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1. Introduction

Mixed ionic and electronic conducting oxides AA’Co,0s5, where
Ais arare earth element (RE), A’-Ba, with double perovskite struc-
ture have been extensively investigated in past decade. The crystal
structure of GdBaCo,04_s was studied using X-ray, neutron and
electron diffraction methods [1-5]. Ba and RE cations were shown
[1-5] to be ordered in the layers along c axis and hence the unit cell
parameter c is doubled as compared to that of simple (nonlayered)
cubic perovskite. Moreover oxygen vacancies can be ordered along
b axis and, as a consequence, doubling of the unit cell parameter b is
observed [1-6]. The crystal structure of GdBaCo;0g_5 was shown to
depend strongly on its oxygen content [1,2]. The oxygen vacancies
are believed to be ordered along b axis at §=0.5 in Gd-contained
layers thus that half of oxygen positions are vacant and another are
occupied. Aforementioned layers do not contain oxygen entirely at
8=1 whereas all oxygen positions available in these layers are fully
occupied at §=0[1,2].

GdBaCo,0g_s was shown to have sufficiently high oxygen ionic
conductivity and oxygen chemical diffusion coefficient even at tem-
peratures as low as 673 K [3]. Relatively fast oxygen transport in
GdBaCo,0¢_s was explained by the presence of extended chan-
nels in its structure due to oxygen vacancies ordering mentioned
above. The double perovskite GdBaCo,0g_g5 was also found to pos-
sess giant magnetoresistance [2,7] and large Seebek coefficient at
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low temperatures [2]. Double perovskite GdBaCo,0g_s has been
recently shown to exhibit good performance as a cathode material
for SOFC [8-10] and oxygen permeable dense ceramic membrane
[9] as well.

Despite that knowledge of the thermodynamic properties such
as formation enthalpy of materials is the fundamental basis for
understanding their thermodynamic stability, chemical reactivity
etc., there are no these data for GdBaCo,0g_s and its deriva-
tives so far. The main goals of the present paper were, therefore,
(i) to measure dissolution enthalpy of the double perovskites
GdBaCo,_yMx0s55 (M=Fe, Mn; x=0, 0.2) in 4N HCl and (ii) to
calculate standard enthalpies of formation of GdBaCoy_yMxOs 5
(M=Fe, Mn; x=0, 0.2) from constituent oxides (AqH;) and ele-
ments (AgH?) at 298 K.

2. Experimental

Powder samples of GdBaCo,_yMxOs5 (M=Fe, Mn; x=0, 0.2)
were synthesized by means of standard ceramic technique using
Gd;03, BaCO3, Co304, Fe;03 and MnO, as starting materials. All
materials used had a purity of 99.99% and were preliminary cal-
cined to remove absorbed H,0 and CO,. Stoichiometric mixture
of starting materials was calcined at temperatures between 1073
and 1373 K in air with 100K step for 10 h at each stage followed by
mixture regrinding. The phase composition of the powder samples
prepared accordingly was studied by means of X-ray diffraction
(XRD) with a DRON-6 diffractometer using Cu K, radiation. XRD
showed no indication for the presence of a second phase.
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Fig. 1. Thermochemical cycle used for calculation of formation enthalpies of double
perovskites from binary oxides.

It is well known that thermodynamic properties of oxides
depend on their oxygen nonstoichiometry [11,12]. Therefore it is
necessary to compare thermochemical properties of different dou-
ble perovskites GdBaCo,_yMxOg_s (M =Fe, Mn; x=0, 0.2) with the
same oxygen content. The oxide samples with oxygen content of
5.5 were prepared in this work. In order to reach this content the
preliminary obtained single phase sample of GdBaCo,0g_s was
slowly cooled from 1100°C to room temperature in air and those
of GdBaCo gFeg;06_s and GdBaCo;gMng;0g_s were quenched
from 773K to 973K to room temperature in air, respectively.

