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Synthesis of perovskite-type compounds by drip
pyrolysis
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Denmark

Lanthanum-transition metal mixed oxides, with the general formula La,_,M, BO3, have
been prepared, wherein M stands for Ca and Sr, and B stands for one or more transition
metals selected from the group consisting of Cr, Mn, Fe, Co and Ni, where 0 < x < 0.50.
A drip pyrolysis method has been developed to synthesize the mixed oxides at low
temperature (550 °C). As combustion fuel, glucose was added to the aqueous solution of
metal salts. The prepared compounds have perovskite structures. This paper examines the
possibilities of finding a simple and large scale procedure in order to produce a long list of
perovskites necessary for fuel cell materials (air electrode and interconnect) and catalysts for
oxidation catalysis. X-ray diffraction (XRD) analysis, scanning electron microscope (SEM)
measurements and determination of specific surface area, carbon content and particle size

distribution have been carried out on the obtained perovskite powders.

1. Introduction
Solid oxide electrolyte fuel cells (SOFC) may offer
a range of advantages for electrical power generation:
high efficiency, simplicity of system design, and avail-
ability of useful by-product heat [1,2]. However,
there are still material problems with respect to the air
electrode and interconnect components. Taking into
account the high operating temperature (1000°C)
of SOFCs, these materials have to meet severe re-
quirements from many points of view: chemical,
thermomechanical, electrical, etc. [1]. Lanthanum
manganites and chromites (undoped or doped with
alkaline earths) are well known as materials for air
electrodes and interconnects, respectively [2]. Other
perovskites, such as LaFeO;, LaCoQO; and LaNiOs,
have been used in fuel cells as air electrodes [3].
Powders having high purity, phase homogeneity,
controlled particle size distribution, and which are
suitable for fabrication of components, are not easily
obtainable via an economical, continuous process.
Generally speaking, powder synthesis, based on the
classic solid state reaction procedure, is not entirely
satisfactory. Problems with poor chemical homogen-
eity demand high calcination temperatures, which on
the other hand lead to aggregated, inactive powders.
However, chemical homogeneity can be obtained by
molecular mixing of the different constituents fol-
lowed by calcination. Furthermore, controlied particle
size distribution, in addition to fine crystallite size, can
be maintained by using low calcination temperatures.
The literature describes several attempts to improve
the powder characteristics of mixed oxides based on
various molecular mixing principles, such as spray
pyrolysis [4] or organic precursor processes [5].
Whereas the first seems to rely upon development of
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complicated equipment, the latter appears to be suc-
cessful for small scale laboratory production only, and
may be difficult to control [6].

Recently it was shown that good results with respect
to phase homogeneity, chemical purity and physical
powder characteristics could be obtained by using
a drip pyrolysis technique based on aqueous solutions
of metal nitrates and acetates in preparing
Lag g5Srg.1sMnO; [7]. The powders were optimized
for colloidal casting techniques, such as tape casting
and slip casting. However, aiming at continuous pow-
der synthesis, some inconveniences were discovered
with respect to industrializing this procedure. For
instance, the powder was not completely free flowing
from the pyrolysis furnace, and it was difficult to
establish optimal synthesis conditions corresponding
to reasonably low furnace temperature for the
pyrolysis.

Pederson et al. [8] and Chick et al. [9] recommen-
ded the use of a low molecular weight amino acid
(glycine) as a complexing agent and combustion fuel in
the pyrolysis. In this way low temperature sinterable
chromites were obtained. Kingsley and Patil [10] and
Martin et al. [11] used, besides glycine, other fuel
additives: urea and carbohydrates (lactose, glucose
and sucrose). In an earlier work, the complexing fuel
combustion property of glycine was also applied in
order to prepare La; _,Ca,CrO; with good sintering
properties based on the drip pyrolysis technique [12].

It is well established that lanthanum chromite den-
sifies poorly in air, even at elevated temperatures [13].
Therefore, several attempts to enhance the air sintera-
bility at low temperatures have been carried out
[14-16]. One of the most relevant attempts is the
work of Sakai et al. [16], which demonstrated that
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a slight deficit in chromium, y, remarkably improved
the air sinterability of calcium-doped lanthanum chro-
mite (La;_,Ca,Cr; _,Ca,03).

