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Characterisation of the solid solution
La(Ni,Fe)O; prepared via a sol-gel
related method using propionic acid
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The paper shows the possible obtaining of the solid solution of LaNiO3; and LaFeO3 by a
sol-gel like method with propionate acid as solvent. In order to understand the role of the
precursor nature in function of the starting materials on the formation or not of

LaNi,Fe _,0s3, an identification using infrared spectroscopy was made. The solid solution
formation needs the limitation of the preferential LaFeOs in order to permit the introduction
of nickel into the structure. Nitrate salts of iron and lantanum gave pure LaNiyFe _,O3
perovskite with a high homogeneity even at nanoscopic scale. © 1999 Kluwer Academic
Publishers

1. Introduction interesting properties in catalysis like the preserving of
Natural gas is a particular abundant, clean and easil@ perovskite phase during reaction and a strong inter-
extractable energy source [1]. Unfortunately its pro-action between nickel and the structure, limiting metal
duction sites are located far away from the exploitationcrystallite growth and carbon deposition [17]. Espe-
sites and its transport remains expensive and dangerogglly iron is interesting because of its stabilising effect
[2, 3]. It is thus of interest to convert it into liquid fuel on the structure [18]. The ionic radii of Fe-(Il) and

via an intermediate mixture of CO, G@nd H, called  Ni (+IIl) are of similar size order, which permits to af-
synthesis gas [4]. The transformation occurs mainly vigord the formation of a LaNi@LaFeQ solid solution

a catalytic way by addition to natural gas of an oxidant,[19, 20]. Moreover both LaFe{}21] and LaNiQG [22]
which is often water [5], but which can also be oxygenperovskite structures exist and they present cubic per-
or carbon dioxide [6, 7]. The catalysts containing nickelovskite structures with orthorhombic and rhomboedral
are the most used because of their fast turnover rate, cogistortions respectively.

and long term stability [8]. The catalytic reactionis per- In this paper different preparations either via a ce-
formed at high temperature (800) and metal nickel ramic method using oxides or via a sol-gel related
is the active species [9]. However, nickel tends to sintemethod using propionic acid as solvent and various
[10] in the reaction conditions, which leads to diminish starting materials (nitrate, acetate, oxide, metal) were
the number of active sites and to increase the carbostudied for the formation of LaNkFep 70:s.

deposition. Only few of them lead to the obtaining of the solid
The initial interaction of nickel with the support un- solution. The conditions required for its formation are
der the form of an aluminate (NidD,) [11] or a lan-  linked to the preparation method and to the nature

thanate (LaNiQ) [12] is considered favourable to the of the starting materials. In the appropriate condi-
good working of the catalyst, because it can limit thetions, all products of the solid solution Lajfie;_xO3
sintering of metal particles by the interaction between(0 < x < 1) with a step of 0.1 could be prepared and
Ni and the support [13]. So, the initial formation of studied.

a definite structure represents a new and interesting

route in the catalysis of synthesis gas production [6].

Perovskite structures are widely studied for their in-2. Experimental

trinsic properties [14] and their applications in elec-2.1. Choice of the preparation method
trochemistry, supraconductivity [15] and especially in and of the starting materials

catalysis [16]. It has been shown, that the combinatiorA preparation was carried out via a ceramic method
of nickel with a second element of the VIII group into a starting from oxides: the oxides were mixed, crushed
lanthanum perovskite structure La(Ni, MjPresented together, pressed into 200 mg pellets and calcined at
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TABLE | Characteristic peaks of mono and bidentate propionates and of nitrates

IR peaks (crrTl) products vsCO vasCOO sasCH vsCOO 8sCHz andvz NO vsCH v2 NO
Monodentate propionate 1570 1410

Bidentate propionate 1520 1420

Propionic acid 1710 1468 1380 1332

Nitrates 1380 830

to this solution until the appearance of a white precipi-
tate. Then this mixture is kept in the freezerdt0°C
until the formation of crystals. The obtained crystals
are rapidly filtered, washed with hexane and analysed
by FT-IR in a KBr matrix containing 3 wt % of product.
The FT-IR spectra were obtained on a Nicolet 5DXC
spectrometer with Fourier transform. The characteris-
tic peaks for mono- or bidentate propionates [24, 25],