Oxygen content in the samples of GdBaCo,_xMy0s55 (M=Fe, Mn;
x=0, 0.2) prepared in this way was determined using iodomet-
ric titration technique described elsewhere [12] with accuracy
+0.02.

Enthalpies of formation of GdBaCo,_yMx0s55 (M=Fe, Mn; x=0,
0.2) from constituent oxides (AoxH?) and elements (AgH?) at 298 K
were determined using an isothermal solution calorimeter. The
calorimetric setup and technique are described in detail else-
where [13]. The volume of the calorimetric vessel used in this
study was 200ml. 4N solution of HCl was employed as a sol-
vent. Temperature of the calorimeter was measured by means of
thermistor (Ry9gk = 150 kS2). All measurements were carried out at
temperature 298 +£0.15 K. Calibration was carried out after each
calorimetric experiment using electrical heater mounted inside the
calorimeter vessel. The thermometric sensitivity of the calorime-
ter was 5x 107°K and calorimetric sensitivity was 0.05]. The
energy equivalent was found to be 973.54+2]/K with 4N HCl
as solvent. Uncertainty of the experimental results was checked
by dissolving KCl as a standard substance. Measured enthalpy
of solution of KCl comes to value 17.52 4 0.05 kJ/mol at solution
molality 0.11mol/kg and seems to be in good agreement with
the value 17.584 +0.017 k]/mol recommended in literature [ 14,15].
The chemical composition of all substances used for measurements
was preliminary determined using ICP spectrometer ICAP 6500
DUO and atomic absorption spectrometer Solaar M6, Thermo Scien-
tific, USA. All substances used for calorimetric measurements were
shown to have the stoichiometric composition within the accuracy
of 2%.

Table 1
Measured standard enthalpies of dissolution of different substances in 4 N HCI at 298 K.

Substance Sample no. Sample mass, mg AT, K Q]/g Q.]/g ASO,FIF, kJ/mol
1 187.5 0.26401 -1370.71
2 137.0 0.18944 —1346.09

Gd,03 3 335.8 0.47012 —1362.86 —1352.7+17 —491.0+6.3
4 3395 0.47264 —1355.22
5 149.5 0.20404 —1335.31
1 2452 0.32515 —-1290.85
2 223.0 0.29457 —1285.88

GdBaCo,0s55 3 398.7 0.51919 —1267.65 —1288.1+18 —-644.6+9.2
4 141.0 0.18643 —1287.10
5 139.4 0.18745 —1309.01
1 1354 0.16564 —1190.86
2 308.7 0.38539 —1215.29

GdBaCoq gFep20s5 3 267.0 0.33434 —-1218.99 —-1213.2+16 —606.4+8.2
4 336.0 0.41946 —-1215.27
5 2443 0.30761 —1225.72
1 2313 0.25199 —-1060.53
2 250.2 0.27613 —1074.34

GdBaCoq§Mnp20s55 3 69.1 0.07736 —1089.77 —-1074.6+13 —-536.9+6.5
4 158.9 0.17562 —1075.90
5 288.3 0.31763 —1072.50
1 1147.9 0.11637 —98.69
2 1512.9 0.14376 -92.50

BaCOs3 3 1659.1 0.14659 -86.01 -92.4+8 —-182+1.6
4 1100.9 0.09727 —86.01
5 1288.3 0.13063 -98.71
1 55.0 0.06559 —-1160.94
2 62.7 0.07496 —-1163.84

Co 3 47.9 0.05721 —-1162.67 —-11625+14 —-68.5+0.1
4 88.4 0.10550 —-1161.78
5 70.5 0.08422 —1163.02
1 45.0 0.08286 —1792.37
2 65.7 0.12060 —1786.84

Fe 3 48.9 0.08988 —1789.17 —1788.8+3 —-99.9+0.2
4 38.4 0.07056 —1788.78
5 55.8 0.10243 —1787.02
1 10.5 0.05106 —4734.35
2 22.7 0.11056 —4741.25

Mn 3 179 0.08741 —4753.98 —4742.9+9 —260.6+0.5
4 28.4 0.13844 —4745.25
5 10.5 0.05112 —4739.50
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Fig. 2. Thermochemical cycle used for calculation of dissolution enthalpy of BaCOs.
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Fig. 3. Thermochemical cycle used for calculation of dissolution enthalpy of CoO.

