthanum, calcium,

aluminium or nickel oxides were not observed. The crystal-

linity was not modified with the replacement of Ca in the A

position, nor by the higher Ni content in the B position. The

crystal structure was refined applying the Rietveld method to

the XRD data. Due to the strong pseudo-cubic nature of the

sample the refinement was carried out assuming a cubic Pm-

3m perovskite structure (Fig. 2). The lattice parameter a in-

creases linearly with the substitution of Al with Ni. The in-

crease in the lattice parameter could be related with two

different issues: First the differences between the ionic radii of

Al3þ: 0.53 Å Ni3þ: 0.56 Å and Ni2þ: 0.8 Å and by the other way

http://dx.doi.org/10.1016/j.ijhydene.2015.08.051
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Fig. 1 e XRD patterns of LaNiy and LaCaNiy perovskites

(y ¼ 1, 2, 3).
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with the possible generation of oxygen vacancies. These ones

could be related with tendency of nickel to stabilize the Ni2þ

oxidation state instead of Ni3þ, as it has been demonstrated

for other perovskites, since high oxygen pressures are needed

to keep the Ni3þ cation [30]. It is worth mentioning that the

addition of Ca decreases the cell parameter of LaAlO3 perov-

skite; quite possibly related with the inclusion of a smaller

cation at the A-sublattice.
Inductively coupled plasma-optical emission spectroscopy

Table 1 summarizes the Ni content, expressed as weight

percentage, of the synthetized catalysts. Ni content is lower

than the nominal values in Ca substituted samples; however,

the results of unsubstituted catalysts are similar to nominal

values. However, the impregnated sample presents higher Ni

content values than the perovskite samplewith the same level

of Ni substitution, (LaNi1).
Fig. 2 e Lattice parameter vs y (Ni substitution). LaNiy and

LaCaNiy perovskites.
X-ray photoelectron spectroscopy (XPS)

The XPS data of the reduced catalysts are presented in Table 2,

and are expressed as atomic ratios of the elements. Due to the

existence of a partial overlapping between the La3d3/2 and

Ni2p3/2 energy regions, it is difficult to estimate accurately the

Ni oxidation state. However, the peak deconvolution allowed

calculating the area of Ni2p and therefore quantitative mea-

surements were performed. Ni/La þ Ca þ Al atomic ratio for

the different Ni substitution levels in samples without cal-

cium resulted higher than those of Ca substituted samples. It

is also observed that Ni/La ratio keep almost constant while

Ni/Al ratio increase with the increase of Ni content. These

results could indicate that Ni after the reduction step is pref-

erentially located on Al atoms. The decrease in La/Al ratio

values with the addition of Ni in calcium substituted perov-

skites could indicate that Ca is placed on La atoms considering

also that Ca/La ratio increase with Ni content. Additionally,

Ca/La þ Al þ Ni ratio are higher than the nominal value (0.05)

indicating an enrichment of Ca on the catalyst surface. The O

1s spectrum of all samples presented a main peak at around

530e531 eV. By deconvoluting this peak, two components are

distinguished, namely the low binding energy peak at

529.8e530.1 eV, ascribed to lattice oxygen, Ol, ðO2
2�Þ and the

high binding energy peak 531.3 eV, assigned to surface

adsorbed oxygen, Oad, (O2� or O�), OH groups and oxygen

vacancies [31]. The relative abundance of Ol and Oad species

are listed in Table 2. As expected, the most abundant

component in all samples was the lattice oxygen. It is inter-

esting to note that the LaAlO3 base perovskite evidences the

presence of oxygen vacancies, (Oad/Ol ¼ 0.39) that could result

in interesting oxidation centres. The Ni inclusion decreases

the oxygen vacancies while Ca does not affect the surface

defects. Oad/Ol ratio resulted similar for all the substituted

catalysts and were around 0.2.

