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a b s t r a c t

LnFe0.7Ni0.3O3−ı (Ln = La, Pr, Sm) perovskites synthesized via Pechini method have been studied as cat-
alysts of methane dry reforming (MDR). Effects of pretreatment and type of Ln cation on the structural
and redox properties of perovskites and their catalytic performance have been elucidated. The most
active catalysts are obtained by keeping perovskites in the reaction feed at high temperatures due to
the formation of Ni–Fe alloy particles released from the perovskite lattice and stabilized on its surface.
eywords:
ethane dry reforming
i–Fe perovskites
a
r

PrFe0.7Ni0.3O3−ı was found to be the most active and stable catalyst due to the optimal composition of
segregated Ni–Fe alloy particles and redox properties of oxide matrix.

© 2010 Elsevier B.V. All rights reserved.
m substitution
i–Fe alloy

. Introduction

Recently, methane dry reforming (MDR) has attracted consider-
ble attention as a process generating synthesis gas with the H2/CO
atio close to unity which is a favorable feedstock for the produc-
ion of oxygenates and liquid hydrocarbons in the Fischer–Tropsch
ynthesis [1].

The Ni-containing catalysts possessing a high initial activity
re promising for the practical application due to their low cost.
he drawbacks of these catalysts are sintering of nickel and their
eavy coking. The solution of these problems is the incorporation
f nickel in the oxide matrix with a high oxygen mobility such as
eO2–ZrO2 [2], perovskites of ABO3 [3–10] or A2BO4 [11,12] types.
his provides a high dispersion of the metal nickel formed under the
eaction conditions and participation of oxide matrix oxygen in the
eaction that prevents the catalyst coking and increases its activ-
ty and stability [7–9]. The oxygen mobility of perovskites could
e adjusted by the substitution of A-site cation that allows tuning

heir catalytic performance in methane DR [6–10].

In this work results on the structural, redox and methane DR
atalytic characterization of Ln1

1−yLn2
yFe0.7Ni0.3O3−ı (Ln = La, Pr,

m; y = 0–0.1) perovskites (LnFN) are presented. The impact of the

∗ Corresponding author. Tel.: +7 383 326 95 11; fax: +7 383 330 80 56.
E-mail address: pavlova@catalysis.ru (S. Pavlova).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.10.086
nature of cations in the A-site of perovskites on their real struc-
ture, redox properties and catalytic activity has been elucidated.
For comparison, the MDR activity of PrOx-supported Ni–Fe catalysts
has been studied as well.

2. Experimental

Perovskites and praseodium oxide (PrOx(P)) were synthesized
by Pechini route using metal (Me) nitrates, citric acid (CA), ethy-
lene glycol (EG) and ethylenediamine (ED) as reagents [13,14]. The
molar ratio of CA:EG:ED:Me was 3.75:11.25:3.75:1. CA and metal
nitrates were dissolved in ethylene glycol at 80 ◦C and in distilled
water at room temperature, respectively. The prepared solutions
were mixed together at room temperature under stirring followed
by addition of ED. The prepared solution was stirred for 60 min and
then heated at 70 ◦C for 24 h allowing for the gel formation. The gel
was calcined at 600 ◦C for 2 h then obtained solids were ground and
annealed at 900 ◦C. Praseodium oxide (PrOx(n)) was also prepared
by decomposition of nitrate salt under air followed by calcination
at 900 ◦C. The supported catalysts (Ni,Fe)/PrOx were prepared by
incipient wetness impregnation of PrOx with the mixed water solu-

tion of nitrates followed by calcination at 900 ◦C. The total content
of Ni–Fe was 3, 5 and 7 wt% with the atomic ratio Ni/Fe = 4.

