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LnFep7Nip303_5 (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.
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PrFeo7Nip305_5 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.

1. Introduction

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

The Ni-containing catalysts possessing a high initial activity
are promising for the practical application due to their low cost.
The drawbacks of these catalysts are sintering of nickel and their
heavy coking. The solution of these problems is the incorporation
of nickel in the oxide matrix with a high oxygen mobility such as
Ce0,-Zr0O, [2], perovskites of ABO3 [3-10] or A;BO4 [11,12] types.
This provides a high dispersion of the metal nickel formed under the
reaction conditions and participation of oxide matrix oxygen in the
reaction that prevents the catalyst coking and increases its activ-
ity and stability [7-9]. The oxygen mobility of perovskites could
be adjusted by the substitution of A-site cation that allows tuning
their catalytic performance in methane DR [6-10].

In this work results on the structural, redox and methane DR
catalytic characterization of Ln11_yLn2yFe0.7Ni0303,5 (Ln=La, Pr,
Sm; y =0-0.1) perovskites (LnFN) are presented. The impact of the
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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 PrOy 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, H, and CH,4 temperature-programmed reduction,
0O, temperature programmed desorption. The X-ray phase anal-
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Fig. 1. XRD patterns of initial perovskites LnFey;Nig305_s calcined at 900°C: NiO
().

o A

ysis of samples was carried out using ARLX'TRA diffractometer
(Thermo, Switzerland) with CuKa radiation in the range of 260
angles equal to 15-90°. BET specific surface area (SSA, m?/g)
was determined from the data on Ar thermodesorption. The TEM
micrographs were obtained with a JEM-2010 instrument (lattice
resolution 1.4 A) and acceleration voltage 200 kV. Local elemental
analysis was performed with EDX method (a Phoenix Spectrome-
ter). The surface/bulk oxygen mobility for samples pretreated in O,
at 500 °C was characterized by the temperature-programmed des-
orption (TPD) in He flow. The X-ray particle sizes were estimated
by using the Scherrer equation.

Reactivity of perovskites was studied using temperature-
programmed reduction (TPR) by H, (10% H; in Ar, feed rate 2.5 L/h,
temperature ramp from 25 to 900°C at 10°/min) or CHy4 (1% CHy
in He, feed rate 10L/h, temperature ramp from 25 to 880°C at
5°/min). The experiments were carried out in Kinetic installations
equipped with GC Tcvet-500 and PEM-2 M analyzer (IR absorbance
and electrochemical gas sensors).

The dry reforming reaction was carried out over the preox-
idized or prereduced catalysts. The reaction was studied in the
temperature-programmed mode (1% CH4+1% CO, in He, contact
time 0.005s) as well as in steady-state conditions (10%CH4 +10%
CO, inHe, contact time 0.01 s) at temperatures up to800-850°Cina
flow installation. To compare specific (per the surface unit) catalytic
activity of different samples, effective first-order rate constants
were calculated for the plug-flow reactors [15]. The long-term test-
ing was performed in the reaction mixture 50% CH4 +50% CO, at
800 °C and contact time 0.1s.

3. Results and discussion
3.1. Structural and textural features

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

According to XRD data (Table 1, Fig. 1), all initial LnFN samples
are single phase orthorhombic perovskites, the lattice parameters
being close to known values [18,19], and only SmFN sample con-
tains a trace admixture of NiO. The observed difference in the lattice
parameters is due to the difference in the size of Ln cations (Table 1).
For SmFN, splitting of reflections is observed due to the coopera-
tive lattice distortion (Fig. 1). A similar phenomenon was earlier
observed for SmFeO3 perovskite and explained by a strong dis-

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.

Afterreduction at 600 °Cin H,, perovskites retain their structure
but some shift of all reflections towards lower angles is observed
showing the unit cell expansion due to reduction of Fe** and Ni3*
ions to larger Fe3* and Ni2* cations [19]. The XRD patterns of
perovskites reduced in H, 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 La;0s3, Pr,O3 or Sm;03
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 — 3.5240A [JCPDF 65-2865]
and Feq g4Nig 36 alloy — 3.5922 A [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
Pri30,, [JCPDF 89-573]. The XRD patterns of (Ni,Fe)/PrOy sup-
ported catalysts along with reflections of Pr1,0,, show weak peaks
corresponding to PrNiO3 perovskite [JCPDF 79-2455]. Some shift
of perovskite reflections with respect to those of stoichiometric
PrNiOs is observed due to apparent Fe incorporation into the per-
ovskite structure.

