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Abstract

In this project, development of high oxide ion coatbrs for the
intermediate temperature (400 - 7G0 solid oxide fuel cell (IT-SOFC)
application is the major goal.Lar,O;, Lny(Zr, Ti),O;, LNDC (Ln = rare
earth element) and gNb, ,Ho,)O;_were prepared. At 50C, LnZr,0O,
Lny(Zr,T1),O; and LnDC have transference numbigg 0.98, so that
fraction of the ionic conductivity is less than 2%t 500°C,
Bi3(Nb;4Ho0,)O74 hasti~ 0.77. At 700C, it has a conductivity as high as
6.25(9) x 10'S-cni, butt;= 0.88. There is 12% electronic conduction,
which is not an ideal electrolyte. At 74D, LnDC has conductivitya()
in the range of 1.55(2) - 3.35(2) x 10S@m™* with activation energyH,)
in the range of 0.81(1> 0.93(1) eV. At 700C, LnZr,0O; and
Ln,(ZrTi)O;haso in the range of 3.31(2) x Pao 8.23(2) x 16 SBm*
with E; in the range of 0.52(1) - 1.42(2) eV. Addition lakCO; and
Na,CO; with a mole ratio of 1 : 1 (abbreviated as LNC@tpiLnZr,0;,
Lny(Zr, Ti),O; and LnDC to make carbontate composites. At°@90
composite materials hawve in the range of 3.59 - 6.12 x 1@dm?,
which is 1 - 5 orders of magnitude than the pureDCnand
Lny(Zr,Ti1),O; oxides. Electronic conduction due to the mixed-weéeof
Ti and Ce ions is reduced as well. To evaluate ethemterials as

potential electrolytes in the IT-SOFC at 4@0s suggested.

Keywords: Electrolyte of IT-SOFC, fluorite, perowsk carbonate

composite
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Fig. 1. XRD patterns of the ENb;.xHo,)O7.x, x = (@) 0, (b) 0.10, (c) 0.20, (d) 0.30,
(e) 0.40, (f) 0.50, (g) 0.60, (h) 0.70, (i) 0.80),0.90 and (k) 1.0.
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((GCb.05Y0_15CQ)_8)O]__9) sintered at 160C.
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Fig. 5. XRD patterns of the (a) k@rTi)O; sintered at 150C; (b) LnZr,0Oy
sintered at 160.
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Fig. 7. XRD patterns of the (a) k@ZrTi)O7 and (b) LaZr,O; composite materials.

Table 1. Thea/rg ratio of AB,0; structure in the LiZr,O; and L(ZrTi)O7 (Ln =
La - Yb) system sintered at 1600 and 18D0respectively.

Ln,Zr,0; Crystal structure (CN: Ar ’;/r85' B = 6) (CN: Ar ’;/r85' B =g)
LayZr,0; pyrochlore 1.61 1.38
Nd>Zr,0; pyrochlore 1.54 1.32
SmyZr,07 pyrochlore 1.50 1.28
EwZr,0O7 pyrochlore 1.48 1.27
GhZr,07 fluorite 1.46 1.25
Dy2Zr,0; fluorite 1.43 1.22
Y 2Zr,0; fluorite 1.42 1.21
H0,Zr,07 fluorite 141 1.21
ErZr,07 fluorite 1.39 1.20
Yb,Zr,0; fluorite 1.37 1.17
Lny(ZrTi)O Crystal structure (CN: Ar ’;/rsB, B = 6) (CN: Ar ’;/rsB, B = g)
Lax(ZrTi)Oy pyrochlore 1.75 1.47
Ndx(ZrTi)O7 pyrochlore 1.67 1.40
Smy(ZrTi)Oy pyrochlore 1.63 1.37
Ew(ZrTi)Oy pyrochlore 161 1.35
Gdx(ZrTi)Oy pyrochlore 1.59 1.33
Dy,(ZrTi)O7 pyrochlore 1.55 1.30
Y o(ZrTi)Oy pyrochlore 1.54 1.29
Hox(ZrTi)O7 pyrochlore 1.53 1.28
Er(ZrTi)O; pyrochlore 1.52 1.27
Ybo(ZrTi)Oy pyrochlore 1.49 1.25
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Fig. 13. Unit cella-axis of LnZr,0O7 and Ln(ZrTi)O-series as a function ah radil
with CN = 8.