Addition of Propionic acid

Solvent evaporation

Precursor A Precursor C

| Caloinationof 4 howrsat 750°C | propionic acid and nitrates are given in Table I.
! After calcination the final products were charac-
| Mixed oxide | terised by X-Ray Diffraction (XRD) on a Siemens
D5000TT diffractometer using G, radiation, by
Figure 1 Scheme of preparation via a sol-gel related method. Scanning Electron Microscopy (SEM) on a JEOL JSM

840 microscope, by elemental analysis performed in
750°C. This treatment was performed three times inthe CNRS Centre in Vernaison and by specific surface
order to get a better homogeneity of the system. measurements (BET).

All other preparations follow a sol-gel related method Depending on the starting materials and the for-
using propionic acid as solvent [23] and described inmer precursors the Lahfe; xOs solid solution was
Fig. 1. obtained or not. In the case of its formation, the

Before use, lanthanum oxide was calcined 12 h aproducts were characterised by Transmission Electron
900°C in order to decompose the easily formed lan-Microscopy (TEM) on a Topcon EM 002B microscope
thanum hydroxides, which would lead to a stoechiom-{(accelarating voltage of 200 kV) coupled to an Energy
etry defectin the final product. This method requires thedispersive X-ray Spectroscopy (EDS).
preliminary formation of clear La, Ni and Fe solutions,
obtained after total dissolution of the starting materials, Results and discussion
in propionic acid. After dissolution, the Ni and Fe solu- 3'1 ch R

.1. Characterization of the precursors

tions were mixed and added to the La solution. After aUsin the ceramic preparation method, the LaNi
30 min stirring, the solvent was evaporated until the for- 9 prep '

aFel_XOg, solid solution was not obtained but a mixture
of LaNiOs, LaFeQ and of the starting oxides NiO,

25-750°C and maintaine 4 h at 750C. The criical ~-2203 and FeOs was observed. This was quite ex-

point of this method, especially observed in large scalepeCtable because this method requires a much higher

preparations, is the evaporation of the solvent, whichc‘rilcm"ﬁIon temperature (126C) in order to have a

sometimes leads to the decomposition of nitrates Witﬁ‘,ufﬂment diffusion of the _ele_zments. However, in our
violent NO, production. So, a slow and controlled dis- case, the temperature is limited by the transformation

tillation is recommended for this step. Even prepareao;:é‘v"’\:rl:l'Or:ie \'/?(t)%lLaé“é'ﬁ?}:'l%g:}?oﬁbuog: d8n§€e[t:ﬁo'?jsis a
in small amounts, the resin tends to become red with? P y

incandescent points and finally burns to a black powder?m'gel related method. This method was tested using

In order to avoid or limit this phenomenon, other yarlous starting materials (either nitrates, acetates, ox-

starting materials as nitrates have to be tested for thides or metals of La, Ni and Fe). However, only those,

preparation of the solid solution. The differences ob-x?'ﬁ]hewfée ;?;?il(ljynsg}lﬁgl;bn dprgﬁﬁglfe?jgg Vﬁ:;i(izws
served at the end of the evaporation of the solvent de- prep X Y X P
good indicator of the solubility of metallic elements

g;?g'g?tﬁg g:z Css?gg?ginm;;[grgﬁrz:;s;:{.m linked to th‘Ta2_7]._Whe_reas met_alliq iron easily dissolved in hot pro-
pionic acid, metallic nickel was not soluble even after
two days. Nitrate and oxide were retained for La, ni-
2.2. Obtention of the precursors and oxides  trate and metallic iron for Fe and nitrate and acetate
Therefore a study on the formation of the precursordor Ni. The different possible combinations of starting
observed in the propionic acid solution, depending ommaterials for the LaNiFe;_yOs preparation are given
the starting materials used, was carried out following an Table II.
method developed by Roger [24]. In this method, the In order to test the influence of the starting material
solution obtained by dissolution of a starting materialnature and to choose the most appropriate combina-
into propionic acid is concentrated by a partial evaporation for the preparation, a study of the precursors was
tion of the solvent. Hexane is added as counter-solvererformed.

mation of a resin or a foam, which was calcined under
temperature increase with a slope 6€3. min~! from
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TABLE Il Combinations of starting materials tested for the preparation of theylEaNiy O3 solid solution