X-ray absorption near-edge structure (XANES) and extended
X-ray adsorption fine structure (EXAFS)

The XANES region of the XAFS spectra collected for LaNi2 and

LaCaNi2 was analyzed on the basis of a linear combination of

the different and possible oxidation states of nickel in the

studied compounds. It is known that without using a high

oxygen pressure synthesis method nickel in this kind of pe-

rovskites tends to stabilizemixed oxidation states (2þ/3þ) and

these two cases are not the exception.

In Fig. 3, the above mentioned XANES spectra and the

corresponding to the standards Ni�, NiO and LaNiO3�d are

shown. From there the shape of the pre-edge peak of metallic

nickel is not observed at the samples, which show a pre-edge

peak similar to that displayed by the LaNiO3�d perovskite,

suggesting the absence of the metal in the studied samples.

Moreover, from the linear combination fit, this assumption

was confirmed suggesting the presence of Ni2þ and Ni3þ in

both structures. As a rough approximation we can see a 65/

35% ratio for the LaNiO3�d/NiO contributions for both sam-

ples. These results are qualitative, since there are some small

issues that does not allow the exact calculation of the content

of both species. Although, these results are not completely

accurate (the vacancy level of LaNiO3�d is not known and the

http://dx.doi.org/10.1016/j.ijhydene.2015.08.051
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Table 2 e XPS results.

Catalyst Ni/La þ Ca þ Al Ni/La Ni/Al La/Al Ca/La Ca/La þ Al þ Ni Oad/Ol

LaAlO3 0.7 0.39

LaNi1 0.05 0.2 0.07 0.38 0.35

LaNi2 0.09 0.28 0.13 0.48 0.4

LaNi3 0.09 0.23 0.17 0.75 0.26

LaCaNi1 0.04 0.14 0.07 0.52 0.2 0.18 0.22

LaCaNi2 0.05 0.16 0.1 0.3 0.62 0.11 0.19

LaCaNi3 0.08 0.23 0.16 0.27 0.71 0.10 0.25
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crystal structure of NiO is different to the perovskite one) we

can confirm the presence of Ni2þ/3þ, being, quite possibly, Ni3þ

the most abundant in the structure.

The Fourier transform of the Ni K-edge EXAFS signal (FT)

gives a pseudo radial distribution function around Ni atoms.

The FT spectra of LaNi2 and LaCaNi2 are shown in Fig. 4. The

experimental data is depicted as the solid line, the best fit is

depicted as dashed line and the main contributions corre-

sponding to the different bond lengths are represented as

dotted lines. The first main peak (from 1 to 2 Å) correspond to

the first coordination sphere that is composed of different

NieO bond lengths. Peaks from 2 to 4 Å correspond to single

scattering contributions from first rare earths and Ni neigh-

bours, as well as, from second O neighbours. This region is

rich in structural information. The refinement was made

assuming a cubic perovskite structure and the FEFF pro-

gramme [32] was used to calculate the radial distribution

functions. LaNi2 exhibited a first peak corresponding to a

NieO bondwith a distance of 1.6 Å and several peaks from 2 to

4 Å. These peaks could be fitted with NieLa bond distance,

which is the main contribution of the second and more

intense peak at a distance of 3 Å and with the contribution of

NieAleO, NieOeAleO and NieLaeO bond distances in a

lesser extent. LaCaNi2 sample exhibited also a first peak that

could be attributed to a NieO bond distance and two high

intensity peaks at 2.6 and 3 Å. The third peak could be fitted

with NieLa and NieAleO bond distances. Regarding the sec-

ond peak located at 2.6 A, there was no predicted signal

associated with the perovskite model capable of fit it. By this
Fig. 3 e XANES spectra in the Ni K-edge region.
way, it was necessary to use additional contributions corre-

sponding to a NiO structure. Then, the second peak could be

attributed to a NieNi bond distance from that NiO phase.
Temperature programmed reduction (TPR)