Table 2. Unit cell parameterg, R, andRyp of Bis(Nb;—H0,)O7— (x = 0— 1.0) series

oxides.

X a-axis (A) X R, (%) Rup (%

0 5.4671(2) 3.663 2.96% 4.36%
0.10 5.4685(2) 3.664 2.61% 3.87%
0.20 5.4697(3) 3.378 2.54% 3.72%
0.30 5.4731(3) 2.795 2.35% 3.38%
0.40 5.4762(4) 4.665 2.81% 4.39%
0.50 5.4783(2) 1.777 1.89% 2.71%
0.60 5.4807(2) 1.900 1.88% 2.80%
0.70 5.4841(2) 1.472 1.69% 2.46%
0.80 5.4876(3) 3.482 2.52% 3.79%
0.90 5.4905(3) 3.364 2.38% 3.73%
1.00 5.4933(2) 1.305 1.64% 2.32%
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Table 3. Unit cell parameterg, R, andR,, of GDC and GYDC oxides.

Sample a-axis (A) Y R, (%) Rup (%)
GDC 5.4237(6) 3.415 1.62 2.32
GYDC 5.4106(4) 4.006 1.33 258

Table 4. Unit cell parameter)@?',, Ry andRy, of BaZrQG; and LaAIG

Sample a- axis (A) X2 R, (%) Rup (%)
BazrO; 4.1929(5) 1.565 0.75 1.49
LaAlO; 3.7908(3) 0.6406 2.70 3.70

Table 5. Unit cell parameterg, R, andRy, of Ln,Zr,0; (Ln = La, Nd, Sm, Eu, Gd,
Dy, Y, Ho, Er and Yb) and LsZrTi)O; (Ln = Nd, Sm, Eu, Gd, Dy, Y, Ho,
Er and Yb) oxides

Ln »Zr,07 a-axis (A) x R (%) Rup(%0)
La0Zr,0; 10.8082(5) 4.02 3.02 4.47
Nd,Zr,0O7 10.6957(1) 4.01 2.43 3.56
SmpZr,0y 10.5936(7) 4.22 2.32 3.38
EwZr,0; 10.5487(1) 3.07 2.82 4.08
GhZr,0; 10.5281(7) 3.64 2.09 3.11
Dy,Z1,07 5.2231(4) 278 259 3.55
Y 2Zr,07 5.21989) 2.79 1.09 1.59
Ho,Zr,0; 5.2136(4) 3.81 2.94 4.12
ErZr,0; 5.2012(2) 2.31 2.38 3.37
Yb,Zr,0; 5.1668(3) 4.93 3.61 4.62
Ln o(ZrTi)O; a-axis (A) a Ry (%) Rup(%)
Nd»(ZrTi)O; 10.5141(3) 4.46 1.95 3.17
Smy(ZITi)Os 10.4599(5) 4.67 2.37 3.42
Ew(ZITi)O; 10.4153(4) 2.43 2.79 3.75
Gh(ZITi)O; 10.4067(7) 4.97 2.11 3.38
Dy, (ZITi)O; 10.2982(3) 4.77 3.61 4.65
Y o(ZrTi)O; 10.2719(2) 3.89 1.16 1.97
Hox(ZITi)O5 10.2663(6) 3.65 3.08 4.35
Er(ZTi)O- 10.2026(3) 251 2.66 3.12
Ybo(ZrTi)O5 10.1927(4) 4.88 3.49 4.94

S RRBEER CKBHEREFEZ AT

AR RE PR 0 HEERD O & E Archimedes#
BIE AT ZL TR A ETE RS E MR NIFERE B
E ik wrl R 5 A R B AR R R BAT & HAE RS A

Z_ 2 Archimedes | £ ° iz 8 %] 5 34 F (et 4o% * Archimedes
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Fig. 14. SEM images of BiNb;-xHo,)O;— with x = (a) 0.10, (b) 0.40, (c) 0.70 and
(d) 1.00 with a 5000 maganification.

