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Vaporization of the perovskite phaseglggSr » ,CaCrO;_;, X = 0.05, 0.10, and 0.15, was investigated by the use of Knudsen
effusion mass spectrometry in the temperature range 1900 to 2100 K. The partial pressuigs, @rCfg), CrO,(g), CaQg),

Sn(g), SrQg), and LaQg) were determined for all the samples investigated at 2000 K. The partial pressurggpin@s, in

addition, evaluated from the gaseous equilibria. The equilibrium partial pressures were used for the calculation of thermodynamic
activities of the components at 2000 K. The results were compared with thermodynamic data; foM|GrO; 5, M

= Ca,Sr.
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Acceptor-doped perovskites of the composition the samples was checked by X-ray diffractiddRD) investigations.
La, _,M,CrO;_5, M being a second group element, show high elec- Chemical analysis of samples after preparation was performed by
trical conductivity, high melting point, and excellent chemical sta- means of the inductively coupled plasma-Auger electron spectros-
bility under reducing and oxidizing atmospheres. These refractorycopy (ICP-AES method using the 34000-459B apparatus from
electric conducting ceramic materials are of great practical interesFisons/ARL, Switzerlandsee Table )l The uncertainty of the La,
for the production of electrodes in magnetohydrodynatiMeiD) Cr, and Sr contents in the samples amounted 83%6.
generator channelsheating elements in high temperature furnaces,  The vaporization studies of the §.&St, » ,CaCrO;_; phases
and interconnects in solid oxide fuel celBOFC3$.2°Knowledge of ~ were carried out by Knudsen effusion mass spectronistg,e.g,
high temperature chemistry and thermodynamics of these materialRef. 10, 1). The instrument of the MAT 271 type was supplied by
under oxidizing and reducing conditions is necessary in order toFinnigan MAT, Bremen, Germany, and is completely computer con-
understand the degradation and corrosion processes which are paselled. The vapor species were ionized with an emission current of
sible in the above-mentioned systems. For example, the vaporizatioh mA and an electron energy of 50 eV. A Knudsen cell made of
processes in the different atmospheres at the anode and cathodengsten and lined completely with iridium was employed in the
sides of SOFCs have to be known under operating conditions. It hasneasurements. Temperatures were measured by an automatic py-
been shown that chromium vaporization can lead to a rapid degrarometer of the ETSO-U type supplied by Dr. Georg Maurere GmbH,
dation of the electrical properties of an SOFC with a metallic Kohlberg, Germany, and calibrated using the melting points of sil-
interconnecf:® Knowledge of the potential for decreasing this va- ver, gold, and platinum. Chemical analysis of the samples after the
porization by the use of a doped LaGr@eramic interconnect is  vaporization study was performed by means of ICP-AES and results
therefore necessary. From the potential materials, a perovskit@re reported in Table | as well.
phase, La ,M,CrO;_ 5, doped with the second group element
(M = Ca or Sy was used for this purpo$e.
We reported previously on a vaporization study of ternary phases  |onic species and their assignment to neutral precursefEhe
La; ,CaCr0; ;" and La ,SKCrO; 5 .° These phases vaporize in-  jon species Cr, CrO*, Cr0; , CaO, Sr*, SrO', La*, and La0
congruently by depletion of the gaseous chromium oxides. The acwere detected in the mass spectrum of the vapor over the different
tivity of Cr,O; in the ternary chromia-poor perovskites increases | g, Sy, , ,CaCrO,_; samples. They were identified by their
with increasing content of Ca or Sr in the A sublattice of perovskite. masses, by the shutter effect, and by their isotope abundances. The
Thermodynamic activities of the Il group element oxides in the assignment of the ions to their neutral precursors has been reported
doped lanthanum chromate is, in both cases, relatively high. This i§y Ref, 7, 8 on vaporizing the ternary phases LM, CrO;_s .
disadvantageous because of the possible formation of alkaline earth The intensities of the ions were measured in the course of runs
carbonates from t_he alkaline earth OX|des_|n the perovskite phasci_s for three different LgscSTy » CaCro;_s samples of the com-
and CQ(g), especially SrC@can be formed, if H/CO anode gases  ositions given in Table I. The runs were performed in the tempera-
are used. ture range 1900 to 2100 K. The starting temperature was adjusted at
The present paper reports on the experimental investigations othe end of each run in order to check the reproducibility of the vapor
vaporization of the LggsSr» ,CaCrO; 5 samples doped by two pressure measurements. In runs 1, 3, 5, and 7, new sample materials
second group elements. The aim of the work was to clarify whethernwere taken for the study. At the beginning of these runs, the decreas-
the codoped perovskite phase has better thermodynamic propertiésg intensities of the Cr-containing ions were observed at constant
in comparison to the ternary phases doped only by one alkaline earttemperature due to a change of the chemical composition of the
metal. In particular, activities of @3 and of CaO and SrO were to  perovskite phase. Time-independent intensities were obtained after
be determined and compared to those obtained for the two ternarie®4 to 90 h depending on the sample composition. This was checked
for about 20 h. The measurements were carried out in this time
period. The depletion of GO; resulted in the formation of the sec-
Three samples of the compositions ¢kgBr, ,CaCrO; 5, ond phaséprobably LaO; or Ruddlesden-Popper phage addition
x = 0.05, 0.10, and 0.18A, B, and C in Table ) were pre- to the CpOs-poor perovskite. The intensities for runs 1, 3, 5, and 7
pared by melting and decomposition of the respective nitrateswere measured after adjusting time-independent partial pressures.
La(NOz)3-6H,0, CaNOz),-4H,0, SI(NOj3),, and Ct{NOs)3-9H,0 The XRD patterns of the samples after the vaporization measure-
(each reagent graglsupplied by Merck, Darmstadt, Germany, were ments did not show the existence of any other phase in addition to
used as starting materials. The samples were sintered at temperperovskite, probably because the,Gy loss during these vaporiza-
tures between 1473 and 1673 K for 10 h. The phase composition ofion measurements was too small. Plots showing the decrease of the
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Table I. Nominal chemical composition of the Lg gSry,—,Ca,CrO;_5 samples in runs 1-8 and results of the chemical analysis of the samples
before and after vaporization study (uncertainty +3%).

