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A new route to synthesize La;_,Sr,MnO;
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Self-Propagating High-temperature Synthesis (SHS) was used to produce complex oxides
(La1_»xSryMnOs with x=0, 0.1 and 0.2), which are used as the cathode in solid oxide fuel
cells (SOFCs). Thermodynamic predictions and experiments show that La;_,Sr,MnO; can
be prepared via SHS under moderate conditions from a mixture of La;O3z + SrO, + Mn,
using either gaseous oxygen or solid NaClO, as the oxidant. Partial melting at the high
combustion temperature increased product homogeneity. The electrical conductivity of the
product was 180 S-cm~" at 1000 °C in air, matching that of sample made by other synthesis
processes. SHS enables a more economical production of La;_,Sr,MnOj3; than existing
commercial processes. © 2000 Kluwer Academic Publishers

1. Introduction high productivity, low external energy consumption and
Modern solid oxide fuel cells (SOFCs) use cath-use of simple production facilities. SHS has been suc-
ode tubes made of La,Sr,MnOs (LSM) [1]. About  cessfully used to synthesize complex oxide materials
4.5 kilograms of LSM are used per kilowatt of power, such as ferrites, high temperature superconductors and
so thata MW-scale unit requires about 4.5 tons of LSM other oxides [14-18].
This powder is commonly produced by the amorphous We report here a study on the feasible production
citrate process (Pechini method) [2], in which metalof La;_xSKMnOs (with x=0, 0.1 and 0.2) via SHS.
salts are dissolved in citric acid/ethylene glycol solu-This includes a thermodynamic feasibility analysis of
tion followed by evaporation of the solvent. The residuethe combustion synthesis, an experimental study of the
is heated to decompose and remove the organic residifluence of the synthesis conditions, the mechanism
and to obtain the desired oxide. The process has alsand sequence of the reactions, and phase formation in
been modified by changing the citric acid/ethylene gly-the combustion wave.
col ratio [3—6]. Other synthesis processes are freeze-
drying [7], spray pyrolysis [8-10], sol-gel [10, 11] and
the glycine-nitrate method [12]. In freeze-drying, met-
als are dissolved in nitric acid and the solution spraye@®- Thermodynamic feasibility analysis of
into liquid nitrogen, and resulting LaMngpowder has combustion synthesis
a very high surface area (14-32/g). In the spray Thermodynamic feasibility analysis (TFA) gives the
pyrolysis process, aqueous nitrate droplets are decongquilibrium composition and combustion temperature
posed in a hot reaction chamber. These wet-chemicdhrough minimization of the thermodynamic potential,
processes often involve complicated procedures angubject to material and energy balances [13, 19, 20].
also lead to the formation of undesired side productsWe use a TFA to analyze the feasibility of SHS of
The high price of LSM is an important component of Lai-xSxMnOz (x =0, 0.1 and 0.2) from the follow-
the manufacturing cost of SOFCs and there is a stronif)g reactant mixtures, using either gaseoysa® the
incentive for developing an alternative, more econom-oxidant:
ical method for the production of LSM powder.

SHS can produce many inorganic materials atalower | 3,05 + 2Mn ] 2LaMnO; 1)
price than other processes [13]. In this method, solid o
powders are intimately mixed and pressed into pellets, La,Oz + (2 — y)Mn + yMnO, = 2LaMnQ; (2)
which are ignited by heating of one end. Heat is re-
leased, creating a combustion front which propagates (1 — x)LayO3 + XSrQ, + (2 — y)Mn + yMnO,
through the pellet forming the desired product. This o
method offers several important advantages, such as  — 2La;_xSKMnO;3 3
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or solid NaClQ as oxidant: 2170
Lay,O3 4+ 2Mn + 0.75NaCIlQ L2160
— 2LaMnQ; + 0.75NacCIt (4) —_
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The TFA of reaction (1) (Fig. 1) shows that the equilib- 0.0 i 2110
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rium temperature increases from about 1970 to 2050

as the air pressure is increased from 1 to 4 atm. Fc
all pressures exceeding 3 atm, the product is LainO
The increased pressure suppresses the dissociation ui

lanthanum oxide, which in turn increases the adiabatigigure 2 Dependence of the equilibrium temperature and composition
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combustion temperature. When solid Nag@l®ig. 2)  of the products formed by the reaction mixture of,08 +2Mn+
is used as the oxidant, the combustion temperature &75NaClQ.

lower than when gaseous oxygen is used (Fig. 1). The
desired LaMn@productis liquid when the air pressure
exceeds 8 atm.