Fig. 5 shows the TPR profiles of all the catalysts. This figure

also shows TPR results obtained for Ni/LaAlO3, prepared by an

impregnation method and LaNiO3 perovskite taken as refer-

ences. LaNiO3 perovskite presents three reduction signals at

around 350, 380 and 500 �C. It has been reported that the first

two peaks are assigned to the reduction of LaNiO3 to La4Ni3O10

and then to La2NiO4. The third broad peak corresponds to the
Fig. 4 e Fourier transform of the Ni K-edge EXAFS signal for

a) LaNi2 and b) LaCaNi2.
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Fig. 5 e TPR profiles of a) LaNiy and b) LaCaNiy catalysts.
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reduction of La2NiO4 to Ni� and La2O3 [33,34]. The reduction of

NiO/LaAlO3 occurs in two steps at around 330 and 420 �C. The
perovskites prepared in this work present a main reduction

signal at around 345 �C and signals with lower intensities

between 380 and 500�. The intensity of these signals increases

with the increase of Ni content. Calcium substitution evi-

dences a shift of the reduction signals to higher temperatures

and an intensity increase of the second and third signals. The

overall appearance of the signals of the samples with calcium

is quite similar to the one corresponding to the NiO/LaAlO3

sample.
Hydrogen Chemisorption

The Ni exposed surface after the reduction treatment was

estimated from the H2 chemisorption results. It is worth

mentioning that the dispersion of Ni on the surface can not be

estimated from these results. Lower than real values would be

obtained in perovskites since the amount of nickel available in

the surface after the reduction treatment is lower than the

total nickel content in the original perovskite structure.

Metallic exposed surface results are shown in Table 1. There is

not a direct relationship between Ni exposed surface and

nickel substitution. LaNi2 catalyst, presents the highest
metallic surface, 0.6 m2/g. Calcium substituted samples pre-

sent lower values than the unsubstituted ones, with the

exception of LaCaNi3 which is higher than LaNi3. It is inter-

esting to note that NiO/LaAlO3 the sample prepared with an

impregnation method presents a metallic surface of 0.5 m2/g

which is comparable to that of LaNi2 catalyst.

Catalytic performance

Fig. 6 presents the reaction performance of the catalysts as

mean values from 6-hr on-stream catalytic tests under

ethanol steam reforming. The performance parameters

selected are ethanol conversion, hydrogen yield and CH4, CO,

and CO2 selectivities. Total ethanol conversion was reached in

all cases with exceptionally high values of H2 yields, around

80%. Additionally, reduced CO and CH4 selectivities were

attained. The presence of acetaldehyde, ethane and ethylene,

the most common precursors of carbon, were not detected in

any case. Additionally, two catalysts (LaCaNi2 and LaNi2) were

evaluated using one third of the catalyst weight used in the

previous test. The stability of these samples was evaluated

during 12 h on-stream. The corresponding results are reported

in Fig. 7. The LaNi2 catalyst presented high stability with

timeeon-stream with total ethanol conversion along almost

the whole test. H2 yield remained about 80%, while low mean

values of CH4 and CO selectivities of 3.5 and 10%, respectively,

were measured. Only after 10 h of reaction, a small amount of

acetaldehyde was detected with the consequent drop in H2

yield. LaCaNi2 also presented a good stability during 8 reaction

hours with similar values of H2 yield and CO, CO2 and CH4

selectivities as the LaNi2 sample. However, it started to

deactivate slowly after that 8 h, decreasing the ethanol con-

version and the H2 yield to final values of 77 and 50%,

respectively, at 12 reaction hours. Ethane, ethylene, acetal-

dehyde and unconverted ethanol were detected during this

deactivation period.

