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Fig. 2.1.1 Concept of steam concentration cell [1].
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Fig. 2.1.2 A typical thermogravimetric experiment. The
temperature is kept constant, the water pressure is changed
from ~0 kPa to 0.5 kPa, 1kPa, 2 kPa, 4kPa and again to ~0 kPa
and the mass change is observed at air atm. [3]
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Fig. 2.1.3 Equilibrium constant obtained for the effective dopant
concentration versus the inverse temperature. From the slope

the enthalpy for the solution of water is obtained.[3]
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Fig. 2.1.4 Proton conductivities of different perovskite—type

oxides. [4]
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oxides. [4]
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Fig. 2.1.6 Proton conductivities of various oxdies as calculated
from data on proton concentrations and mobilities, according to
Norby & Larring (type of dopant not indicated, for source
data[34]). Conductivities of oxides with perovskite—type

structure are shown by bold lines. [6]
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Fig. 2.1.7 Diffusivity of protonic defects in BZ with different
kinds of dopants. [5]
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Fig. 2.1.8 Diffusivity of protonic defects in BZ with different
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Fig. 2.1.10 Electrochemical cell measurements using BZY10
at rather high level p, (a), low level p, (b)[8].
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Fig. 2.1.12 The conductivity relaxation over an extended period
time upon hydration and dehydration between log aH,O= —3.0
and —3.6 in the atmosphere of log a0s,= 0.01 at 800°C [11]
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Fig. 2.1.13 Typical conductivity relaxation of BaCegg5Ybg.0502.975
upon hydration and then dehydration back at 700°C. [12]
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Fig. 2.1.28 Proton transference number vs. water vapor activity
of SrCep95Ybp0s03-4 at different oxygen activities at 800°C (a),
700°C (b), and 600°C (c). Solid lines as derived from each
polynomial representation of the open—circuit voltage in Fig
2.6.4. [20]
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o] &3sto] 180rpm 2% 6 Al{bsb skt o] wf A=Y}
B3} ok, #29 HE 1:1:1 o] HEF g% 1 $ 100°C
QFA 10 AZFERE AxRAIF T EFuv 27y e ol deke
A= 271 f18 1150°C oA 5 AgE skaskglth. ofadt FEe
2k ]z A7]E 97] 98] planetary ball mill & ©]£3}¢]

=5
200rpm A 10 Al &<F skl e 2
AE olgste] = =77 & Vs Aduisla, 74 A3d9
Ao odgls Befor AFYst = @ik 5 (Cold Isostatic
Pressure)= 150MPa oA °F 5 #3F 78|53t A3 A|HS
dFuLp T @i B97] S3euE AlES
1500°C ©lld 24 AlZHEst &dskglth o] Ho 2 ks 9
3C 2 T2tk 2AXAE HIlskA @41 =Tk G E
BaZrpsYo203-5% Caltech. Prof. S.M. Haile ZI5°l* [14,32]
At AlEs AEHAD7] (Low speed saw)E ©o]&35to] 4
Aeet ReFo g AE F ARRSIY AZdAe WEE SH
A3l AREE WS ofE7|Hu A WRolglon, Y] E9d
Wk A ol HLACZ] wiEe] TR Al CdEEs
o] &3kttt dE AL FAPHARIAT] H AR (Scanning  Electron
Microscope, SEM)®| ofs] A& F73*H(Linear Intercept
Method) = ©]-& 3}t
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3.1.2 #2420 AEA SrCeogsYboos0s-s & T 2 &2

sk AA AdE 98 AlxzF SrCeposYboosOs- s+
AAdgea & Izl [29] &2F FHelAN 1 REEHE
o] g3ato] & B LAY Ao 95 FEEM Aldrich AR
SrC03(99.99%), Ce05(99.99%), Yb,03(99.99%) & A}£3F3 0.,
A5k 2ulE o] A F, A=aol B3} ojvhe, P
1:1:1 ¢ 4H=Z Yol ¥ Planetary ball mill & ©]&3}9]
180rpm A 6 AgbEt EFsde. =3d FEe 100°C
LB 10 AIRE FF AXAT F, W5 =7k e gl 1400°C
ol 10 AIZE skistglon, & £55 9 3°C & F=33ith
skt Hoe v ©ekshAl Zo] s o] gete] Eaehlar,