3.2. H TPR

The H, TPR profiles of all LnFN perovskites are presented in
Fig.3.Inall 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 Fe** 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,
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
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Fig. 2. XRD patterns of LnFe7Nig303_5 perovskites reduced at 800°C in H; (per-
ovskite (]), La; O3 (+), Ni-Fe alloy (4), La(OH); (*), Pr,03 (V)).
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Table 1

Unit cell parameters, secondary phases and BET results for perovskites LnFeg7Nig305_s with different Ln-cations calcined at 900°C.
Ln La LaPr Pr Sm
Ionic radius” (A) 1.36 1.31 1.24
a(A) 5511 5.500 5.522 5.572
b (A) 7.808 7.809 7.742 7.657
c(A) 5.537 5.462 5.462 5.376
V(A3) 238.25 237.39 233.54 229.34
Secondary phase - - - NiO
SSA (m?/g) 4 4 4 5
Daoy”"(Hz, 800°C) (A) 175 115 160 -
Lattice parameter of alloy (H,, 800°C) (A) 3.567 3.560 3.579 -
" R.D. Shannon, Acta Crystallogr., Sect. A 32 (1976) 751.
™ X-ray particle size.

Table 2 3.3. CH4TPR

Specific surface area of praseodymium oxides and supported Ni-Fe catalysts.
Sample SSA (m2/g) Temperature-programmed reduction of perovskites by
Pr,0y (1) 23 methane usually proceeds at higher temperatures as com-
Pr,0,(P) 3.7 pared with the reduction by H, due to a strong C-H bond in CHy
3% Ni-Fe/Pr,Oy(n) 5.2 molecule. Typical profiles of the CH4 and product concentration
5% Ni-Fe/Prx0y(P) 4 variation during TPR for PrFN perovskite are presented in Fig. 4.
7% Ni-Fe/Pr,0,(P) 4

SmFeOs reported in [17,19]. Such a trend has been explained by the
decrease of the Fe-0 bond distances from LaFeO3 to SmFeO5 esti-
mated from the cell size and, thus, by the increase of the Fe-O bond
strength. Since for LnFey7Nig303 the cell volume also decreases
in the order from La to Sm (Table 1), it is reasonable to suppose
the same reason for more difficult reduction of Ni3*(Fe**) cations
for SmFN perovskite. The shift of high-temperature peak to lower
temperatures is determined by the decrease of perovskite lattice
stability in going from LaFN to SmFN. LaFN and PrFN having less dis-
ordered structures are more stable to reduction as compared with
SmFN perovskite (Fig. 1) with the most distorted Sm-0 polyhedra
[19].

SmFN

H2 consumption, a.u.

B 1 8 1 = I L) 1 = 1
200 400 600 800 1000
Temperature, °C

Fig. 3. H,-TPR profiles for the LnFe(7Nip305_s perovskites.

Reduction starts by formation of deep oxidation products (H,O
and CO;) at 480-540°C as a result of interaction of activated CHy
species with highly reactive surface oxygen. At 620-700 °C, CO and
H, 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 CO, 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 CO, 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
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Fig. 4. The variation of CH4 and product concentration during CH4-temperature-

programmed reduction of PrFN: (ssssss ) CHy4, (=) CO2, (---) CO, (---) Ha, ( )
Hzo.
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Fig. 8. Starting temperature of products formation during the temperature-
programmed reaction of CH4 dry reforming for LnFN perovskites: (@) Hy, (W) CO.

gas shift reaction (RWGS) at temperature below 700 °C. Note, that
while the starting temperature of H, 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)/PrOy catalyst, formation of CO and H,
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 CO, 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)/PrOy catalyst, a higher CO, conversion and a low value
of H,/CO ratio (0.4) show a significant impact of RWGS reaction.