No. Starting material (La) Starting material (Fe) Starting material (Ni)

1 Nitrate La(NQ@)3, 6H,0 Nitrate Fe(NQ)3, 9H,O Nitrate Ni(NG;)2, 6H,0O

2 Nitrate La(NQ)3, 6H,0 Nitrate Fe(NQ@)3, 9H,O Acetate Ni(GH302),, 6H,O
3 Nitrate La(NQ)3, 6H,0O Metal Fe Nitrate Ni(N@)2, 6H,O

4 Nitrate La(NQ@)3, 6H20 Metal Fe Acetate Ni(eH302)2, 6H20
5 Oxide La0O3 Nitrate Fe(NQ)3, 9H,O Nitrate Ni(NGs)2, 6H,0

6 Oxide LaO3 Nitrate Fe(NQ)3, 9H,0O Acetate Ni(GH30,)2, 6H,O
7 Oxide La0O3 Metal Fe Nitrate Ni(NQ)2, 6H,0

8 Oxide LaO3 Metal Fe Acetate Ni(gH305),, 6H,O
TABLE 11l IR peaks (cm?) of the precursors depending on the starting materials

IR peaks (cril)

starting materials vsCO vasCOO sasCh vsCOO vNO3 5sCHs vsCH vNO3
Lanthanum nitrate 1522 1469 1435 1384 1296 825
Lanthanum oxide 1716 1560 1468 1433 1378 1296
Iron nitrate 1574 1468 1434 1380 1304 825
Metallic iron 1573 1468 1430 1375 1302
Nickel nitrate 1570 1467 1414 1384 1302 825
Nickel acetate 1570 1467 1415 1377 1300
5 - TABLE 1V Nature of the precursors in propionic acid versus the
— 1559 starting materials
4 + 1467
§ 1433 1378 Element Starting material Precursors in propionic acid
g 34 i
2 716 I/ / 1296 La Lanthanum nitrate Nitrates few bidentate
2 24 , propionates
- 643 La Lanthanum oxide Monodentate propionates
1- Fe Iron nitrate Nitrates- few monodentate
propionates
0 ‘ f Fe Metallic iron Monodentate propionates
1900 1400 900 400 Ni Nickel nitrate Nitratest few monodentate
E propionates
Wave number (cm) Ni Nickel acetate Monodentate propionates

Figure 2 FTIR of precursor made from lanthanum oxide in propionic
acid (monodentate La propionate).

first step, the presence of water in the starting materials
helps the nitrate salts to dissolve in propionic acid in
. ; . . _ X X creating a separation between the metallic cation and
ing materials (_1|sso_lved In propionic acid, following the the nitrate anions. The solvolysis occurs slowly for the
method described in t_he gxperlmental part. The IR SP€Ghree elements and if the solvent is evaporated rapidly a
tra of these crystals indicate the nature of the PreéCUham formation corresponding to nitrate departure can
sors of faach element used for the preparation of th%e observed for Ni and Fe solutions. A slow evapora-
pero_vsk|te structure. The IR peak_s ob_served for thesﬁon of the solvent leads progressively to the total nitrate
starting material Precursors are given in Table I!I' _Thedeparture and to the propionate formation, but in this
IR S“.de of the crystals obtalngd from the metaliic iron case, the particular interest of the various nature of the
solution has s_hown th? formation of amonodentate Ianétarting material disappears. So a fast evaporation of
thangm proplqnate (Fig. 2). . . the solvent was chosen for this study and for the prepa-
T.h'S for.mat|on results from the oxido-reduction re- ration of the perovskite structure. This explains why
action (1): nitrate and propionate peaks coexist in the IR spectra
La,O3 + 6CH;CH,COOH — 2La(CH;CH,COO) for the three nitrate salts of La, Niand Fe. In the case of
(1) lanthanum nitrate, the IR spectra showed a intense ni-
trate peak, indicating that the substitution of nitrate by
For the nickel acetate and for the iron solutions in propi-propionate is more difficult than for Niand Fe. Table IV
onic acid, propionates have also been observed. In theggthers the nature of the precursors observed in the pro-
cases, nickel and lanthanum remained at the valenggionic acid solution depending on the starting materials
statest+2 and+3 respectively, like in the starting ma- used.
terials used, whereas Fis oxidised into Fe¢lll). Using all the possible combinations of these start-
However, starting from nitrate salts, the propionateing materials, eight preparations of the Lghfe) 703
to nitrate substitution seems to be more difficult. Thisstructure were tested and characterised by X-ray
substitution depends on the nature of the element andiffraction. XRD detected phases are given versus the
on its hydration rate as shown Table IV. Indeed, as atarting materials used in Table V. The XRD diagrams