The amount of gaseous products may be reduced b
diluting the reactant fuel Mn with its oxide (Mnp

since this decreases the combustion temperature. . _.-
TFA of reaction mixture (2) shows that increasing the ~._

molar amount of Mn@ (y) decreases the temperature
from about 1970C with pure Mn to 1730C with
0.6 mole MnQ dilution (Fig. 3).

The equilibrium temperature (Fig. 2) is insensitive to £

the pressure between 1 to 4 atm for the reaction mixtures™ ]

described by Equation 4, and is unaffected by dilution
(Fig. 3) fory between 0.2 to 0.5 for the reaction mixture

described by Equation 2. This essentially constant tem
perature at increasing oxygen pressures and dilution i
caused by a phase transition, which compensates tr
change in the combustion heat. The almost constar
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Figure 3 Dependence of the equilibrium temperature and composition
of the products formed by the reaction mixture op0g + (2 — y)Mn +
yMnO; + Os.

temperature in Fig. 2 for oxygen pressures between
1 to 4 atm is due to the endothermic phase-transition
(melting of the final product) which compensates for
the increased heat of combustion. The essentially con-
stant equilibrium temperature region in Fig. 3 is due
to an exothermic condensation of La@nd crystal-
lization of liqguid LaMnG;, which compensates for the
decreased heat of combustion with dilution. The cal-
culated combustion temperatures for reaction (3) are
shown in Fig. 4. Since the amount of Sr@sed is rather
small, the combustion temperatures and product com-
positions as a function of dilution are similar to those
of the undoped reaction (2). Only liquid product is ob-
tained when the dilution is less than 0.2 mole due to the
high temperature.

Figure 1 Dependence of the equilibrium temperature and composition 1 h€ calculated combustion temperatures for three
of the products formed by the reaction mixture op0g + 2Mn+ O5.
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TABLE | Calculated equilibrium temperatures of three products madejdant. Some experiments were conducted using either

by reactions (1-6) at 1 atm pressure loose powder or cylindrical pellets formed by pressing
Without With the powder mixture.
Compounds Oxidant  dilutiory=0 dilution,y=0.8 The phase composition and morphology of the sam-
ples were determined by X-ray diffraction (Siemens
LaMnO; 0z 2246.0 1651.9 D5000), Scanning Electron Microscope and Electron
NaClQ;  2120.0 1505.7 . ; .
LapsStoiMnOs O, 22427 1615.7 Probe Microanalysis (JEOL JXA/8600) with a bea_m
NaClQ;  2120.2 1477.3 energy of 15 kV and a 30 nA current. Wavelength dis-
LaggSloMnOs O, 2177.4 1580.0 persive spectrometry was used for quantitative chemi-
NaClo, 21137 1449.0 cal analysis of the phases rather than EDAX due to its

higher accuracy and precision. Synthetic and natural
specimens were used to calibrate the X-ray. The data
2500 were processed using routines of the Geller Microana-

lytical Laboratory (Topsfield, Mass) and the ZAF ma-

trix correction scheme of Armstrong. Thermal analysis
- 2000 was conducted with SEIKO TG/DTA 320 at a heating
rate of 20°0C/min and a flow rate of 60 sccm of pure
oxygen.

For inductive coupled plasma spectrometry, a
1.0000 gm £0.0002) sample was dissolved in 12 N
HCI on a hot plate. Following evaporation, the dry
residue was re-dissolved in 1.5 N HN@o yield a
sample, which was analyzed. The ICP was calibrated
by standard solutions, one solution per element. The
" 500 electrical conductivity measurements were conducted
by 4-terminal conductivity method.