Fig. 15. SEM images of (a) GDC and (b) GYDC sindevgth 1000C for 10 h; (c)
GDC and (d) GYDC sintered with 16T0D for 5 h; (e) GDC-composite and (f)
GYDC-composite with a 5000 maganification.
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Fig. 16. SEMimages of (a) porousBaZoRide, (b) dense BaZr{dxide and (c)
BaZrOs;-compositewith a 5000 maganification.

Table 6. Sintering temperature and relative derigis(Nb; xH0y)O7.«(x = 0— 1.0).

Sample Relative density (%)

0 95.3(1)
0.10 95.1(2)
0.20 95.0(2)
0.30 95.3(2)
0.40 95.4(1)
0.50 96.1(4)
0.60 95.6(2)
0.70 96.4(3)
0.80 96.8(4)
0.90 98.6(2)
1.00 95.2(3)

Table 7. Sintering temperature and relative derddithe GDC, GYDC, GDC
-composite and GYDC-composite.

Sample 1200’§: . 1500’§: . comp_osite _
Relative density (%) Relative density (%) Relative density (%)

GDC 68.4(5) 99.4(2) 99.7(1)

GYDC  64.8(4) 98.5(6) 99.4(2)

Table 8. Sintering temperature and relative derdiaZrQ; and LaAlQ oxide and
composite types

Sample 1200°C 1500 - 1600C cpmposite_
Relative density (%) Relative density (%) Relative density (%)

BazZrG; 68.7(3) 94.6(7) 99.6(1)

LaAlO; 66.7(4) 95.8(2) 99.4(3)
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Table 9. Sintering temperature and relative deabityeL.nZr,O;, Lny(ZrTi)Oy,
Ln,Zr,Oz,-composite and Li§ZrTi)O,-composite (Lnh = Eu, Ho and Yb)

Sample 120C0C 1500 - 1600C cpmposite_
Relative density (%)  Relative density (%) Relative density (%)
EwZr,0; 63.1(5) 95.3(2) 99.8(1)
Ho,Zr,0; 64.6(5) 96.6(3) 98.9(6)
YboZr,0; 66.4(3) 97.3(2) 99.7(1)
Ew(ZrTi)Oy 67.2(1) 98.3(4) 99.9(1)
Ho,(ZrTi)Oy 67.9(2) 97.8(3) 99.4(6)
Yho(ZrTi)O7 65.1(2) 96.1(5) 99.8(1)

Table 10. Relative density calculation of the cosifgomaterials

Sample Composite -  Oxide - Carbonate -  Li,COs- NaCOs-
Wi (9) W2 (9) W1 -W: (g) Ws(9) W4 (9)
EwZr,0; 1.4233 1.2041 0.2192 0.0900 0.1292
Ho,Zr,0; 1.4437 1.2427 0.2010 0.0826 0.1184
Yb,Zr,07 1.4408 1.2352 0.2056 0.0845 0.1211
Ew(ZrTi)O;  1.4193 1.2302 0.1891 0.0777 0.1114
Hoy(ZrTi)O; 1.3981 1.2041 0.1940 0.0797 0.1143
Ybo(ZrTi)O;  1.3832 1.1901 0.1931 0.0793 0.1138
BaZrO; 1.3485 1.1092 0.2393 0.0983 0.1410
LaAlO3 1.3764 1.1367 0.2397 0.0985 0.1412
Sample Oxide relative Corglposite -V Oxigle -\b Voig (Vs)
density(%)  (cm) (cm’) (cm’)
EwZr,07 64.5 0.2653 0.1711 0.0942
Ho,Zr,0; 67.3 0.2631 0.1771 0.0860
YboZr,07 66.6 0.2642 0.1760 0.0882
Eu(ZrTi)Oy 69.1 0.2637 0.1822 0.0815
Ho,(ZrTi)O7 68.5 0.2653 0.1818 0.0836
Ybo(ZrTi)Oy 68.7 0.2644 0.1816 0.0828
BazrO; 61.2 0.2656 0.1625 0.1031
LaAlO; 60.7 0.2638 0.1601 0.1037
Sample Li2C033- Nazcg)3- Carbonate3 - Composite density -
Va(cm’) — Vs(cn) Va+Vs(em’)  (Va+ Vs + Vo) [ Vi (%)
EwZr,0; 0.0427 0.0511 0.0937 99.5
Ho,Zr,0; 0.0391 0.0468 0.0859 99.9
Yb,Zr,07 0.0400 0.0479 0.0879 99.6
Ew(ZrTi)O;  0.0368 0.0440 0.0809 99.2
Ho,(ZrTi)O;  0.0378 0.0452 0.0829 99.2
Ybo(ZrTi)O;  0.0376 0.0450 0.0826 99.8
BaZrO; 0.0466 0.0557 0.1023 99.3