The catalytic activity of a reference Ni/LaAlO3 catalyst was

also measured in the same operating conditions (1.5 h on-

stream) in order to analyze the effect of the synthesis proce-

dure (Fig. 6). The catalytic activity of this reference sample

resulted considerable lower than that obtained with the

perovskite catalysts. Ethanol conversion was incomplete from

the beginning of the test and a maximumH2 yield of only 35%

could be attained. Not negligible amounts of acetone, acetal-

dehyde, ethane and ethylene were measured from the

beginning of the experience, increasing with time-on-stream.
Discussion

The idea of studying a catalyst design lies in the need to find

an active and selective catalyst with high stability in the

steam reforming reaction. It is known that the necessary

features to prevent catalyst deactivation are Ni particles with

small domain sizes, with a high dispersion on a support with

alkaline characteristics. Furthermore, the capability of the

perovskite structure to incorporate several cations in a

random way, generates islands enriched in different cations.

The controlled destruction by a reduction step of the obtained

pure disordered perovskite tends to move the most reducible
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Fig. 6 e Catalytic activity results during 6 h on stream for perovskite catalysts and 1, 5 h for Ni/LaAlO3 reference catalysts.
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metal to the surface and generate small particles under the

adequate conditions. By this way, the proposal of this work is

to study perovskites as host structures of Ni and the subse-

quent generation of a catalyst with small metallic particles.

The purity of the synthetized perovskites is essential in order

to corroborate the inclusion of Ni in the structure and to

control the expulsion of Ni after the reduction procedure. The

samples in this work were prepared by the citrate method,

which is recognized as an appropriate method to obtain pure

solids since the precursor gel is highly homogeneous [35]. The

success in the perovskite synthesis can be corroborated by X-

ray diffraction (Fig. 1), where only a perovskite phase was

observed. In no case, segregated phases of lanthanum, cal-

cium, aluminum or nickel oxides were detected. However, the

presence of these phases in very low concentrations or in an

amorphous form can not be discarded due to the limitations of

the technique. Considering, that Ni content in these perov-

skites is around 2e8% weight (Table 1), and the high crystal-

linity that these samples present, it could be deduced that the

absence of diffraction lines corresponding to NiO phase could

be related either to the presence of a small domain size of NiO

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

increase in the cell parameter of the host perovskite, deter-

mined by a Rietveld refinement of the diffraction patterns

(Fig. 2), would give evidence of the insertion of Ni. EXAFS

technique is a useful tool to study the Ni environment in the

structure. This is of great importance since it can allow us to

corroborate the inclusion of this cation in the host perovskite

and possibly the presence of nickel atoms with distinct envi-

ronments. The information obtained from the Fourier trans-

form of the Ni K-edge EXAFS signal (Fig. 4) of two of the

catalysts prepared in this work (LaNi2 and LaCaNi2) confirm
the inclusion of Ni in the structure of LaAlO3 perovskite. The

FT spectra of LaNi2 was fitted by using the contribution of the

different bond distances corresponding to the perovskite

structure. LaCaNi2 spectra also presented the contributions of

the perovskite bond distances; however, an additional signal

of a NieNi bond distance corresponding to a NiO phase was

also detected. TPR results presented in Fig. 5 give evidence of

the previously stated. The presence of more than two signals

would indicate the existence of a Ni3þ/Ni2þ phase. However

the reduction signals of Ca-doped perovskites are quite

similar to the one corresponding to the Ni/LaAlO3, which

could be indicating the segregation of NiO on these catalysts.

It is interesting to note, that the synthesis method is suit-

able since it is possible to obtain solids with acceptable spe-

cific surface areas rather than those prepared from ceramic

methods. Merino et al. [36] studied La1�xCaxCoO3 perovskites

and observed an important difference between the surface

area of the unsubstituted and the substituted perovskites. In

this paper similar results were obtained, the surfaces areas of

substituted samples were almost the double of the corre-

sponding to samples without calcium. Probably, the substi-

tution of lanthanum with calcium changes the perovskite

synthesis process, modifying the carboxilate precursor

decomposition, and by this way, different textures are ob-

tained. Even if the calcium replacement of lanthanum in the A

sites is feasible because of the similarity between the ionic

radii of the two species in 12-fold coordination (1.36 Å for La3þ

and 1.34 Å for Ca2þ [37]), this replacement probably induces a

structural disorder that leads to a delay in the crystallite

growth. The selection of the degree of Ca substitution was

made considering the results published in the literature. S.M.