Planetary ball mill & ©¢]&3Fod 200rpm A 10 Al7Fs<t
Atk sk F2S 53 pum AE F dAES Al TR
FEA AR Al ¢ fAag JHE AYs ¥, 9zt
T3E 150MPa ol o 5 3t 7l Folvh A Al 2
e A7l 2EE "2 T e mrhye] ¥al 1550°C eflA
10 Al &< &2dsisleon 2 S5+ 29 3°C Slvh. 24 A4 9]
UEs  ol=7|H WHow FAsIow, S S
Hhgshe 4 ol ARAC7] Wil ST Al CdEEs
olgsto] WERE FSAST dx AL FAF A dnA
ARzlel tial Ay S4HE ARgsto] S skl
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3.2 AFAA 74

3.2.1 /253t Ao 2t AV|AEE st 4

A7NAERS] S ANAQ AR 4 GAgor FAsom,
AEE v FuE A2 F oMFAs gob 4 MY AFE
T AU Aog oF & uge] g8 ¥ AL (Outer

probe) ¥}ZZ0 2= Engelhar AF9] ¥+ paste (Platinum Ink
6926, Engelhard, USA)E &b Aldy} wW1gH e HFo]
ool F Slks A3tk e AFxA N0 & HUbetol

s BaZrosYo203-5 A2AA} A2AZAE HI7bskA &

SASTA
AAE BaZrosYo:03-,5 otbe] AW Qe ¥Wi Al A4S
gomd, ¥ Ame delstd xug FUAs wEel 7]
ol AdZEATE AV]H, WeEREE SAl mA= d el
AT BAol Asaes st AHY £RE Aol
gelae S 3 o2

3
oA REE SAEh AAAQ AW RAEE Fig
H /\16401]/\1.‘: ‘21‘01;5_] oﬂoﬂz‘sl;_ﬂ
Y A7 Axx By ople,  Fs/Egst whge] osh
ANAEE st FHo=yE 33t gk A5 (Chemical
diffusivity) & %W {3 A5 (Surface reaction rate coefficient)
o= A FEslok stEE, AW ke JtATVE dFs] viH & Ao

W Foetth AW ko] TRAYE uwbyE £ AlE9
HeEr Rt —gohd AVAERES kF3t 3Ae JhAv)
wEEE Hxeo o8] AujE Zolth webx 2 AF A= Fig
3.2 oA YEbdH npel o] & Jfe] TpA#HE o] &35klth sl
TR O R HE U TIAE

)

o7k 7hagE, A WAL TRl ue ThelA
Thadel A dess Thaw HAAHA uH A Skglvk o] o R
7hnel FE7]) BEE 0°C Bel TIAA AL stast Axd
7hE Alol ek #3571 28 THE Al

T =

Mg Aol Ak Alx



o= ST olgst WAoo ol&f FAV|e YSZ kA
AAE A gE olfr= AW kg on] FHele] U TFATE
ol&d FA7Igk YSZ AtA AAE FHer] witel Aw ke
T/ Y T AL ool ouE £ig aby= A g
wFo] 7hseteE st] flgtelty. AW E FHetr] Aol ojw AlA
o AAAA, AL D FFT] E9e WEtE AAstohd, ARl
meba 2 doEA mgEo] WA WEE AXEA, HAXA
H3lE A=A & F7F Q. 2 A= 998y HeE =
T/ e ARAHA WEAA ol WiEd AHE Mg
AEe Algtel dste] SA4st= Adol EEEo] Q7] wEel
olefgt WXl & stk S AlHe A7]= NiO & H7hst Al
s A °F 2mm x 2mm x 15mm ©|% 3, NiO & Hd7}skA] &
AlHe] tialA 1.5mm x 1.5mm x 1.6mm °|3t}t. 57 =43
A4 w4 54 diEldE 3.3 I 3.4 oA AAE] HEEE
skl
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Fig. 3.1 The Schematic diagram of the reaction chamber for