Sample Runs X (CaO X (SrO) X (1/2Cr05) X (1/2L&a0s)
A 1,2 3,4 nominal 0.025 0.075 0.500 0.400
chemical analysis before KEMS 0.025 0.074 0.500 0.401
chemical analysis after run 2 0.025 0.071 0.487 0.416
chemical analysis after run 4 0.025 0.070 0.492 0.413
B 5 6 nominal 0.050 0.050 0.500 0.400
chemical analysis before KEMS 0.051 0.051 0.497 0.401
chemical analysis after run 6 0.050 0.050 0.485 0.415
C 7, 8 nominal 0.075 0.025 0.500 0.400
chemical analysis before KEMS 0.075 0.025 0.498 0.402
chemical analysis after run 8 0.077 0.026 0.487 0.410

ion intensities as function of the time are shown in Ref. 7 and 8pased on the experimental cross section rati@r)/o (Au) = 1.5

on studying the perovskite phases ;LgCgCrO;_5 and  andg(Pi/o(Au) = 1.46%%was used for the determination ofPt)/

Lay _xSKCrOs_s . _ o(i) given in Eq. 1. The ionization cross sections of LaO were ob-
Runs 2, 4, 6, and 8 were performed using the samples fromyineq by using the value (La)/a(Cr) = 3.541° The ionization

previous measurements. Before these runs, samples were ground iRq section of SrO and CaO were obtained from the subsequently

an agate mortar to prevent diffusion-controlled vaporization in a erformed vaporization experiments of pure &QCads), and

substeqtietnt expe;imenft. Alltkt‘hebion_ in_tensitfieti remained Tsigable agt(s) by using Eq. 1 and partial pressures of the pure substafices.

constant temperature from the beginning of these runs. The mea- A . L >

sured ion intepnsities corrected for igsotopi%: distribution are listed in P.ressure calibration was ci’?rrled out by vaporizing pure Pt at. its