Koc and Anderson [17] and Nasrallah et al. [18]
further attempted to enhance the air sinterability of
lanthanum chromites by partly substituting Co for Cr
(between 10 and 30 mol %). The intention of this work
was to prepare such compounds by using a molecular
mixing method and by adding a combustion fuel (glu-
cose) in order to improve the pyrolysis conditions. The
cobalt content was limited to 10 mol %, and it tried to
compensate for the chromium deficit in the chemical
formula by introducing a corresponding amount of
cobalt. 7

The determination of sinterability, chemical stabil-
ity and thermal expansion coefficient of the calcium
and cobalt-doped lanthanum chromites is relevant for
a fuel cell stack interconnect. The results are published
elsewhere [19]. Seto et al. [20] prepared strontium-
doped lanthanum-chromites, doped on B sites with
different metals (one or more cations). They obtained
high electrical conductivities and high densities after
sintering at 1600 °C, and the materials appeared to be
promising for interconnect components in SOFCs. In
an attempt to use the present method to synthesize
a multicomponent perovskite, which could sinter at
lower temperatures, calcium-doped lanthanum chro-
mites have been prepared by introducing the
transition metals, Fe, Co, Ni in minor amounts as
B site dopants [21].

The catalytic properties of the perovskite oxides
(ABO,) are based on the presence of mixed valence
B site ions and oxygen vacancies, which can be con-
trolled by partial substitution of the basic elements
(4, B) without affecting the fundamental structure
[22]. Voorhoeve and coworkers investigated a long
series of perovskites with catalytic properties [23].
The activities of perovskite-type oxides are strongly
effected by the kind of foreign cation, as well as by its
amount. The method presented is suitable for syn-
thesizing such perovskite compounds.

For this study the following compositions have
been prepared:

1. La; -, Sr,MnO,;, 0 < x <0.5;

2. Lag.70Cag.30Cr; -,C0,03, 0 < y < 0.10;
Lao.7ocao.3ocro.8scoo.osFeo,osNio.osos;

3. Lag.85519,15Mnyg 50Cro.5003;
Lag.70Cao,30Mng 50Cro.5003; and

4, LaFeO;, LaCoQO;, “LaNiO;”.

2. Experimental procedure

Stoichiometric compositions of the metal nitrates
were dissolved in water, and glucose was added in
a molar ratio of 1:1 with respect to total metal cation
content. The concentration of stock solution was gen-
erally about 1 M. For the compounds containing
manganese, manganese acetate was used instead of the
nitrate, as this has been shown to have positive effects
in a mixture with nitrates with respect to the pyrolysis
and the resulting powder characteristics [7, 24]. For
stock solutions containing manganese cations the pH
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was adjusted to 2.0 by adding nitric acid, ensuring
a high stability (the stock solution could be stored for
more than six months [7]).

The salt solutions were dripped through a feed tube
into the hot zone of an SS-tube rotary furnace with
a feed rate of 12 mlmin~!. The local temperature at
the inner furnace wall was measured by ther-
mocouples and was 550 °C.

Generally speaking, at least a half mole ( ~ 100 g)
batch was produced from each perovskite-type oxide.
A few larger batches of up to 1000 g have been pro-
duced in the case of LaygsSrg;sMnO; and
Lag 70Ca.30Cry - ,C0,03 (0 < y < 0.10) and batches
of 5000 g for LaMnOj. The powders were character-
ized by X-ray diffraction (Philips APD 1700), carbon
analysis (Leco), particle size distribution (Malvern
Mastersizer), surface area (Quantachrome Auto-
sorp-6), and scanning electron microscope (SEM) (Jeol
100 CX). The crystallite size was calculated from the
half-width of a diffraction peak using Scherrer’s
equation.

3. Results and discussion

The phase identification (by X-ray powder diffrac-
tion), crystallite size, carbon content and specific sur-
face area are presented in Table I.