The samples of perovskites were characterized by XRD, BET,
TEM with EDX, H2 and CH4 temperature-programmed reduction,
O2 temperature programmed desorption. The X-ray phase anal-

dx.doi.org/10.1016/j.cattod.2010.10.086
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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the low-temperature peaks are shifted to higher temperature while
the high-temperature peaks are shifted to lower temperatures. The
trend of increasing the temperature of a partial Ni3+ (Fe4+) cations
reduction in this order agrees with the data for LaFeO3, NdFeO3 and
ig. 1. XRD patterns of initial perovskites LnFe0.7Ni0.3O3−ı calcined at 900 ◦C: NiO
*).

sis of samples was carried out using ARLX,TRA diffractometer
Thermo, Switzerland) with CuK� radiation in the range of 2�
ngles equal to 15–90◦. BET specific surface area (SSA, m2/g)
as determined from the data on Ar thermodesorption. The TEM
icrographs were obtained with a JEM-2010 instrument (lattice

esolution 1.4 Å) and acceleration voltage 200 kV. Local elemental
nalysis was performed with EDX method (a Phoenix Spectrome-
er). The surface/bulk oxygen mobility for samples pretreated in O2
t 500 ◦C was characterized by the temperature-programmed des-
rption (TPD) in He flow. The X-ray particle sizes were estimated
y using the Scherrer equation.

Reactivity of perovskites was studied using temperature-
rogrammed reduction (TPR) by H2 (10% H2 in Ar, feed rate 2.5 L/h,
emperature ramp from 25 to 900 ◦C at 10◦/min) or CH4 (1% CH4
n He, feed rate 10 L/h, temperature ramp from 25 to 880 ◦C at
◦/min). The experiments were carried out in kinetic installations
quipped with GC Tcvet-500 and PEM-2 M analyzer (IR absorbance
nd electrochemical gas sensors).

The dry reforming reaction was carried out over the preox-
dized or prereduced catalysts. The reaction was studied in the
emperature-programmed mode (1% CH4 + 1% CO2 in He, contact
ime 0.005 s) as well as in steady-state conditions (10%CH4 + 10%
O2 in He, contact time 0.01 s) at temperatures up to 800–850 ◦C in a
ow installation. To compare specific (per the surface unit) catalytic
ctivity of different samples, effective first-order rate constants
ere calculated for the plug-flow reactors [15]. The long-term test-

ng was performed in the reaction mixture 50% CH4 + 50% CO2 at
00 ◦C and contact time 0.1 s.

. Results and discussion

.1. Structural and textural features

Characteristics of initial perovskites and PrOx-supported cata-
ysts are presented in Tables 1 and 2. The BET specific surface areas
f samples are in the range of 4–5 m2/g which are comparable with
he usual values obtained for such systems [8,16,17].

According to XRD data (Table 1, Fig. 1), all initial LnFN samples
re single phase orthorhombic perovskites, the lattice parameters
eing close to known values [18,19], and only SmFN sample con-

ains a trace admixture of NiO. The observed difference in the lattice
arameters is due to the difference in the size of Ln cations (Table 1).
or SmFN, splitting of reflections is observed due to the coopera-
ive lattice distortion (Fig. 1). A similar phenomenon was earlier
bserved for SmFeO3 perovskite and explained by a strong dis-
day 164 (2011) 227–233

tortion of Sm-oxygen polyhedra, distortion of the Fe–O octahedra
being small [19]. The average X-ray particle size for all perovskites
was estimated to be ∼100 nm.

After reduction at 600 ◦C in H2, perovskites retain their structure
but some shift of all reflections towards lower angles is observed
showing the unit cell expansion due to reduction of Fe4+ and Ni3+

ions to larger Fe3+ and Ni2+ cations [19]. The XRD patterns of
perovskites reduced in H2 at 800 ◦C are presented in Fig. 2. For
all samples, the observed phases are Ni–Fe alloy, remaining per-
ovskites with changed parameters and La2O3, Pr2O3 or Sm2O3
depending on the composition of starting samples. The lattice
parameter of Ni–Fe alloy (Table 1) changes with the Ln cation
nature but in all cases it is intermediate between those of pure
metal Ni face-centered cubic lattice – 3.5240 Å [JCPDF 65-2865]
and Fe0.64Ni0.36 alloy – 3.5922 Å [JCPDF 47-1405]. For the LaFN and
LaPrFN precursors, the Ni–Fe alloy composition is close (Table 1)
while for PrFN, a larger parameter indicates that the alloy is highly
enriched by Fe. The X-ray alloy particle size is smaller for Pr-
containing samples.