Table Il for run no. 1 as an example. meltllng temperature of 2042 7.As an example, the pressure cali-

bration constank = 3.86 X 10 ° Pas K ! resulted for run 1. Par-

Partial pressures—Partial pressuresy(i) of species i at tempera-  tial pressures were evaluated by the use of Eq. 1 for each measure-

ture T were obtained from the equation ment temperature. In Fig. 1 we show, as an example, partial
pressures of vapor species obtained in run 1 for sample A. Table Il
n(i) = k"('?t) TE (i) [1] gives the partial pressures of the different species interpolated to

a(i) 2000 K in the measurements. The @artial pressures were com-

puted from the equilibrium constant of the reaction @O
wherek and =1 (i) are, respectively, the pressure calibration factor = Cr(g) + 30,(g) by using the measured @) and Crdg) partial
and the sum of the intensities of the ions originating from the samepressures as well as the values of the equilibrium constant of this
neutral precursor io(i) is the ionization cross section of the species reaction from the literaturt The formation of the ion Cr® from

i. The values of the relative ionization cross section rati@)/o (i) __the gaseous species GgDand CrQ(g) by fragmentation was taken
given in parentheses were used for the following gaseous species ihto account as described in Ref. 7.

Cr (1), CrO (0.7, CrG, (0.26), LaO (2.52), CaO(6.65, Sr(0.73,

and Sr((0.52). They were obtained on the basis of the experimental =~ Thermodynamic activities-The determination of the thermody-
cross section ratiosr(MO)/a(M) = 0.71 and ¢ (MO,)/c(MO) namic activity of CyO3 in Lag goSly»,CaCrO;_s(s) was carried

= 0.36 selected from the data reported by Drowfdiar transition out by vaporizing pure GO; before and after the measurement of a
metals M. The ionization cross section ratdPt)/c(Cr) = 1.0, sample. The equilibria

Table II. Ton intensities (in s™%) at different temperatures, corrected for the isotopic distributions obtained in run 1, and assignment of the ions
to neutral molecules.

Cr(g) CrO(g) CrO,(g) LaO(g) Sr(g) Sr0(g) CaO(g)
T/K crt Ccro* CrOy La* LaO* srt Sro* CaO*
1906 1.56 X 10° 1.21 X 10* 472 X 10! 6.2 1.74 X 10! 1.23 X 10° 5.14 X 10! 8.6
1920 206 X 10° 1.53 X 10* 6.74 X 10! 1.20 X 10! 3.06 X 10! 1.66 X 10° 7.42 X 10 9.9
1934 264 X 10° 230 X 107 9.12 X 10! 1.38 X 10! 3.35 X 10! 2.06 X 10° 1.08 X 10> 1.38 X 10!
1941 3.15 X 10° 2.96 X 107 997 X 10! 1.76 X 10! 4.66 X 10! 2.60 X 10° 1.17 X 10* 1.57 X 10!
1948 336 X 10° 3.13 X 107 1.13 X 10° 1.99 X 10! 4.79 X 10! 2.67 X 10° 1.56 X 10* 227 X 10!
1962 4.06 X 10° 4.03 X 10* 1.46 X 107 2.12 X 10! 6.89 X 10! 3.26 X 10° 1.80 X 10? 2.18 X 10!
1979 515 X 10° 5.30 X 107 2,16 X 10° 3.47 X 10! 1.01 X 10? 4.09 X 10° 2,52 X 107 3.56 X 10!
1995 6.58 X 10° 6.76 X 107 254 X 107 5.04 X 10! 1.42 X 10* 5.09 X 10° 3.66 X 107 433 x 10!
2010 8.22 X 10° 9.08 X 107 3.34 X 10° 6.10 X 10! 1.75 X 10* 6.11 X 10° 4.48 X 10* 492 x 10!
2030 1.04 x 10* 1.20 X 10° 429 X 10° 7.97 X 10! 2,61 X 107 7.76 X 10° 5.83 X 107 7.51 X 10!
2049 1.29 x 10* 1.48 X 10° 6.01 X 107 1.03 X 10% 3.08 X 107 9.48 X 10° 7.69 X 10% 7.98 X 10!
2053 131 x 10* 1.55 X 10° 6.81 X 10° 1.21 X 10* 3.69 X 107 1.02 x 10* 8.27 X 107 1.01 X 10%
2066 1.57 X 10* 1.95 X 10° 7.93 X 10° 1.41 X 10* 4.18 X 10? 1.19 x 10* 9.65 X 107 1.15 X 10*
2077 1.91 x 10* 232 X 10° 943 X 10° 1.69 X 10* 5.60 X 107 1.38 X 10* 1.27 X 10° 1.55 X 10*
2090 234 x 10* 3.18 X 10° 124 X 10° 2.14 X 107 6.96 X 107 1.69 X 10* 1.61 X 10° 2.10 X 107
2097 241 x 10* 3.39 x 10° 142 x 10° 2,69 X 107 8.98 X 10° 1.86 x 10 1.96 X 10° 237 X 10°