With one exception (“LaNiO;”), all oxides have the
expected perovskite-type structure. In the case of
“LaNiO;” the resulting product was mainly La,NiO,
and NiO.

In the case of manganites and chromites the perov-
skite compounds as synthesized could be indexed on
the basis of a cubic cell as seen from Table 1. After heat
treatment at higher temperatures (sintering), manga-
nites are rhombohedrally distorted, and the chromites
(all doped with 30 mol % Ca) have an orthorhombic
structure. Even undoped manganite (LM-1001) has
a rhombohedral structure, which indicates a non-
stoichiometric composition, LaMnOQO;.. 5, where man-
ganese is present both as Mn®* and Mn** [25, 26].

The compound LaggsSrg.15Crg 50Mng 5005 1is
a single phase with a rhombohedral structure after
sintering at 1200 °C for 2 h, see Table 1. Koc et al, [5]
have shown that the composition Lag g55rg.10Cro 50
Mng 5003 has an orthorhombic structure (after sinter-
ing at 1475 °C). They obtained the same results in the
case of a similar composition, Lag geSre. 1oCr; 4
Mn, O, with a substitution of less than 55% Mn for
Cr. Furthermore, they obtained a single rhombohed-
ral phase only for compounds with more than 60%
Mn and a mixture of the two structures between 55
and 60% Mn. According to the results given here, an
extra doping with 0.05% Sr was enough to obtain the
rhombohedral structure when 50% of the Cr was re-
placed by Mn, i.c. less than 55% Mn. The other mixed
chromite-manganite, Lay.-70Ca0.30Crg.50Mng 5003
(LCCM-1001, Table I) is orthorhombic, although it is
highly doped with calcium.

The chromium based perovskites (LCC, LCCC and
LCCC FN in TableI) show an orthorhombic struc-
ture in accordance with the results of Berjoan and
Coutures on Ca-doped LaCrOs [27]. Apparently,



minor doping with other elements (Co, Fe, Ni) does
not change the type of crystalline structure.

The as synthesized LaFeO; and LaCoO; are or
thorhombic and rhombohedral, respectively.

As extra phases, the Sr-doped manganites usually
show SrCQj,, whose peaks in the XRD pattern grow

TABLE I Characteristics of powders produced by drip pyrolysis

as the strontium doping increases, correlating well
with the measured C content (Table I). For low dop-
ing, however, ( < 15mol % Sr) the resulting manga-
nite is a pure phase without any detectable (by XRD)
SrCQO,;, even though the pyrolysis furnace temper-
ature in these experiments is low (~ 550°C). Using

Batch Phase composition structure

Surface

area

m?g™t)

Pseudocubic Crystallite Carbon
parameter size content
{nm) {nm) (%)

LM-1001 LaMnQO;, rhombohedral
a =0.555nm

¢ = 1.338 nm

Lag gs5Srg.1sMnO,, rhombohedral
a=0.553 nm
¢ = 1350 nm

Lagy 49S19.30MnO3, rhombohedral
a=0.551nm
¢ = 1343 nm

Extra phase: trace of SrCO,

Lag 50510.50MnO3, rhombobedral
a = 0.549 nm
¢=1.341 nm

Extra phase: very little SrCO,

LSM-1015

LSM-1030

LSM-1050

LSCM-1001 Lag g581r5.15Crg soMng 5003, thombohedral
a=0.552nnm

¢=1333nm

Lag 70Cag.30Mny 50Crg. 5003, orthorhombic
a = 0.546 nm
b =0.770 nm
¢ = 0.544 nm

Lag 5Cag.35Crq.9703, orthorhombic
a = 0.545
b=0.772
¢ =0.546
Extra phase: very little CaCrO, and La,CrQOq¢