Crystals were obtained from the solutions of start-
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TABLE V XRD detected crystalline phases versus the starting materials used

Starting materials Propionate formation
Crystalline
No. La Fe Ni La Fe Ni XRD phases
1 Nitrate Nitrate Nitrate Few bi Few Mono Few Mono LaNFey 703
2 Nitrate Nitrate Acetate Few bi Few Mono Mono LaNFey 703
3 Nitrate Metal Nitrate Few bi Mono Few Mono Lad\iFey 703
4 Nitrate Metal Acetate Few bi Mono Mono LadNiFey 703
5 Oxide Nitrate Nitrate Mono Few Mono Few Mono LaNFeygO3
6 Oxide Nitrate Acetate Mono Few Mono Mono LaNFeygO3
7 Oxide Metal Nitrate Mono Mono Few Mono NiO/k@3, LaFeQ
8 Oxide Metal Acetate Mono Mono Mono NiO/k@s3, LaFeQ

pall 28kl 1BBkm WD1G

Figure 3 SEM micrograph for the La-Ni-Fe perovskite made with all nitrate salts arifiéNE 0.3/0.7 (sample No. 1).

showed the formation of the desired structure for themicrographs between the bordering preparations No.
combinations Nos. 1 to 4. The presence of an undet using only nitrate salts (Fig. 3) and No. 8 using
stoechiometric perovskite structure in nickel was notecho nitrates (Fig. 4). While the BET value is equal to
for the combinations Nos. 5 and 6 (remaining NiO and5.8 g-m~2 for No. 1, it is lowered to 2.5 gm~2 for
La,O3 could not be detected by XRD), whereas threeNo. 8. Whereas No. 1 shows holes, corresponding to
phases NiO, LgO3; and LaFeQ@ were observed for the nitrate departure during the step of evaporation of the
combinations Nos. 7 and 8. solvent, No. 8 presents a smooth surface, which ex-
The results obtained by XRD show clearly that plains the lower BET value and which is unfavourable
all the preparations using lanthanum nitrate as startto a catalytic application.
ing material present the formation of the expected
LaNig 3Fey 703 structure [26, 28]. This leads to the con-
clusion that lanthanum nitrate is necessary to the prep@8.2. Preparation of the total solid
ration of the LaNj3Fey 703 structure. In the absence solution and characterisation
of lanthanum nitrate, the nickel is not or partially not The preparation of all compounds of the LaRé;_4O3
inserted in the perovskite structure. This phenomenoseries with O< x < 1, nitrate salts have been chosen as
can be related to the preferential formation of the stalLa, Ni and Fe starting materials, following the results
ble LaFeQ perovskite structure, resulting in the exclu- of the previous study. The elemental distribution in the
sion of nickel of the structure. Probably the presencd.aNixFe; Oz sample series prepared via the sol-gel
of nitrates around the lanthanum ions in the propionicelated method has been determined by elemental anal-
solution limits this preferential LaFe@ormation and  ysis in Vernaison and agrees well with the theoretical
permits the insertion of nickel into the structure. values (relative errors inferior to 1%). The XRD anal-
Evident differences have been noticed in the BETysis has shown that in each case only one perovskite
specific surface area measurements and on the SEphase is obtained (Fig. 5). Moreover, a zoom in the
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Figure 4 SEM micrograph for the La-Ni-Fe perovskite made without nitrate salts ayleeN: 0.3/0.7 (sample No. 8).
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Figure 6 DRX analysis of La-Ni-Fe perovskite made with all nitrate
Figure 5 DRX analysis of La-Ni-Fe perovskite made with all nitrate salts and NiFe = 0.3/0.7 (sample No. 1) in the area Bl< 2§ <
salts and NiFe= 0.3/0.7 (sample No. 1) in the area 20< 29 < 90.0 33.0 (29) with the references * for LaFefand° for LaNiOs.
(29).