2103 2.82 x 10* 4.09 x 10° 161 x 10° 273 X 107 8.63 X 107 2,01 x 10* 2.04 X 10° 2.59 X 107
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T/K CroL2) S1(CrO)[21(Cro,)]
2100 2000 1900 a(Cr0s2) = 0o 319Croy)]
I I |
1

(4]

and

SI(croHI=1%crh]

a(Cr0:3) = Siocon =Ierm)]

(5]

wherel (i) denotes the ion intensities detected for purgdgr Ther-
modynamic activities were obtained for each of the measurement
temperatures of runs 1 to 8 by substituting the measured ion inten-
sities for the samples and the pure@yin Eq. 4 and 5. The inten-
sities for pure CJO; were measured in the temperature range of
1950 to 2050 K, which corresponds to the temperature ranges of
runs 1 to 8. The difference between the activity values obtained by
the use of Eq. 4 and 5 at 2000 K was in each case less than 7%. The
averages of the activities obtained by the two methods were taken as
selected values.

Activities of SrO and CaO were calculated by comparing the ion
intensity of MO" in the mass spectrum of the sample and of pure
MO(s) and by using the equation

a(MO) = I(MO™)/I1°(MO™) [6]

p(i)/Pa

104

The vaporization of pure CaO was investigated in the tempera-
ture range of 1947 to 2272 K. The vaporization of pure SrO was
investigated in the temperature range of 1721 to 1974 K. Therefore,

6 an extrapolation of the ion intensiti¢¥i) was used to determine the
107 | l I =] thermodynamic activities of SrO in kggSr, ,CaCrO; () at

2000 K.
4.8 5.0 5.2 The thermodynamic activity of L®; was obtained by the use of
10? the following equilibrium as described in Ref. 7

7K 1/2Cr04(9) + LaO(g) = 1/2La04(s) + Cro(g  [7]

Figure 1. Partial pressures on vaporizing a sample A of the composition

Lag goSTo.15C8,06Cr0z-5(A) in run 1. where oxides in LggeSlh, xCaCrO;_s(s) are underlined. If the

intensity ratiol (LaO")/{I(CrO") from CrQ(g)} was measured for
the sample with the known activity of g9, the activity of LgO3
could be computed from the relationship

I(LaO")
{I(CrO") from CrO(g)}

Cr,04(s) = CrO(g) + CrO(g) (2] 5

a(Cry0s) (8]

a(Lay05)- Kz[
and

Cr0y(s) + Cr(g) = 3Cralg) (3  Where

{lI(CrO") fromCrQ(g)} [a(La,Os)
were evaluated from the measurements with the sample materials K= I(LaO") a(Cr,0,) = 40.6= 2.0 [9]
and pure  CGOs(s). CrOss) means COys) in
Lag goSl 2-xCaCrO;_5(s) and pure GiO4(s). The following equa-  was determined by us previously in studying LagiPby Knudsen
tions for the thermodynamic activity resulted by consideifi2) effusion mass spectromet!y.
and K(3) for Cr,0; and for Lg goSh» «CaCrO; 5(s) (see Ref. Table IV summarizes the thermodynamic activities of the com-
19 ponents in LggeSh 2 xCaCrO;_5(s) at 2000 K obtained in runs

Table Ill. Partial pressures over the different CaO-SrO-Cr,0O5-La,03 samples at 2000 K.

p(i)/Pa
Run Sample p(Cr) p(CrO) p(CrO,) p(Sn p(Sro) p(CaO p(LaO) p(0,)