Lag,70Cag.30Crp.975C00.02503, orthorhombic
a = 0.542 nm
b =0.768 nm
¢ =0.544 nm

Extra phase: very little La,CrOg and CaCrO,

Lag 790Cag 30Crp.05C0g 0503, orthorhombic
a = 0.543 nm
b =0.769 nm
¢ =0.545 nm

Extra phase: very little La,CrQg, CaCrO,

Lag,79Cag.30Cro.60C04.1003, orthorhombic
a = 0.543 nm
b =10.768 nm
¢ =0.345nm

Extra phase: trace of La,CrOs

LCCM-1001

LCC-1002

LCCC-1025

LCCC-1050

LCCC-1100

LCCC-FN-1001 Lag 70Ca4.30Cr6.25C0g.05F€0.05Nig 0503,
orthorhombic

a = 0.548 nm

b =0.782 nm

¢ =0.555nm

LaFeOs, orthorhombic

a = 0.556 nm

b =0.788 nm

¢=10.555nm
Extra phase: very little La, O,
LaCoOj; rhombohedral

a = 0.545 nm

¢=1313nm

LF-1001

LCy-1001

0.3%0 19.2 0.38 272
0.391 25.2 0.45 273

0.389 19.7 0.66 179
0.388 18.3 115 19.5

0.388 187 0.56 294

0.385 19.2 042 377

0.387 23.0 0.28 14.2

0.385 20.5 0.20 ~

0.386 235 0.33 -

0.385 215 0.31 174

0.388 26.0 1.30 22.5

- 19.2 0.91
217

- 270 0.65 194

Extra phase: very little La,COs and trace of Co;0,

LN-1001 La,NiO,, NiO, La,COs

- - 2.04 -
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a citrate precursor process Baythoun and Sale recom-
mend a much higher calcination temperature in order
to remove SrCO; (1000 °C) [28].

In the case of the chromite-type perovskites the
minor extra phases most frequently encountered are
La,CrOg4 and CaCrO, and occasionally LaCrO,.

The minor extra phases present in these prepared
perovskites usually amount to about 1 and 5% for
LSM-1050, LCC-1002, LCCC-series, indicated as
“trace of” and “very little”, respectively (see Table I).

The crystallite size of the as synthesized compounds
calculated from Scherrer’s equation lies between 18
and 27 nm, and only small variations have been ob-
served in relation to composition. The possible pres-
ence of lattice strains [4] and the low crystallite size
resulting in broadened peaks makes it difficult to
determine the true symmetry (thombohedral and or-
thorhombic). Only after sintering at temperatures
above 1200°C is the true structure fully developed
corresponding to the above-mentioned results (see
Table I).

The carbon content appears to be below 1 wt %,
whereas higher carbon content (1-2 wt %) has been
found in powders with starting materials containing
acetates, as in the case of manganites (especially highly
doped LSM-1050), chromites (LCCCFN-1001) and
the unsuccessful preparation of LaNiOj.

Large specific surface area powders have been ob-
tained via drip pyrolysis. The largest values have been
found for mixed oxide manganite—chromite, LCCM-
1001 (37.7m?g™ ') and LSCM-1001 (294 m?g~1).
Generally speaking, starting from a mixture of ni-
trates—acetates larger specific surface areas have been
obtained. Powders were prepared with specific surface
area in the range between 14 and 38 m? g~ !, which is
similar to or larger than that of the freeze-dried pow-

ders obtained by Johnson et al. [29] or by the sol-gel
method of Taguchi et al. [30], and much greater than
that obtained by the citrate precursor method [6, 28].
Supposing equal spherical particles, an average par-
ticle diameter of 25 nm can be calculated from the
specific surface area, reasonably close to the 19.2 nm
determined from the Scherrer formula (LCCM,
Table I).
~ Agglomerate size distribution of the powders has
been measured using a particle size analyser based on
laser light scattering. After 1 min in a dry shaking
mixer containing zirconia balls, a mean agglomerate
size of 4.2 ym for LM-1001 was found; whereas 24 h
wet ball milled powder resulted in a value of 2.5 pm. In
the case of LCCC, the mean agglomerate size, meas-
ured after 2 min of ultrasound treatment, was about
30 um. A 24 h ball milled powder gave a 0.8 um value
for mean agglomerate size. This value is approxim-
ately 40 times the crystallite size (LCCC-1010 in
Table I) which is in accordance with scanning electron
micrographs (Fig. 1a,b) showing that these particles
contain mesopores. Fig. la shows a micrograph of
a chromite (LCCC-1010, as synthesized). The agglom-
erates reveal many cracks and are highly porous. The
small grains (between 30 and 80 nm) are loosely
bound together with many small pores and a few
larger pores. This appears clearly from the more de-
tailed picture in Fig. 1b. The agglomerates can easily
be broken down to < 1 um for the mean particle size
by using wet ball milling. In the case of manganite
powders, a more foam-like morphology appears
{Fig. 2, LaMnQj, as synthesized) which may be an
optimal powder characteristic for SOFC electrodes or
catalysts with controlled porosities.
All powders mentioned above have been syn-
thesized continuously as a free flowing powder with