The structure of praseodymium oxides prepared both by nitrate
decomposition and via Pecini method corresponds to that of
Pr12O22 [JCPDF 89-573]. The XRD patterns of (Ni,Fe)/PrOx sup-
ported catalysts along with reflections of Pr12O22 show weak peaks
corresponding to PrNiO3 perovskite [JCPDF 79-2455]. Some shift
of perovskite reflections with respect to those of stoichiometric
PrNiO3 is observed due to apparent Fe incorporation into the per-
ovskite structure.

3.2. H2 TPR

The H2 TPR profiles of all LnFN perovskites are presented in
Fig. 3. In all cases, three main peaks are observed in the patterns: the
intense low-temperature peak with the maximum at 317–354 ◦C,
the low intensity peak at 386–445 ◦C and unresolved intense high-
temperature peak above 600 ◦C. The first low-temperature peak
is assigned to reduction of Ni3+ to Ni2+, and the second one cor-
responds to reduction of Fe4+ cations to Fe3+ state within the
perovskite lattice that is in agreement with known results [9,16]
and our XRD data showing retention of perovskite structure after
reduction at 600 ◦C. The high-temperature peak is attributed to the
partial destruction of perovskite structure with formation of Ni–Fe
alloy and corresponding oxides (Fig. 2). In going from LaFN to SmFN,
Fig. 2. XRD patterns of LnFe0.7Ni0.3O3−� perovskites reduced at 800 ◦C in H2 (per-
ovskite (|), La2O3 (+), Ni–Fe alloy (�), La(OH)3 (*), Pr2O3 (V)).
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Table 1
Unit cell parameters, secondary phases and BET results for perovskites LnFe0.7Ni0.3O3−ı with different Ln-cations calcined at 900 ◦C.

Ln La LaPr Pr Sm

Ionic radius* (Å) 1.36 1.31 1.24
a (Å) 5.511 5.500 5.522 5.572
b (Å) 7.808 7.809 7.742 7.657
c (Å) 5.537 5.462 5.462 5.376
V (Å3) 238.25 237.39 233.54 229.34
Secondary phase − − − NiO
SSA (m2/g) 4 4 4 5
Dalloy

**(H2, 800 ◦C) (Å) 175 115 160 −
Lattice parameter of alloy (H2, 800 ◦C) (Å) 3.567

* R.D. Shannon, Acta Crystallogr., Sect. A 32 (1976) 751.
** X-ray particle size.

Table 2
Specific surface area of praseodymium oxides and supported Ni–Fe catalysts.

Sample SSA (m2/g)

PrxOy(n) 2.3
PrxOy(P) 3.7

S
d
m
s
i
t
f
t
s
o
S
[

3% Ni–Fe/PrxOy(n) 5.2
5% Ni–Fe/PrxOy(P) 4
7% Ni–Fe/PrxOy(P) 4

mFeO3 reported in [17,19]. Such a trend has been explained by the
ecrease of the Fe–O bond distances from LaFeO3 to SmFeO3 esti-
ated from the cell size and, thus, by the increase of the Fe–O bond

trength. Since for LnFe0.7Ni0.3O3 the cell volume also decreases
n the order from La to Sm (Table 1), it is reasonable to suppose
he same reason for more difficult reduction of Ni3+(Fe4+) cations
or SmFN perovskite. The shift of high-temperature peak to lower
emperatures is determined by the decrease of perovskite lattice

tability in going from LaFN to SmFN. LaFN and PrFN having less dis-
rdered structures are more stable to reduction as compared with
mFN perovskite (Fig. 1) with the most distorted Sm–O polyhedra
19].