- 1500

= 1000

Mi (moles), XY,
Temperature (K)

4. Results and discussion
y SHS of a mixture with the stoichiometric composition
of Lag 9Srp.1MnO;3 yielded a multi-phase product. Fol-
Figure 4 Dependence of equilibrium temperature and compositionlowing 2 hours of calcination at 140C, the X-ray
of the products formed by the reaction mixture of 0.80a+ 0.2SrQ + diffraction pattern of the powder shows the presence of
(2= y)Mn+yMnO; + 0. some LaOj3 peaks (Fig. 5). This agrees with reported
results [21] that it is very difficult to prepare the stoi-

oxidant decreases the combustion temperature due Ffp'é)met(;'ﬁ La‘gSro,ll\/(ljnO?. Howevg_rl, ast0|ch|0drrt1)etr|cl
the heat needed to evaporate the NaCl. The combustigff'@oPed La n@productwas readily prepared by cal-

- - tion of SHS powder.
temperature during the synthesis ofg&r51MnO3 ex- cina . X .
ceegs that of thegsynthgsis of d¢SB1o zl\(/)léo& s3ince We studied mainly the synthesis ofd@Sio1MnGs,

the second reaction requires decomposition of a Iargére" aproduct with a SI'gh.t Ianthanu_m deficiency Wh'c.h
amount of SrG. is recommended for use in solid oxide fuel cells. As di-

The calculated combustion temperatures for bot ution Wit.h 'l\'/InOZ dec;reases the combustion temperg-
LaMnO; and La_xSKxMnOs (x=0.1 and 0.2) are ure, the initial experiments were cond_ucted without it.
rather high using either NaClr oxygen as the oxi- The atmospheric SHS experiments with Nagi@ere
dant, even at atmospheric pressure. Thus, it is feasible
to generate a self-sustained combustion wave in these
systems.

* -La O
23

3. Experimental system and procedure

The following reactants were used to prepare the re
active mixtures: LgO3 (Alfa Aesar, average particle
size () smaller than Jum), SrQ (Aldrich, © smaller
than 10um, ACS), Mn (Alfa Aesary = 9.85.m), and
NaClQ, (Alfa Aesar,u = 15 um). The green mixtures
were prepared by 3 hours of dry mixing of the reactan . \ «JK .
powder in a ball mill (US Stoneware, Mahwah, NJ) with
ZrO; balls. The combustion was conducted either in ai
for mixtures containing NaClgor in an oxygen atmo- 2-theta

spherg (Trigas Co.). A ,SPeCIaI solid ignition _mIXture Figure 5 X-ray diffraction of La.9Sr.1MnOs made by the reaction mix-
(chemical match) containing ADs, BaO, and Ti Was  tyre 0f0.9La0s + 0.2SrQ + 2Mn + O, after the calcination at 140C
used to initiate the SHS when using NaGl&s the ox-  for 2 hours.

u.)
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25 30 35 40 45 50 55 60

3601



high temperature for a longer period than the sample
containing NaClQ@ and combusted in air. The X-ray
diffraction pattern showed that the longer the period
the combusted sample stayed at the high temperature
the higher the homogeneity of the product.

Increasing the pellet density decreased the heat loss
from the combusted sample, increased the contact
(a) ! \ | \ among reactant particles, and favored the formation of

homogeneous products. However, diffusion efiato
the center of a pellet with a high density is critical for
conducting SHS. High pressure enhances the oxygen
A J\‘* ~ diffusion into the center of the pellet. X-ray diffraction

35 40 45 50 55 s0  Of the central part of a 40 mm diameter pellet showed
2-theta that an increase in the pressure increased the degree of
crystallization and product purity.