Figure I Scanning electron micrograph of Lag 70Cag.30Cro.00 C09.1005 pyrolysed powder at (al intermediate magnification and (b) high
magnification. .

1056



Figure 2 Scanning electron micrograph of LaMnOj; pyrolysed
powder.

a very high yield (more than 90%) directly from the
rotary furnace.

4. Conclusions

Using a drip pyrolysis technique based on aqueous
nitrate solutions a large spectrum of perovskites has
been synthesized. Glucose as combustion fuel was
added in the mole ratio 1:1 by means of which perov-
skite phases develop at low furnace temperature
(550°C), with high specific surface area.

Partially substituting acetates for nitrates as start-
ing materials raised the surface area up to 38 m?g~!
without increasing the carbon content significantly.
The crystallite size seemed to be independent of com-
position for all the synthesized powders.

The minor phases present in the as prepared
chromites {as chromates) seem to be useful in the
sintering process (so called “transient liquid phase”
[[18]), and they seem to become incorporated in the
perovskite lattice after heat treatment [19]. However,
the presence of La,O; in LaFeO3; powder has to be
avoided because of its hygroscopic and unstable
nature.

In the case of La(Sr)MnQO; samples, the residual
carbon content increased with Sr-doping.

Rhombohedral perovskite structures were obtained
for lanthanum manganites and A site Sr-doped lan-
thanum manganites as well as for B site Cr-doped
manganites.

Chromites doped with 30% Ca had orthorhombic
structure (LCC, LCCC, LCCC-FN) (see Table 1).

The method used to synthesize the materials pre-
sented in this study has proven to be reproducible and
suitable for upscaling,

Acknowledgements

The authors acknowledge O. Serensen for carrying
out the SEM measurements and S. F. Madsen for
typing this paper.

References

1. J. T. BROWN, “High Conductivity Solid Conductor, Recent -

Trends and Applications” edited by T. Takahashi (World
Scientific Publishing Co., Singapore, 1989) p. 630.

2. A.J. APPLEBY, in “Fuel Cell Handbook” (Van Nostrand
Reinhold, New York, 1989) p. 579.

3, 0. YAMAMOTO, Y. TAKEDA, R. KANO and M. NODA,
Solid State Ionics 22, (1987) 241.

4. R.SCHMIDBERGER and W. DONITZ, DE Patent 2 824 408
B2, 1981.

5. R. KOC, H. U. ANDERSON, S. A, HOWARD and D. M.
SPARLIN, in “Proceedings of the First International Sympo-
sium on SOFC, Florida”, edited by S. C. Singhal (The Electro-
chemical Society Inc., Pennington, NJ, 1989) p. 220.

6. P. GORDES, Risg Report M-2867, Roskilde, Denmark, Jan-
uary 1990.

7. N.CHRISTIANSEN and P. GORDES, in “Proceedings of the
Second International Symposium on SOFC, Athens”, edited
by F. Gross, P. Zegers, S. C. Singhal and O. Yamamoto
(Commission of the European Communities, Athens, 1991)
p. 495.

8. L.R.PEDERSON, L. A. CHICK and G. J. EXARHOS US
Patent 4880772, 14 November 1989.

9. L. A. CHICK, J. L. BATES, L. R. PEDERSON and H. E.
KISSINGER, in “Proceedings of the First International Sym-
posium on SOFC, Florida”, edited by S. C. Singhal (The
Electrochemical Society Inc., Pennington, NJ, 1989) p. 170.