3. Results and discussion

Standard enthalpies of formation of double perovskites
GdBaCoy_yMy0s55 (M=Fe, Mn; x=0, 0.2) from constituent oxides
were determined using thermochemical cycle shown in Fig. 1
according to the following equation:

1

o _ o o
AoxHgapaco, My0s5 = 3 AsolHig,0, + AsotHpa0

o X o 2-x °
+(2=X)AsotHeoo + 5 AsotHiy0, + —5— ArHi,0

(2 =X)ArH}0 4n = AsotHiapaco, My0s 5 (1)
where Aso,HEd203, AsoiHp,0:  AsoiHogs ASO,HI‘%O3 and
ASDlHEdBaCOZ_XMxosAs are standard dissolution enthalpies at 298 K

of Gd,03, BaO, CoO, M,03 (M=Fe, Mn) and GdBaCo;_xMyOss,
respectively. Such calculations require rapid and complete dis-
solution of corresponding substances in 4N HCl whereas Fe,03
and Mn;03 slowly react with HCl solution at 298 K. On the con-
trary BaO quickly reacts with HCl but it is too hygroscopic and
sensitive to the presence of CO, in the atmosphere. Therefore
only enthalpies of dissolution (A H;) of Gd;03, BaCO; and
GdBaCoy_yMx0s55 (M=Fe, Mn; x=0, 0.2) were measured directly
whereas that of BaO, CoO, Fe;O3 and Mn,03 were calculated
according to Eqs. (2)-(5) from measured AsyH; of BaCOs, Co,
Fe and Mn, respectively. Corresponding experimental values of
AgoiH; are given in Table 1. Thermochemical cycles used to calcu-
late AgoiHg o AsolHE oo AsolHEe203 and AsolHK/[nzo3 are shown in
Figs. 2-5.

ASO]HERO = ASOIHEaCO3 + AVHEOKaCO3 (2)

AsolHeoo = AsotHey + ArHpy oviig) = ArHcoo (3)
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Fig. 4. Thermochemical cycle used for calculation of dissolution enthalpy of Fe,0s.
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Fig. 5. Thermochemical cycle used for calculation of dissolution enthalpy of Mn, O3.
AsolHEe, 0, = 2AsotHpe +3ArHy, 0iiq) = ArHEe, 0,

+2ArHg 1, preci; — 287Hic1,an (4)

AsolHyin, 05 = 28s0tHyin + 3ArH} ovig) = 28rHican — ArHun,0,

(5)

Values of AgyH? given in Table 1 are related to the following
chemical reactions:

Gd, 03(5) + GHCI(aq) = 2GdC13(aq) +3H> O(liq) (6)
BaCO3(S) + 2HCl(aq) = BAClz(aq) + HZO(liq) + COz(g) (7)
Co(s)(Mn, Fe) + 2HCl4q) = Co(Mn, Fe)Cly(qq) + Ha(g) (8)

GdBaCoz_anx05,5(s) +11 HCl(aq) = GdCl3(aq) + BaClz(aq)
+(2- X)COClz(aq) +XMI1C12(aq) + 5'5H20(1iq) + Clz(q) 9)

GdBaCo1'gFe0'205‘5(5) + 11HCl(aq) = GdCl3(aq) + BaClz(aq)
+1 .SCOClz(aq) + 0.2FeC13(aq) + 5.5H20(11‘q) + 09C12(g) (10)

One can see that formal oxidation state of a 3d-metal in dou-
ble perovskites GdBaCo,_yMxOs 5 studied is equal to +3 whereas
that stable in aqueous solution is +2 for M=Co, Mn and +3 for
Fe. Hence Red-Ox reaction must proceed during dissolution of
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Table 2
Calculated standard enthalpies of dissolution of different substances in 4N HCI at
298K.