de Lima et al. [38] synthetized La1�xCaxNiO3 perovskites with
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x: ¼ 0, 0.05, 0.1, 0.3, 0.5, 0.8 used in partial oxidation of

methane. They found a pure perovskite only with a substitu-

tion degree of 0.05. Above this value, they detected a segre-

gation of oxides phases. A. Khalesi et al. [39] prepared

CaxLa1�xNi0.3Al0.7O3�d and SrxLa1�xNi0.3Al0.7O3�d (x ¼ 0, 0.2,

0.5, 0.8, and 1.0) perovskites catalysts for dry reforming of

methane. With x > 0.2 they detected segregated phases beside

the perovskite structure. Wu et al. [26] reported the synthesis

of La1�xCaxNiO3 in glycerol steam reforming. For x ¼ 1 the

main phase detected was LaNiO3 perovskite structure how-

ever the peak intensities decrease in comparison to the
unsubtituted perovskite, and additional peaks were also

detected simultaneously. Even if DRX results demonstrated a

high purity of all the samples, EXAFS and TPR results give

evidence of segregated NiO using even a x ¼ 0.1 substitution

level.

It is known that the active site in steam reforming re-

actions is metallic nickel, thus the expulsion of Ni to the

surface was needed to generate the catalyst; this was carried

out by a reduction procedure. TPR results show that all cata-

lysts are completely reduced at 600 �C. Therefore, these

sampleswere pretreated in a 5%H2/N2 stream at 600 �C during
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1 h with a heating rate of 20 �C/min in the catalytic reactor.

The catalytic performance of the prepared samples was

evaluated in the ethanol steam reforming reaction in 6 h on-

stream tests (see Fig. 6), attaining remarkable activity and

stability values for all catalysts. Exceptionally high H2 yields

and low CO and CH4 selectivities were observed. These results

corroborate the success in the synthesis method employed.

Certainly, a NiO/LaAlO3 catalyst prepared by a simple

impregnation method presented a very low activity and sta-

bility compared to perovskites with the same content of Ni.

Wu et al. [26] observed a better catalytic performance in

glycerol steam reforming on La1�xCaxNiO3 rather than Ni/

La2O3. Batiot-Dupeirat et al. [40] also reported a higher cata-

lytic activity on catalysts derived from LaNiO3 perovskite type

oxides than that on Ni/La2O3 prepared by the impregnation

method in CO2 reforming of CH4. They attributed it to the

stronger metal-support interaction and smaller Ni metallic

particles on LaNiO3 rather than Ni/La2O3. Evidently, the Ni

expulsion to the surface in a controlled way generates Ni

species with a higher performance than that generated from

NiO/LaAlO3. In fact, XPS results showed that Ni/La þ Ca þ Al

atomic ratio for LaNi1 was 0.05, (Table 2) indicating that the

expulsion of Ni is achieved in a controlled way repeating the

atomic ratio of the crystalline lattice. Considering the higher

metallic surface that the impregnated sample presents and

the higher amount of atoms in the surface in comparison to

that of LaNi1, the higher catalytic activity of perovskite prob-

ably would indicate that Ni species generated from the host

structure would be smaller than the ones generated by

impregnation.

The performance reached by all catalysts approaches the

thermodynamic equilibrium, therefore only small differences

in selectivity could be observed. Thus, in order to analyze the

effect of Ca addition and seeking to operate with enhanced

sensibility in the reaction performance parameters, it was

decided to evaluate the catalysts farther from the equilibrium.