10. J.J.KINGSLEY and K. C. PATIL, Mater. Lett. 6,(1988) 427.

11. C.B.MARTIN,R. P. KUROSKY,G. D. MAUPIN, C. HAN,
J. JAVADPOUR and 1. A. AKSAY, in “Ceramic Powder
Science 1117, edited by G. L. Messing and H. Hausner (Ameri-
can Ceramic Society, Westerville, OH, 1990) p. 99.

12. B.C.KNUTZ, P. GORDES, C. BAGGER, N. CHRISTIAN-
SEN and N. J. BJERRUM, in “Proceedings of the First Nor-
dic Symposium on Materials in High Temperature Fuel Cells,
Oslo”, edited by B. Bergman (The Royal Institute of Techno-
logy, Sweden, 1992) p. 151.

13. L.GROUPPand H. V. ANDERSON, J. Amer. Ceram. Soc. 59
(1976) 449.

14. D.B. MEADOWCROFT, Brit.J. Appl. Phys. Series 2,2 (1969)
1225.

15. B. K. FLANDERMEYER, B. POEPPEL, J. T. DUSEK and
H. U. ANDERSON, US Patent No. 4749 632, 1988.

16. N. SAKAIL T. KAWADA, H. YOKOKAWA, M. DOKIYA
and T. IWATA, J. Master. Sci. 25 (1990) 4531.

17. R.KOCand H. U. ANDERSON, in “Ceramic Powder Science
11", edited by G. L. Messing and H. Hausner (American
Ceramic Society, Westerville, OH, 1990) p. 659.

18. M. M. NASRALLAH, J. P. CARTER, H. U. ANDERSON
and R. KOC, in “Proceedings of the Second International
Symposium on SOFC, Athens”, edited by F. Gross, P. Zegers,
3. C. Singhal and O. Yamamoto (Commission of the European
Communities, Athens, 1991) p. 637.

19. N. CHRISTIANSEN,P. GORDES N.C. ALSTRUP and G.
MOGENSEN, in “Proceedings of the third International Sym-
posium on SOFC, Honolulu”, edited by S. C. Singhal and H.
{wahara (The Electrochemical Society Inc., Pennington, NJ,
1993) p. 401.

20. H. SETO, Y. SOMEYA, T. YOSHIDA, S. SAKURADA,
I. MUKAIZAWA, H. IWASAKI and A. TSUNODA Euro-
pean Patent 0411547 A1, 1991.

21. P.GORDESand N. CHRISTIANSEN, in “Proceedings of the
third International Symposium on SOFC, Honoluly”, edited
by S. C. Singhal and H. Iwahara (The Electrochemical Society,
Inc., Pennington, NJ 1993) p. 414.

22. L. G. TEJUCA, J. L. G. FIERRO and J. M. D. TASCON,
Adv. Catal. 36 (1989) 237.

1057

v



23.

24.

25.

26.

27.

R.J. H. VOORHOEVE, in “Advanced Materials in Catalysis”,
edited by L. J. Burton and R. L. Garten (Academic Press, New
York, 1977) p. 129.

K. KOURTAKIS,M. ROBBINS and P. K. GALLAGHER, J.
Solid State Chem. 82 (1989) 290.

E. 0. WOLLAN and W. C. KOEHLER, Phys. Rev. 100 (1955)
545.

B. C. TOFIELD and W. R. SCOTT, J. Solid State Chem. 10
(1974) 183.

M. BERJOAN and J. COUTURES, Rev. Intern. Hautes Tem-
per. Refract., Fr. 17 (1980) 261.

1058

28.

29.

30.

M. S. G. BAYTHOUN and F. R. SALE, J. Mater. Sci. 17
(1982) 2757.

D. W.JOHNSON JR,P. K. GALLAGHER, F. SCHREY and
W. W. RHODES, Ceram. Bull. 55 (1976) 520.

H. TAGUCHI, D. MATSUDA, M. NAGAQO, K. TANIHATA
and Y. MIYAMOTO, J. dmer. Ceram. Soc. 75 (1992) 201.

Received 13 July 1993
and accepted 5 July 1994