LaAlO; 0.0467 0.0558 0.1025 98.9
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Fig. 17. Impedance pattern of;Bib;-xHo,)O;—x with x = 1.0 at @) 651, @) 673 and
(A) 70C°Cin air.
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Fig. 18. The total electrical conductivities og@ib;-xHo,)O;—x with x = (m) O, (@)
0.10, @) 0.20, ¢) 0.30, (A) 0.40, (\) 0.50, @) 0.60, ) 0.70, ¢k) 0.80 ,
(%) 0.90 and @) 1.0as a function of temperature (500 — ?Q0 in air.
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Fig. 19. Electrical conductivities as a functiorntloé substitution amounx)(
measured am) 700, @) 600, and &) 500°C for the Bi(Nb;—xH0,)O7—« (X =
0-1.0).
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Fig. 20. Activation energies of §Nb;_xH0,)O7— (x = 0— 1.0).

1.00

0.95 -

0.90 -

0.85 |- 7

Transference Number (t)

0.80 | 7

0.75

500 600 700 800 900 1000
Temperature (°C)

Fig. 21. Average transference numbers g8, \Ho,)O,—« (x = 0— 1.0)as a function
of the measuring temperature at 500, 600,ar@950C.

Table 11. Transference numbers of thg(I8id;-xHo,)O7— (x = 0 — 1.0) at 500, 600

and 706C.

X tis0o tisoo tizoo

0 0.747(5) 0.813(5) 0.881(2)
0.10 0.778(4) 0.821(2) 0.889(3)
0.20 0.776(2) 0.826(1) 0.869(4)
0.30 0.781(5) 0.829(1) 0.877(6)
0.40 0.771(6) 0.836(1) 0.882(1)
0.50 0.774(4) 0.824(6) 0.886(6)
0.60 0.764(4) 0.828(4) 0.879(3)
0.70 0.783(6) 0.825(6) 0.891(2)
0.80 0.791(4) 0.833(6) 0.881(2)
0.90 0.788(1) 0.831(5) 0.875(2)

1 0.791(1) 0.828(2) 0.872(2)
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Fig. 24. Complex impedance plots obtainedst565C, () 600°C and @A) 636°C
for the LaDC-composite. The equivalent circuit madeshown in the figure.
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Fig. 29. @) Total electrical conductivities Fig. 30. Transference numbers measured
at 700C and @) the activation at m) 500, @) 600 and 4)
energies as a function of the lattice 700°C as a function of the lattice
parameters for the LnDC (Ln = parameters for the LnDC (Ln =
La, Sm and Gd) and GYDC. La, Sm and Gd) and GYDC.

Table 12. Total conductivities, activation energiesl transference numbers of LnDC
(Ln =La, Sm and Gd) and GYDC in oxide or compof&iten.