Fig. 3. H2-TPR profiles for the LnFe0.7Ni0.3O3−ı perovskites.
3.560 3.579 −

3.3. CH4 TPR

Temperature-programmed reduction of perovskites by
methane usually proceeds at higher temperatures as com-
pared with the reduction by H2 due to a strong C–H bond in CH4
molecule. Typical profiles of the CH4 and product concentration
variation during TPR for PrFN perovskite are presented in Fig. 4.
Reduction starts by formation of deep oxidation products (H2O
and CO2) at 480–540 ◦C as a result of interaction of activated CHx

species with highly reactive surface oxygen. At 620–700 ◦C, CO and
H2 start to evolve due to interaction with strongly bound surface
oxygen replenished by the lattice oxygen migration from the bulk
of particles. These peaks along with a peak of CO2 evolution are
situated at 700–850 ◦C (Figs. 4 and 5). The complete reduction
of perovskite proceeds with the formation of Fe–Ni alloy and
corresponding Ln oxide that is confirmed by XRD (not shown
for brevity). The temperature of maximal rates of the product
formation and their values for all LnFN perovskites are presented
in Fig. 5. The relation among the rates of products formation evi-
dently changes with the nature of Ln cation determining reactivity
and mobility of the surface/bulk oxygen of perovskites.

3.4. Methane dry reforming

Typical profiles of products concentration variation during MDR

temperature-programmed reaction are shown in Figs. 6 and 7.
For all perovskites, the consumption of CH4 and CO2 starting at
600–650 ◦C is followed by the formation of CO while hydrogen
appears at higher temperatures (Figs. 6 and 8). Such a sequence of
products formation could be explained by occurring reverse water

Fig. 4. The variation of CH4 and product concentration during CH4-temperature-
programmed reduction of PrFN: ( ) CH4, (—) CO2, (· · ·) CO, (- - -) H2, ( )
H2O.
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Fig. 5. Temperature-programmed reduction of LnFe0.7Ni0.3O3−ı perovskites with
CH4: maximal rates of H2 (�), CO (�) and CO2 (�) formation and temperatures of
corresponding maxima (H2 (�), CO (©) and CO2 (�) respectively).

Fig. 6. Typical curves of reagents and products concentration variation in the
temperature-programmed reaction of CH4 dry reforming for PrFN catalyst pre-
treated in O2. Contact time 5 ms, feed 1% CH4 + 1%CO2 in He. ( ) CH4, (—) CO2,
(· · ·) CO, (- - -) H2, ( ) H2O.

Fig. 7. Typical curves of reagents and products concentration variation in the
temperature-programmed reaction of CH4 dry reforming for 3% Ni–Fe/PrxOy(n) cat-
alyst pretreated in O2. Contact time 5 ms, feed 1% CH4 + 1%CO2 in He. ( ) CH4,
(—) CO2, (· · ·) CO, (- - -) H2, ( ) H2O.
Fig. 8. Starting temperature of products formation during the temperature-
programmed reaction of CH4 dry reforming for LnFN perovskites: (�) H2, (�) CO.

gas shift reaction (RWGS) at temperature below 700 ◦C. Note, that
while the starting temperature of H2 formation is lower for LaFN
and is practically the same for other perovskites, CO appears at
the lowest temperatures for Pr-containing perovskites. Hence, the
nature of Ln cation in perovskite affects selectivity of CH4 transfor-
mation into products, perhaps, via different share of RWGS reaction.

In the case of 3%(Ni,Fe)/PrOx catalyst, formation of CO and H2
starts at nearly the same temperatures −740 and 750 ◦C, respec-
tively (Fig. 7), which are higher as compared with those for PFN
catalyst (Fig. 6). Furthermore, the methane and CO2 conversions
are quite low and different −∼13% and 35%, respectively, while for
PFN they are much higher (∼70%) and close to each other. Hence,
for 3%(Ni,Fe)/PrOx catalyst, a higher CO2 conversion and a low value
of H2/CO ratio (0.4) show a significant impact of RWGS reaction.