Substance ASD,H;(calc), kJ/mol

BaO -289.7 £ 1.3

CoO -1164 +£ 1.0

Fe;03 -161.9 £ 2.0

Mn, 03 -952+1.0
Table 3

Standard enthalpies of formation of different substances from elements at 298 K
[16].

Substance AfHIL‘, kJ/mol
Gd,03 —1819.6 £+ 0.1
BaO —548.0 £ 0.1
CoO -237.9 £ 0.1
Fe, 03 -824.2 £ 0.1
Mn, 03 -959 +1
BaCOs3 —-1213.0 £ 0.1
H,0 —285.8 +£ 0.1
HCI4N -162.17 £+ 0.01
CO, -393.5 £ 0.1
Fe?'yq -89.1 £ 0.1
Fe’*yq —485 + 0.1
Cl g -167.2 £ 0.1
Table 4

Standard enthalpies of formation of GdBaCo; xMOs5 (M =Fe, Mn; x=0, 0.2) from
constituent oxides at 298 K.

Substance AoxH; , kJ/mol

GdBaCo,0s55 —84.9+ 10
GdBaCoq gFep20s5 -119.8 £ 10
GdBaCo;8Mng;0s5 —-182.7 £ 12

Table 5
Standard enthalpies of formation of GdBaCo;_xMOs5 (M=Fe, Mn; x=0, 0.2) from
elements at 298 K.

Substance AgH;, kJ/mol

GdBaCo,0s55 —-2018.5+ 10
GdBaCoq gFep20s5 —2088.3 £ 10
GdBaCoq18Mng;0s5 —2164.6 + 12

GdBaCoy_yMyx0s55 (M=Fe, Mn; x=0, 0.2) in 4N HCL. It follows from
the comparison of standard electrode potentials for possible Red-
Ox processes that chloride anion is the most oxidizable agent. As
a result gaseous chlorine is formed during dissolution of double
perovskites in 4 N HCl according to Egs. (9) and (10).

Calculated enthalpies of dissolution for BaO, CoO, Fe,O3 and
Mn, 05 are presented in Table 2. Table 3 contains additional ther-
modynamic data [16] used for calculations.

Standard enthalpies of formation of double perovskites
GdBaCoy_xyMy055 (M=Fe, Mn; x=0, 0.2) from constituent oxides
at 298K calculated accordingly are summarized in Table 4. A¢H?
of corresponding double perovskites at 298 K were calculated from
the values of their AoxH; according to Eq. (11) and summarized in
Table 5.

AfH,

= AoxHg

o
GdBaCoz,xMXO5‘5 GdBaCOZ,XMXOiS

l o
35 AfHeg, 0,

o o x o
+AfHBao+(2—X)AchOo+§AfHM203 (11)

As seen both onHl? and Ale? decrease in the sequence of
GdBaC0205_5, GdBaC01.3F60.205.5 and GdBacol_ng‘lo_zo_r,__r, indicat-
ing growth of relative thermodynamic stability of GdBaCo,0s 5
upon substitution of Fe or Mn for Co as well as increase of 3d-
metal-oxygen average bond energy.

4. Conclusion

Dissolution enthalpies of double perovskites GdBaCo;_xMxOs 5
(M=Fe, Mn; x=0, 0.2) in 4N HCl were measured using isother-
mal solution calorimetry. Standard enthalpies of formation of
GdBaCoy_yMy0s55 (M=Fe, Mn; x=0, 0.2) from constituent oxides
(AoxH?) and elements (A¢H?) at 298 K were calculated on the basis
of experimental data obtained. Both onH{’ and A¢H; were found to
decrease in the sequence of GdBaCo,0s55, GdBaCoq gFeg;055 and
GdBaCo; gMng ;055 indicating growth of relative thermodynamic
stability of GdBaCo,0s5 5 upon substitution of Fe or Mn for Co most
likely due to increase of 3d-metal-oxygen binding energy.
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