10'0400 10’0500 10’0600 10°0700 Ea t
(sem™®  (Sem®)  (SBmY)  (SEmY (eV) '
LaDC 1.65(1) 1.26(3) 5.42(1) 1.55(4) 0.9968 0.93(1) 0.996 (3)
LaDC-C | 4.95(4) 955(2) 143(1) 15.7(1)
sDC 1.95(3) 1.79(1) 7.81(2) 2.12(1) 0.9968 0.84(1) 0.993(2)
SDC-C 7.14(4) 123(2) 152(4) 16.7(5)
GDC 217(1) 1.84(2) 7.92(2) 2.34(4) 0.9976 0.83(1) 0.994(1)
GDC-C | 843(2) 104(1) 132(4) 14.3(2)
GYDC | 460(3) 3.39(2) 12.7(1) 3.35(1) 0.9988 0.81(1) 0.992(1)
GYDC-C | 327(1) 89.2(3) 106(2) 11.8(3)
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3. LmZr,07 22 Lny(ZrTi)O; (Ln = La—-Yb and Y)
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Fig. 31. Total electrical conductivities measuré¢d@>C as a function of theahrg
ratio for @) LnyZr,O7(Ln = La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb and Y) and
(o) Lny(ZrTi)O7 (Ln = Nd, Sm, Eu, Gd, Dy, Ho, Er and Yb).

fluorite pyrochlore

= =
N (o2}
T T

Activation Energy (eV)
o
[e0)

o
~
T

1 L 1 L 1 L 1 L 1 L 1 L 1 L
135 140 145 150 155 160 1.65 1.70
r A/rB

Fig. 32. Activation energy as a function of thérg ratio for @) Ln,Zr,O7(Ln = La,
Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb and Y) and) Lnx(ZrTi)O; (Ln = Nd, Sm,
Eu, Gd, Dy, Ho, Er and Yb).
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Fig. 33. Total electrical conductivities at £00as a function of the Cfradii for (a)
the @) LnxZr,O; and () LnyZr,Os-composite, and (b) the m)
Ln,(ZrTi)Ozand @) Lny(ZrTi)O7,-composite.
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Fig. 34. Total electrical conductivities at 480as a function of the lattice parameters
for (m) LnaZr.07, (O) Lny(ZrTi)O7, (A) LnxZr.Oz-composite  and A)
Lny(ZrTi)O7,-composite.
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Fig. 35. Activation energy of the (a&) Ln,Zr,0O;, (o) Ln,Zr,O7-composite at lower
temperature range and){n,Zr,O7;-composite at higher temperature range as a
function of the k/rg ratio.
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Fig. 36. Activation energy of the (a) Lno(ZrTi)O, (o) Lny(ZrTi)Oz-composite at lower
temperature range and)(Lny(ZrTi)O,-composite at higher temperature range as a
function of the x/rg ratio (Ln = Nd, Sm, Eu, Gd, Dy, Ho, Er and Yb).
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Table 13. Electrical conductivity at 49D, 700°C and activation energy at different
temperature range for the 44r,0; (Ln = La, Nd, Sm, Eu, Gd, Dy, Ho, Er,
Yb and Y) in oxide and composite form, LNCO carltenand Alkali
electrolyte of MCFC.

Ln G490 6700 Ea (V) Cg;n?eo\j)lte
(Sem™) (Sem™)  300-700C 334 475 508700°C
La 3.11(2)x 10  3.41(1) x 1¢' 0.52(1)
Nd 3.86(1) x 10  5.61(3) x 1¢ 0.85(1)
Sm 6.64(3) x 180  2.20(2) x 1C° 0.98(2)
Eu 6.44(3) x 18  8.23(2) x 10° 1.11(5)
Gd 458(1)x 180  7.59(1) x 1¢' 1.05(1)
Dy 3.06(1) x 1¢  7.98(3) x 10 1.30(3)
Y 1.67(1) x 1P  9.79(2) x 10 1.42(2)
Ho 1.35(1) x 16  1.00(1) x 1¢' 1.31(2)
Er 8.79(2) x1d  3.91(1) x 1C° 1.28(3)
Yb 1.102) x 16 3.31(2) x 10 1.33(3)
La-C 433(1)x 18 1.62(1)x 10 1.56(3) / 0.18(2)
Nd-C 5.22(1) x 1§ 1.01(2) x 10 1.39(2) / 0.16(2)
Sm-C 4.06(4)x18 1.12(2) x 10 1.32(2) / 0.21(1)
Eu-C 4.00(4)x 18  1.41(4) x 10 1.51(1) / 0.18(3)
Gd-C 5.04(2) x 18  9.62(6) x 10 1.38(1) / 0.16(1)
Dy-C 5.24(3) x 10 7.62(4) x 1¢ 1.41(2) /1 0.17(2)
Y-C 4.14(4) x 1¢  1.02(5) x 10 1.33(1) / 0.18(1)
Ho-C 5.02(5) x 1§ 8.22(4) x 1C¢ 1.59(1) / 0.18(1)
Er-C 5.21(3) x 1§ 7.83(5) x 10 1.39(2) / 0.21(1)
Yb-C 3.92(4) x 10  8.94(5) x 1¢ 1.49(1) / 0.18(2)
LNCO 3.60(4) x 10 1.44(2) ~ 200-49TC
MCFC 1.30-1.60 0.20-0.25 ~ 500-70C