The steady-state catalytic characteristics in the reaction feed
10% CH4 + 10% CO2 in He also demonstrated a higher activity of PFN
catalyst as compared with supported catalysts 5(7)%(Ni,Fe)/PrOx:
for PFN catalyst, the effective first-order rate constant is one order
of magnitude higher (Table 3). Thus, perovskite as the catalyst pre-
cursor provides a higher specific activity in MDR.

Ni-containing perovskites are well known to be good precur-
sors of active MDR catalysts comprised of dispersed metal nickel
particles located in the oxide matrix [4–10]. The formation of such
nanocomposites either requires reductive pretreatment of starting
perovskites or it occurs directly in the reaction media [8,20]. To
study the effect of pretreatment on the catalyst activity, all initial
LnFN perovskites were activated in the reaction mixture at 850 ◦C
or in the H2 flow at 600 ◦C (only PrFN at 800 ◦C as well) before the
catalytic tests.

The temperature dependence of methane conversion for all per-
ovskites activated and tested in the reaction mixture containing
10%CH4 + 10%CO2 are presented in Fig. 9. The values of methane
conversions at 800 ◦C for perovskites activated in the reaction mix-
ture and in the flow of H2 at 600 ◦C are shown in Fig. 10. Among the

samples activated in the reaction mixture, the conversion values
decrease in the order PrFN > LaPrFN, SmFN > LFN (Figs. 9 and 10). A
low methane conversion over LFN perovskite could be explained
by its difficult reduction as shown by H2 TPR (Fig. 3). Indeed, pre-
reduction of LaFN and LaPrFN at 600 ◦C in H2 leads to a higher

Table 3
Rate constants of MDR at 800 ◦C.

Catalyst K (m−2 s−1)

PFN 15
5% Ni–Fe/PrxOy(P) 1.1
7% Ni–Fe/PrxOy(P) 1.2
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Fig. 11. Initial (�) and steady-state ( ) conversion of methane over PrFN oxidized
at 600 ◦ in O2 and reduced in H2 at 600 and 800 ◦C. The feed 10%CH4 + 10%CO2,
He-balance, 800 ◦C.
ig. 9. Temperature dependence of methane conversion in MDR over the
nFe0.7Ni0.3O3−ı (Ln = La (�), LaPr (�), Pr (�), Sm (�)) activated in the reaction
ixture. The feed 10%CH4 + 10%CO2, He-balance, contact time 0.01 s.

ethane conversion (Fig. 10). At the same time, the reduction of
rFN at 800 ◦C in H2 leads to a lower activity (Fig. 11) as compared
o samples activated in the reaction mixture or reduced at 600◦

hat is determined by the destruction of perovskite with the for-
ation of alloy enriched with Fe as shown by XRD data (Fig. 2). The

esults of long-term testing of PrFN catalyst activated in the con-
entrated feed (CH4:CO2 = 1:1) show its high activity and stability
Fig. 12).

The comparison of methane conversion values for perovskites
educed in H2 and activated in the reaction mixture shows that only
n the case of PrFN they are close while for all other samples con-

ersions differ noticeably. Such a difference in the activity appears
o be determined by the composition of the active Ni–Fe alloy par-
icles formed in the oxide matrix depending on reducing media and
he type of Ln cation in perovskite. Indeed, the XRD data show that,

ig. 10. Methane conversion in CH4 dry reforming over LnFe0.7Ni0.3O3−ı (Ln = La,
aPr, Pr, Sm) reduced at 600 ◦C in H2 (�) or activated in the reaction mixture (©).
he feed 10%CH4 + 10%CO2, He-balance, 800 ◦C, contact time—0.01 s.
Fig. 12. The long-term test of PrFN activated in the reaction mixture. The feed:
50%CH4 + 50%CO2, 800 ◦C, 0.1 s.

in the case of PrFN, Ni–Fe alloy with a higher Fe content is formed
after reduction in H2 at 800 ◦C Fig. 13. (Table 1, Fig. 2).