Towards these ends, two catalysts (LaCaNi2 and LaNi2) were

evaluated using one third of the weight used in the previous

test (Fig. 7). Both catalysts presented an excellent catalytic

performance in these conditions. LaNi2 catalyst presented

high stability on time on streamwith total ethanol conversion

and 80% of H2 yield with low mean values of CH4 and CO

selectivity. A small amount of acetaldehyde in the liquid

effluent was detected only after 10 h of reaction. LaCaNi2 also

presented a good stability during the first 8 h of reaction

however, it started to deactivate slowly after that time

decreasing the ethanol conversion and the H2 yield at 12 re-

action hours. Contrary to what it was expected the addition of

an alkaline cation in this case does not favor the catalyst

stability in spite of its high specific surface area and the

presence of oxygen vacancies. A possible explanation to this

issue could be related with the fact that the inclusion of both,

Ni and Ca, is associated with the generation of oxygen va-

cancies. By this way, the inclusion of calcium generates

enough vacancies to destabilize the perovskite structure (it is

well known that the great stability of Pv structure is related

with the 3D stacking of octahedra) so the nickel doping in the

structure could be smaller in the case of LaCaNi samples than

the doping degree of the LaNi ones. This fact is associatedwith

the segregation of larger NiO particles, which has been
suggested by the analysis of the TPR and XAFS data, and tends

to deactivate in an easier way the catalysts with calcium, in an

opposite way to the expected from the reported works where

the inclusion of Ca or Mg improved the performance of the

catalysts. Carrero et al. [41] studied the incorporation of

alkaline-earth elements (Mg and Ca) to the silica support of

CueNi/SiO2 catalysts used in ethanol steam reforming reac-

tion. They found that both Mg and Ca addition improved the

dispersion of the CueNi metallic phase and strengthened

metalesupport interaction. Mg-promoted catalysts achieve

the highest hydrogen selectivity. Evidently, one of the main

factors affecting catalytic activity is the amount of Ni available

at the surface of catalyst. It is known that the better the

dispersion of nickel, the higher is the catalytic activity [42].

Mattos et al. [43] reported that the ethanol steam reforming

requires a smaller quantity of metallic atoms assembled than

the carbon formation reactions, so that smaller metal parti-

cles would lead catalysts with higher carbon formation

resistance. In this case, XPS data show that Ca addition

decreased the dispersion of Ni evidenced by the lower values

of Ni/La þ Ca þ Al. H2 chemisorption technique also corrob-

orates the lower exposed surface of Ni on Ca substituted cat-

alysts. The results showed up to now are in agreement with

EXAFS data previously discussed. Evidently, and aswe pointed

out above, the absence of Ca favors the inclusion of Ni in the

perovskite and therefore its reduction from a crystalline

defined structure generates Ni species with higher activity in

the steam reforming reaction. These results confirm the

importance of preparing solids with high purity in order to

achieve to active Ni species after the reduction treatment.
Conclusions

In the search of improved catalysts for the ethanol steam

reforming reaction, we have developed a new design criterion

basedontherandomnessnatureofthecationsdispositionatthe

B-sublatticeof simpleperovskites. Theconsequent formationof

nanoregions enriched in different cations plus the possibility of

a controlleddestructionof thestructureallowedthesegregation

of highly interacted nanoparticles with a very promising con-

version and selectivity in the reaction under study. La1�xCax-
Al1�yNiyO3 (x ¼ 0, 0.1; y ¼ 0, 0.1, 0.2, 0.3) perovskites with

appropriate textural features were prepared by the citrate

method with high purity. The insertion of Ni in the perovskite

structurewas confirmedby the increase in the cell parameter of

the host perovskite, and corroborated by the TPR and EXAFS

results. All samplespresentedanexcellent catalytic activity and

stability during 6 h. Exceptionally high H2 yield values and low

CO and CH4 selectivities were observed. The addition of Ca

reduce the inclusion of Ni into the perovskite structure. A

perovskitewithout the addition of Ca andwith a value of y¼ 0.2

presented the highest stability during 12 on stream.
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