Alkali electrolyte
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Table 14. Electrical conductivity at 490, 700°C and activation energy at different
temperature range for the A(@rTi)O; (Ln = Nd, Sm, Eu, Gd, Dy, Ho, Er
and Yb) in oxide and composite form, LNCO carborzatée Alkali
electrolyte of MCFC.

Ln G490 6700 Ea(eV) Cg;n?eo\j)lte
(Sem™) (Sem™)  300-700C 504 475 508700°C

Nd 1.55(2) x 10 1.89(1) x 1@ 0.59(2)

Sm 438(2)x 18 4.56(1) x 10 0.76(1)

Eu 6.84(1) x 18  1.51(2) x 10" 0.98(2)

Gd 1.47(1)x 1§  2.51(1) x 1¢ 1.06(2)

Dy 2.44(1)x10 5.37(1) x 10 1.04(1)

Y 2.31(1) x 1  3.31(2) x 1¢ 1.12(1)

Ho 8.84(2) x 10  3.16(2) x 1¢ 1.17(1)

Er 3.64(1)x 10 1.17(3) x 1¢ 1.19(1)

Yb 1.62(3) x 10  6.46(1) x 10° 1.18(2)

Nd-C 3.91(4) x 18  8.15(6) x 10 1.35(1) / 0.21(1)

Sm-C 452(4)x 18  9.66(5) x 10 1.26(1) / 0.18(1)

Eu-C 4.16(2)x 18  1.03(2) x 10 1.51(2) / 0.20(2)

Gd-C 5.12(3)x 18  1.32(2) x 10 1.38(1) / 0.19(2)

Dy-C 4.403)x 10 1.25(3) x 10" 1.34(1) / 0.20(1)

Y-C 3.59(4) x 1¢  1.09(2) x 10 1.49(2) / 0.18(2)

Ho-C 471(2)x 18 7.82(4) x 10 1.27(1) / 0.19(3)

Er-C 5.25(5)x 1§  8.01(6) x 17 1.34(2) / 0.21(3)

Yb-C 5.12(4) x 10 9.18(5) x 1¢ 1.48(1) / 0.19(2)

LNCO 3.60(4) x 16 1.44(2) ~ 200-49TC

MCFC 1.30-1.60 0.20-0.25 ~ 500-70C

Alkali electrolyte
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Fig. 37. Complex impedance plotsof the BaZeD@) 600°C, (¢) 623C, (A) 649°C,
the equivalent circuit model is shown in the figure
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Table 15. Electrical conductivity and activatioreayy of theBaZr@and
BaZrOs;-composite at different temperatures

BazZrG; BaZrG;-composite
Temperature Conductivity Temperature Conductivity
(°C) (107° Siom™) (°C) (SBm™)
300 4.7(2) 300 6.7(1) 10°
400 27(2) 400 1.3(2x 10°
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500 73(1) 500 0.074(1)

600 166(2) 600 0.019(1)
700 455(1) 700 0.028(1)
ELeV) 0.53(1) EeV) 1.35(2) at 300478

0.27(1) at 500-70C
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Fig. 42. The total electrical conductivity as adtian of the oxygen partial pressure
measured at 600 and 700°C for the (a) LaDC an&[s].
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Fig. 45. Long-term total conductivity of Fig. 46. Long-term total conductivity of
the GDC-composite measured ¢ the GDC-composite measured
495°C in air. at 490C in air.
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