527X 102 6.88x 10 1.08x 102 555X 102 552x 10° 388x 10° 425x 10* 157x 104
564%x 102 7.34x 10°% 110X 102 539x 102 520X 10° 433x 10°% 4.14x 10* 155x 104
516X 1072  7.80x 10°% 1.39%x 102 493X 102 535X 10°° 4.02x 105 345x 10* 2.10x 104
486X 102 7.13x 10°% 1.20x 10? 533x 10?2 522x10° 3.74x10° 424x10* 1.98x 107*
6.29% 102 1.04x 102 1.81x 102 263X 102 356X 10°% 7.60x 10° 258x 10* 249x 104
567X 102 873X 10% 1.48x 102 3.02X 102 384x 10°% 7.78x 10° 336x 10* 2.18x 104
6.51%x 102 116X 102 221X 102 926X 10°% 204x 10° 1.14x 10* 1.62x 10* 292x 104
6.69%x 102 1.13x 102 198X 102 1.06X 102 200x 10°® 1.07x 10* 1.92x 10* 265x 104

©~NOUAWNPR
O0OWWwm>» > > >



A660 Journal of The Electrochemical Society48 (6) A657-A661(2001)

Table IV. Chemical activities of Cr,O5;, La,O3 CaO, and SrO at 2000 K in the CrLO5-poor perovskite phase Lg gSrg,—,Ca,CrO ;.

Run Sample X a(Cr,0,) a(La,03) a(Cao a(sro

1 A 0.05 2.78x 1078 0.213 0.255 0.210
2 A 0.05 2.91x 1073 0.202 0.285 0.221
3 A 0.05 3.87x 1078 0.160 0.264 0.211
4 A 0.05 3.10x 1073 0.225 0.245 0.206
5 B 0.10 7.09%x 1073 0.0900 0.502 0.141
6 B 0.10 4.75%x 10732 0.151 0.512 0.151
7 C 0.15 9.59%x 107° 0.0385 0.748 6.94x 1072
8 C 0.15 8.60x 1073 0.0509 0.704 6.81% 1072

1-8. Figure 2 shows the thermodynamic activities for thgdgipoor The perovskite composition in the study was chosen on the basis
phase boundary of the perovskite phase as a function of the C&f the composition used in SOFC technology, which is typically
content. x = 0.15-0.20. As shown in Fig. 2, thermodynamic activities of all
the components can be expected on the basis of thermodynamic data
Discussion obtained by us for the ternary perovskite phases. The activity of

Azphase diagram of the SrO-CaO system was investigated by="20s is increased by increasing the Ca content in the perovskite.
Roth?® Above 900°C, both oxides form a solid solution throughout Partial replacement of Sr atoms by Ca can be advantageous due to
all the composition range. Our previous studies on ternary diagramél) lower SrO activity andii) better sinterability of the perovskite.

of MO-Cr,05-La,0; showed that the perovskite LaM,CrO;_; Lower activity of SrO can prevent carbonate formation on the anode
phase remains stable on doping by M atoms under low oxygen presside of SOFC. The CaO content is known to improve the sinterabil-
sure at 1873 K up ta = 0.22 for M= Ca2 and up tox = 0.31 ity of lanthanum chromate due to formation of intermediate liquid
for M = Sr.?? It was, therefore, expected that both oxides can becalcmm chromate phasé. .

doped simultaneously into the La sublattice of the LaCp@rov- Probable overall errors were not evaluated for the partial pres-
skite. The present study showed, in addition, that it is possiblesures given in this paper since it is difficult to estimate reasonable

to replace Sr by Ca on the La perovskite sublattice at least up to 1$Jncertainties for the ionization cross sections of gaseous oxide spe-

mol % cies. It should be noted that the determination of thermodynamic
' activities obtained in the study do not depend on the ionization cross
sections but only on ion intensity ratios. This leads to comparatively
small uncertainties for the thermodynamic activities. These uncer-
tainties were estimated as15% (Cr,03), *15% (CaO), *+30%
1= (SrO), and =30% (La,0O5) for the activities of components given in
parenthesis. The stability of the calibration constant, the statistical
Ca0 scatter, the uncertainty of thévalue in Eq. 9 and the extrapolation
of ion intensities up to 2000 K performed for calibration measure-
ments of pure SrO vaporization were considered in this estimation.
The absolute uncertainty of the temperature measurement estimated
as +8 K was used in the error computation for the thermodynamic
activities.

Julich Research Center assisted in meeting the publication costs of this
article.
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