It is known that activity and coking stability of Ni-containing
catalysts are controlled by the ensemble effect when, for reform-
ing reaction, the ensemble of Ni atoms is smaller than that for
nucleation of carbon whiskers [21]. Therefore, a higher dilution of

metal Ni with Fe favors a higher activity and stability of the cat-
alyst formed from PrFN as compared with LaFN and LaPrFN. At
the same time, a higher activity of catalysts activated in the reac-
tion mixture could be conditioned by the optimal composition of

Fig. 13. XRD patterns of perovskite PrFe0.7Ni0.3O3−ı: initial (1) and used (2): per-
ovskite (|), Pr2O3 (+), PrnO2n + 2 (*), Ni–Fe alloy (!).
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Fig. 14. High-resolution TEM image of used PrFN0.3 catalyst wit

i–Fe alloy. Furthermore, if activation of methane is determined by
he metallic phase, activation of CO2 occurs with the participation

f the oxide matrix and could be governed by its redox proper-
ies. The data of oxygen thermodesorption show the maximal rate
f oxygen desorption at high temperature for PrFN as compared
ith other perovskites (Table 4). Probably, praseodymium oxides

able 4
ata of O2 TPD: desorption of bulk oxygen.

Sample Wmax × 10−14 (O2 molecules/m2 s) Tmax (◦C)

LP0.1FN 6 889
PFN 9 879
SFN 6 892
: (a) 1 – perovskite, 2 – PrxOy; (b) 1 – Ni–Fe alloy, 2 – perovskite.

possessing a high redox activity [7] may react with CO2 and with
carbon residues thus facilitating reforming reaction and preventing
catalyst coking. However, it is not sufficient to provide a high and
stable performance of Ni–Fe alloy particles as clearly demonstrated
by much lower activity of PrOx-supported catalysts as compared
with those derived from perovskite precursors (Table 3). Hence,
perovskite phase remaining even after prolonged contact of cata-
lysts with concentrated feed (CH4:CO2 = 1:1) at high temperatures
(Figs. 14 and 15) appears to be the most important factor pro-

viding a high and stable performance. This can be explained by a
high reactivity and mobility of the surface/lattice oxygen of these
ferrite-type perovskites disordered due to reductive segregation of
Ni (Fig. 14). This helps to provide an efficient route of CO2 activation
on the surface of perovskites and a fast transfer of oxygen atoms
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ig. 15. EDX elemental distribution for PrFe0.7Ni0.3O3−ı-based catalyst after testi
raseodimium oxide; 8–11 – Ni-Fe-alloy particles. Ni �, Fe , Pr �.

r oxygen-containing species (hydroxyls, hydroxocarbonates, etc.)
o the interface with segregated Ni–Fe alloy particles where they
onsume activated CHx fragments–coke precursors.

Though composition of these alloy particles vary broadly
Fig. 15), neither coke deposits nor fibers were detected in dis-
harged catalysts. This implies that a high lattice oxygen mobility
nd surface reactivity of nanostructured PrOx/LnFeOy supports
enerated by reductive decomposition of complex perovskite
recursors in the reaction media play more important role in pre-
enting coking of supported Ni–Fe alloy particles than their exact
hemical composition (Fe content).

. Conclusion

In realistic conditions of CH4 dry reforming LnFe0.7Ni0.3O3−ı

Ln = La, Pr, Sm, Sr) perovskites are transformed onto composites
omprised of Ni–Fe alloy particles and LnOx epitaxially bound with
n–Fe–O perovskite particles. The type of Ln cation affects both Fe
ontent in alloy particles and oxygen mobility/reactivity in per-
vskites. Special experiments with PrOx supported Ni–Fe alloy
articles revealed their much lower activity as compared with com-
osites obtained by reductive transformation of LnFe0.7Ni0.3O3−ı

recursors. This demonstrates an important role played by remain-
ng Ln–Fe–O phase in composites in CH4 dry reforming via
ctivation of CO2 and transfer of active oxygen-containing species
o Ni–Fe alloy particles where they interact with CHx frag-

ents producing syngas. PrFe0.7Ni0.3O3−ı has been shown to
e the most active and stable catalyst due to optimal com-
osition of formed Ni–Fe alloy and red-ox properties of oxide
atrix.
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