The temperature at the pellet center is generally
higher than that at the surface due to the heat loss (ra-
) ] ) diation and convection) from the surface. In general, a
easier than those with gaseous oxygen, which had to b@ mperature gradient exists across the sample and the
conducted at higher pressures. product homogeneity in the center is higher than at

Pellets with a diameter of 37.5 mm and 40 mm longthe surface. SHS in an@nvironment generated three
were formed by pressing powder mixture containinggifferent zones in the pellet. Fig. 7a—c show BEI of
NaClQ;, to about 40% of the theoretical density. The these three regions. A partial melting in the pellet center
combustion was very intensive and the high temperagaysed homogenization (Fig. 7a). No partial melting oc-
ture front propagated through the pellet in a few seCtyrred in the region next to the pellet surface and some
onds. Alarge amount of white NaCl gases was releasegnreacted LgO3 was present (Fig. 7¢). The combustion
as the combustion wave passed through the pellet. Themperature in the transition zone (Fig. 7b) was higher
high temperature and gas evolution caused cracking Qhan in sintering zone, and the reaction proceeded
the product pellet and partial melting. X-ray diffrac- fyrther than in the sintering zone, some impurity of
tion qf ground fine powder from the center of the pe"(Lal_Xer)zMnO4 was present in an intermediate zone.
let (Fig. 6a) does not show any 3@z and Mn peaks, The relative size of the three zones depended on the pel-
indicating complete conversion of these reactants. Ngt density, oxygen pressure and sample parameters.
NaCl was detected by either X-ray diffraction or EPM, A TG/DTA analysis of metal manganese in a pure
indicating that all the NaCl evaporated during the COM-gxygen environment (Fig. 8) showed that a rapid oxi-
bustion. TG/DTA [17] analyses indicate that NaGlO dation of the manganese started at about’850This
decomposes at 48C and NaCl evaporates at 14X3.  jgnjted the metal and generated a large exothermic peak.
The combustion temperature of about 18800f this |t heat from the combustion front does not increase the
reaction mixture (Fig. 2) highly exceeds the evaporationemperature of the adjacent layer to the ignition tem-
temperature of NaCl. Comparison of the X-ray diffrac- perature of Mn, extinction will occur even when the O
tion pattern with that of a standard sample indicates thaéupply is sufficient. The propagation of the combustion
the main product is the desired phase with some intefyave is strongly dependent on the metal oxidation. In
mediate impurities. We conjecture that the presence ﬁeneral, at low oxidation temperatures the combustion
intermediate_s was due to the short period tht_a produdtont movement tends to be more regular and steady.
was at the high temperature (less than one minute).  The sequence of chemical and phase transformation

To check the impact of the sample cooling, a piece ofjyring the SHS was studied by quenching the reaction
the combusted LSM sample was placed in a pre-heateglont in a conical combustion-wave arresting setup [15],
furnace (1500C) and the power turned off. The furnace using a reactant mixture containing NaGl@ur pre-
temperature remained above 7&Dfor about 90 min-  yious TG/DTA analyses [17] indicated that NaGl@e-
utes, below which the reaction rate was negligible. ThQ:omposes at 48C and releases a large amount of the
X-ray diffraction pattern of the sample (Fig. 6b) shows heat and that the decomposition of Siarts at 431C
that heating i_ncreased the I__SM purity. This suggestsind again at 80C, forming SrO. Layer by layer X-ray
that combustion of a large diameter batch, the coolingjifraction and electron probe microanalysis suggested
rate of which is similar to that of the furnace, will gen- the following sequence of reactions occur. In the layer
erate a high purity product and will not require postghead of the combustion front, NaGl@nd SrQ de-

Intensity (r.u.)

S,

WL

20 25 30

Figure 6 X-ray diffraction of SHS LgggSrp1MnO3 powder cooled in
air (a) and cooled in furnace (b).

treatment. _ _ compose by the reactions:

SHS of LSMin Q led to a higher purity product than
from a reactant mixture containing NaCl®ecause
of the higher combustion temperature, as predicted by NaCIQy — 20; + NaClf 0
TFA. The combusted pellet did not crack and kept its SrQ; — Sro + 1/20, 8
shape since no gaseous compounds formed during the
combustion. The active Q released from these decompositions and

When SHS of a loose powder mixture was conductedeat conduction from the high temperature zone cause
in a flowing oxygen stream, the sample remained at aapid oxidation of the metallic Mn. This oxidation
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Figure 7 Back scattered electron images of product of the reaction 08%-& 0.2SrQ + 2Mn+ O, with diameter 40 mm (a) sample center
(note that white area is unreacted0g due to non homogeneous mixture), (b) about 15 mm from pellet center and (c) next to pellet surface.