3.93
area of the most intensive peak (81< 26 < 330) 2;3? i
presents a progressive and regular shift of the peak pc 390
sitions from LaFe@to LaNiO; reference phases with & g-gg 1
increasingx (Fig. 6). According to the Vegard's law =& g,
[29] to the formation of the LaNFe,_x O3 solid solu- 3.86 |
tion for 0 < x < 1 with a 0.1 step was concluded. 3.85 4 v
The lattice parameter of these structures assimilet g:gg | I . }
pseudo-cubic has been calculated using the six mos 0 01 02 03 04 05 06 07 08 09 1
intensive XRD peaks and reported ws(Fig. 7). The x

curve obtained is linear and presents lattice parame- ) ) ) )
ters of 3.92 and 3.84?\ respectively for LaFe@and Figure 7 Lattice parameter v for LaNiyFe;_x Oz solid solution.
LaNiOz in agreement with the reference values calcu-
lated using the JCPDS files, 3.93 and 3/8%espec- is observed in all proportions for 8 x < 1 inclusive
tively. for x = 0.5. In order to confirm the formation of the
This confirms the formation, by this preparation solid solution, also at a nanoscopic scale, the homo-
method, of a La(Ni, Fe)@solid solution, as recently geneity of the samples has been studied by TEM-EDS.
proposed by Garciat al. for a citrate precipitation The micrographs show the regular succession of the
method [30]. However, in our case, the solid solutionatomic planes, which can belong to different planes of
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Figure 8 TEM of La-Ni-Fe perovskite made with all nitrate salts ang/fé = 0.3/0.7 (sample No. 1: LaNizFey 703).

the lattice, as presented for LaNFey 703 (Fig. 8). The EDS measurements have been carried out on differ-
interreticular distances measured on these micrograplent areas of the samples, using either a broad (200 nm
correspond to those of LaNte;_xOs perovskite lat- diameter) focused beam or using a fine (14 nm diame-
tice. However, the precision is not sufficient to distin- ter) focused beam. As shown by Houadlzal. [31], the
guish differences versus and the multiplicity of the use of a fine focused beam in the scanning transmission
observed planes is too high to calibrate them. For thesmode for X-Ray microanalyses gives information about
reasons, TEM does not permit to reach the nickel stoethe sample homogeneity, whereas the broad focused
chiometry in the solid solution. beam leads to the mean elemental proportions in the
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Figure 9 EDS analysis of LaNiFe;_xOs with x = 0.3, No. 1 large 8
focused beam (200 nm), Nos. 2-5 fine focused beam (14 nm). 9
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Figure 10 EDS analysis of LaNiFe;_xOs with x = 0.7, No. 1 large 16.

focused beam (200 nm), Nos. 2-5 fine focused beam (14 nm).
17.

sample. The two LaNiFey703 and LaNp7Fe 303
systems are presented as examples for the EDS analy-
ses, respectively in Figs 9 and 10 and itis clearly to seg,
that the prepared systems are very homogeneous.

19.

4. Conclusion
A preliminary study on the preparation methods and

on the starting materials has permitted to show the in?t

fluence of the precursors and to select an appropriatg,
way for the formation of the LaNFe,_4 O3 solid solu-
tion. All compounds of this LaNFe,_,Os series, with

0 < x < 1and a 0.1 step, have been successfully pre24-

pared via a sol-gel related method using propionic acici5
as solvent and nitrate salts as starting materials. The

characterisations by XRD and TEM have demonstrateds.

the formation of the La-Ni-Fe solid solution in all pro-

portions and the good homogeneity of the prepared sys-/-
tems has been proved by the constant local element4f:

distribution given by EDS. These interesting properties,q
are in favour of a catalysis application of these mixed
perovskite LaNjFe,_,O3 systems.

31.

References
1. S. FIELD,S. C. NIRULA andJ. G. MCCARTY, Reportfrom
S.R.l. international IV 69129-01-SQ, 1987.
2. J. SAINT-JUST,J. M. BASSET,J. BOUSQUETandG. A.
MARTIN, La Recherch22(1990) 731.

20.

23.

30.