The steady-state catalytic characteristics in the reaction feed
10% CH4 +10% CO, in He also demonstrated a higher activity of PFN
catalyst as compared with supported catalysts 5(7)%(Ni,Fe)/PrOy:
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 H; 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%CO, 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 H, 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 LEN perovskite could be explained
by its difficult reduction as shown by H, TPR (Fig. 3). Indeed, pre-
reduction of LaFN and LaPrFN at 600°C in H, leads to a higher

Table 3
Rate constants of MDR at 800°C.
Catalyst K(m=2s1)
PFN 15
5% Ni-Fe/Pry0,(P) 1.1
7% Ni-Fe/Pry0,(P) 12
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Fig. 9. Temperature dependence of methane conversion in MDR over the
LnFeo7Nig303_s (Ln=La (v), LaPr (W), Pr (@), Sm (0O)) activated in the reaction
mixture. The feed 10%CH,4 + 10%C0O,, He-balance, contact time 0.01 s.

methane conversion (Fig. 10). At the same time, the reduction of
PrFN at 800°C in H; leads to a lower activity (Fig. 11) as compared
to samples activated in the reaction mixture or reduced at 600°
that is determined by the destruction of perovskite with the for-
mation of alloy enriched with Fe as shown by XRD data (Fig. 2). The
results of long-term testing of PrFN catalyst activated in the con-
centrated feed (CH4:CO;, =1:1) show its high activity and stability
(Fig. 12).

The comparison of methane conversion values for perovskites
reduced in H; and activated in the reaction mixture shows that only
in the case of PrFN they are close while for all other samples con-
versions differ noticeably. Such a difference in the activity appears
to be determined by the composition of the active Ni-Fe alloy par-
ticles formed in the oxide matrix depending on reducing media and
the type of Ln cation in perovskite. Indeed, the XRD data show that,
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Fig. 10. Methane conversion in CH4 dry reforming over LnFep7Nip305_5 (Ln=La,
LaPr, Pr, Sm) reduced at 600°C in H, (M) or activated in the reaction mixture (QO).
The feed 10%CH,4 +10%CO,, He-balance, 800°C, contact time—0.01s.
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Fig. 11. Initial (O) and steady-state (Bl ) conversion of methane over PrFN oxidized
at 600° in O, and reduced in H, at 600 and 800°C. The feed 10%CH,4 +10%CO,,
He-balance, 800°C.
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Fig. 12. The long-term test of PrFN activated in the reaction mixture. The feed:
50%CH4 +50%C0;, 800°C, 0.1s.

in the case of PrFN, Ni-Fe alloy with a higher Fe content is formed
after reduction in H, 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

Intensity (a. u.)

20 30 40 50 60 70 80

Fig. 13. XRD patterns of perovskite PrFeq;Nig305_s: initial (1) and used (2): per-
ovskite (|), Pro03 (+), PrnO2n+2 (+), Ni-Fe alloy (!).
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Fig. 14. High-resolution TEM image of used PrFN0.3 catalyst with EDX: (a) 1 - perovskite, 2 - Pr,Oy; (b) 1 - Ni-Fe alloy, 2 - perovskite.

Ni-Fe alloy. Furthermore, if activation of methane is determined by
the metallic phase, activation of CO, occurs with the participation
of the oxide matrix and could be governed by its redox proper-
ties. The data of oxygen thermodesorption show the maximal rate
of oxygen desorption at high temperature for PrFN as compared
with other perovskites (Table 4). Probably, praseodymium oxides

Table 4
Data of O, TPD: desorption of bulk oxygen.
Sample Winax x 1014 (O, molecules/m? s) Tmax (°C)
LPo1FN 6 889
PFN 9 879
SFN 6 892

possessing a high redox activity [7] may react with CO, 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 PrOy-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:CO, =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 CO, activation
on the surface of perovskites and a fast transfer of oxygen atoms
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or oxygen-containing species (hydroxyls, hydroxocarbonates, etc.)
to the interface with segregated Ni-Fe alloy particles where they
consume activated CHy fragments-coke precursors.

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

4. Conclusion

In realistic conditions of CHy dry reforming LnFeq7Nip303_g
(Ln=La, Pr, Sm, Sr) perovskites are transformed onto composites
comprised of Ni-Fe alloy particles and LnOy epitaxially bound with
Ln-Fe-0 perovskite particles. The type of Ln cation affects both Fe
content in alloy particles and oxygen mobility/reactivity in per-
ovskites. Special experiments with PrOx supported Ni-Fe alloy
particles revealed their much lower activity as compared with com-
posites obtained by reductive transformation of LnFeq7Nip303_g
precursors. This demonstrates an important role played by remain-
ing Ln-Fe-O phase in composites in CH4 dry reforming via
activation of CO, and transfer of active oxygen-containing species
to Ni-Fe alloy particles where they interact with CHy frag-
ments producing syngas. PrFep;Nip3035_s has been shown to
be the most active and stable catalyst due to optimal com-
position of formed Ni-Fe alloy and red-ox properties of oxide
matrix.
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