releases a large amount of heat (Fig. 8) inducing a com- 0,

bustion front in the adjacent layer. The analyses of the (1 = X)L2;05 + Mn203 = 2LaxMnOs ~ (10)
combustion front zone by X-ray diffraction and EPMA
indicate that an Ms03 intermediate is formed by the
oxidation of Mn:

Sris incorporated into the perovskite by the reaction:

La;_xMnO3z + xSrO— La;_SrMnOs (1))

2Mn+ 1.50, — Mn,03 9
At the high temperature zone, 4@; and Mn,O3 par-  The presence of (LaxSr),MnO, suggests that one
ticipate in the reaction: of the following reactions or both may have occurred,
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Figure 8 TG/DTA of manganese metal with a heating rate of 2imin

and oxygen flow rate of 60 ml/min.

LayO3 + SrO+ Mny03 — (Lag—_xSik)2MnO, (12)

La;_xSKMnO3+ SrO+ La;O3 — (Lap_xSrk)2MnO4
(13)

(La1_xSrk)2MnO, then react with MpO3

(La;_xSr)2MnO4 + Mny,03 — La;_xSKMnO3 (14)

The final desired composition of bgeSty1MnO3 and

its homogenization occur in the final combustion stage 2
The LSM powder used in solid oxide fuel cell must £

satisfy certain specifications, such as microstructure

purity, sinterability and electrical conductivity. LSM

produced by SHS of a 40 mm diameter and 40 mm loni ; ‘ ;

sample of a slightly pressed powder mixture in gh O

pressure of 4 psi was ground to a powder to an averag.

particle size of 10-1%m, and then pressed to form

was heated to 140 at a heating rate of &/min and

TABLE Il ICP analysis of the LggoSrp.1MnOs product

ICP results, Absolute Std. Relative %  Cations
Element wt% Dev wt% Std. Dev. per Mn
La 58.04 +0.19 +0.3 089+ 0.006
Sr 4.19 +0.01 +0.3 Q1+ 0.0006
Mn 25.86 +0.08 +0.3 1.00
TABLE 11l Impurity concentrations in the lg@gSro.1MnO3 product

ICP results Absolute Std. Relative Std.

Element (ppm) Dev. (ppm) Dev. %
Si 62 +0.7 +1.1
Al 51 +1.9 +3.4
Cu 31 +0.4 +1.4
Ca 55 +0.4 +0.4
Mg 19 +0.2 +1.2
Fe 55 +0.3 +0.6
Total 273 — —

ity (r.u.)

[N

20 30 40 50 60

2 theta

T

70 80 90 100

- ; : . Figure 10 X-ray diffraction of powder made by SHS of the mixture of
a cylindrical pellet of 37.5 mm diameter. This pellet ¢ 89 50, +0.2SrG + 2Mn + O;.

calcined at this temperature for 3 hours and then coole85 minutes with two WC grinding balls in a 300 ml
at the same rate. About 25-gram of the crushed partgolume WC vial placed in a Spex-8000 grinding ma-
of the calcined pellet in isopropanol were ground forchine. The product (Fig. 9) had a uniform particle size

Figure 9 SEM of powder made by SHS of the mixture of 0.890g + 0.2SrQ + 2Mn+ Os.
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Figure 11 EPMA powder made by SHS of the mixture of 0.8908 + 0.2SrQ + 2Mn + Oa.

distribution with an average size of aboutd, deter-  particle size distribution was obtained by grinding the
mined by Mastersizer (Malvern Instruments Inc., MA). SHS product for 35 minutes. The total impurity con-
X-ray diffraction (Fig. 10) and Electron probe micro- centrations of 273 ppm is much smaller than that of the
analysis showed that this powder was a single phasespecified maximum of 1000 ppm. The electrical con-
The corresponding BEI with a uniform average Z con-ductivity of 180 Scm™* at 1000°C in air matches that
trast is shown in Fig. 11. Wavelength dispersive specof commercial product made by other processes.
trometry analysis indicated that the product composi-
tion was LageSro.1MnOs. Acknowledgements
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