. R. P. BAUQUIS, Revue de I'Institut Frapmis du Fetrole 51
(1996) 615.

.J. R. ROSTRUP-NIELSEN, Catal. Todayl8(1993) 305.

. ldem, inJ. R. ANDERSON andM. BOUDART, “Catalytic
Steam Reforming, Catalysis, Science and Technology,” Vol. 5,
edited by J. R. Anderson and M. Boudart (Springer, Berlin, 1984)
p. 1.

.S. C. TSANG,J. B. CLARIDGE andM. L. H. GREEN,
Catal. Today23(1995) 3.

. S. B. WANG,G. Q. M. LU andG. J. MILLAR , Energy and
Fuels10(1996) 896.

.J. DE DEKEN, P. G. MENON, G.
G. HAEMERS, J. Catal.70(1981) 225.

. V. R. CHOUDHARY,V. H. RANE andA. M. RAJPUT,
Catal. Lett 22(1993) 289.

.V. C. H. KROLL,H. M. SWAAN andC. MIRODATOS
J. Catal 161(1996) 409.

.D. DISSANAYAKE, M. P. ROSYNEK, KCC. KHARAS
andJ. H. LUNSFORD, ibid. 132(1991) 117.

.A. SLAGTERN,U. OLSBYE,R. BLOM,I. M. DAHL and

H. FJELLVAG, Appl. Catal 145(1996) 375.

C. PETIT, A. KIENNEMANN, P. CHAUMETTE and

0. CLAUSE, US Patent No. 5,447,705 (1995).

J. TWU andP. K. GALLAGHER, in “Properties and Applica-

tion of Perovskite Type Oxides,” edited by L. G. Tejucaand J. L. G.

Fierro (Marcel Dekker, New York 1993) p. 1.

.A. K. RAYCHAUDHURI, Adv. In Phys44(1995) 21.

T. SEIYAMA, in “Properties and Application of Perovskite Type

Oxides,” edited by L. G. Tejuca and J. L. G. Fierro (Marcel Dekker,

New York 1993) p. 215.

F. FROMENT and

T. HAYAKAWA , H. HARIHARA, A. G. ANDERSEN,
K. SUZUKI, H. YASUDA, T. TSUNODA, S.
HAMAKAWA , A. P. E. YORK, Y. S. YOON, M.

SHIMIZU andK. TAKEHIRA, Appl. Catal. A149(1997) 391.
.H. PROVENDIER C. PETIT,C. ESTOURNESS. LIBS
andA. KIENNEMANN, Appl. Catal. A180(1999) 163.

H. FALCON, A. E. GOETA, G. PUNTE andR. E.
CARBONIO, J. Solid State Chen133(1997) 379.
N. E. MASSA, H. FALCON, H. SALVA andR. E.

CARBONIO, Phys. Review B, Condensed mag6(1997) 10178.
A. GOLUB, L. S. SIDORIK, S. A. MEDICKO and
M. FEDORUK, Inorg. Mater14 (1978) 1449.

. Mc MURDIC, Powder Diffractionl (1986) 269.

J. L. REHSPRINGERandJ. C. BERNIER, Mat. Res. Soc.
Symp. Proc72(1986) 67.

A. C. ROGERC. PETITandA. KIENNEMANN, J. Catal
167(1997) 447.

.M. J. TAYLOR andJ. M. CODDINGTON, Polyhedron1l
(1992) 1531.

H. PROVENDIER C. PETIT, G. EHRET and A.
KIENNEMANN,, J. Chim. Phys IV Francé1998) 8.

G. SINQUIN, Thesis, Strasbourg, France 1998.

H. PROVENDIER C. PETIT, A. C. ROGER and A.
KIENNEMANN, Stud. Surf. Sci. Catal18(1998) 285.

. A. GUINIER,in“Théorie ettechnique de la rariocristallographie,”
edited by Dunod (1964) p. 371.

J. GARCIA, J. BLASCO, M. G. PROIETTI, M.
BENFATTO, Phys Review B. Condensed Mat(1995) 15823.
M. HOUALLA, F. DELANNAY, |I. MATSUURAI and
B. DELMON, J. C. S. Faraday V6 (1980) 2128.

Received 9 December1998
and accepted 15 March 1999

4127