the electrical conductivity measurement of BaZrggY 2035,

i | Gasl |

Dew YSZ
point — oxygen
sensor sensor

i[@

Fig.3.2 Total schematic diagram of Electrical conductivity

measurement system of BaZrogYp203-45.
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3.2.3 F&& A=A A¥

g9y 3]& 7]"d¥g (Open Circuit Voltage)o ARJEAS
gelstr] 2siA s=x AA AHE sk SrCeposYboosOs-s
HE d2aa JHE 2F8sla, 4 "e 329 ARV 9
10xm 7} HEF Autsto] AJHe] FA7F & AoHEE siglon

e AR AdoA 7R FQ3 A AE (Sealing) & £9)

RS kgt AW AEL o 10mm §1, FAE 2.6mm itk

Hhe AW RARE Fig 3.3 o JeERchAAY] o AT
—_L

paste & BFE1 7 9o WE mesh & 2% AHE W&
paste A ZFAFY] WFLUE 1000°C oA 2 AgHEet AHEHo]
22 AW (Triple Phase Boundary) S 3ASIE %
W mesh & ASE wol A 3= 7[HdH &
itk ARES "WE mEE Kiethly AR Kiethly2000
AbEskgith, Gy JFEgE AldE /\]-Ol o= Pyrex glass ring
AAAA LL2(900~1000°C) oA DA E slo] AxZE =Y
oaf &Fwuyp FHSeE Aol #H WAHEE 34 Working
electrode 2} Reference electrode & 217} 32+ 7lAE0] A=
Aolx GEF Stk oo ot AR HA

I m
_OIE
32

electrode 9 Working electrode &l Ai 7tAE ZeFo7t
#A7]1 Working electrode %2] 7F2~E &7|v AbARE v TS
o} Reference electrode & -&3Isto] v 7pAC] A4 #Sto]
dvit vbR = The s e R Addsielth AV ARk
st Ay vV R FRAk dA Aol e ThAo] Wt
&3] o]Fod F QUEF 3—way WHE o]&sto] wE FH|H
7EAE HbE RS stk 3k 0°C =l EIIANI A E
ojg&3dte] 57 Ed= AN, A AAE 4o Aa
o= =4dsit. 72 electrode & st Wik A
oled =47I¢F YSZ Ata AME FHANFAOEHN FF7]
A B S
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Work.

Electrode
lead wire
Srceo.gsvbo_osoa-s < Glass
—_— seal

Ref.
electrode

lead wire

Fig. 3.3 The Schematic diagram of Galvanic cell for ocv

measurement of SrCegg5Ybp.0503-5
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3.2.4 G432 71dY 549 A= XA
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YSZ (Yttrial Stabilized Zirconia) £ AFE3}SG o™ olE %3

= & ©

BANAE A9 Az sl A gz Foso] Aol
g A Zolete el dAd dEHoE FWa)
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Fig. 3.4 Thermodynamic state
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Path 1 Path 2 Path 3
Ref. M| (1) Work. Refqy (@) Work. Ref. (D (D Work.
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Fig. 3.5 Experiment paths of the experiment I
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Path 1 Path 2
Ref. @ D Work. Ref. @ @ Work.
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Fig 3.6 Experiment paths of the experiment II.
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Fh ol HAEAE dwbdo=m F97] kA Fo FE7I
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Zolty, Eg 7 A-YRNE B o|=Y|7kA] Thazle
ARE 37l s LA wAATI7) 91 23t

Hygrometer2] A AL General  EasternA}ol oJshH
E}o] 22 (Tygon) o]} Yuwp#o] (Nitta moore) &} 2 132+ F
wAE 2 FHE g Q7] uiEed, Fdolu AEH
b ERRls AlFereta AASky] wiEe,
2E 7FAgRlS FHoE At UM
0°Cel 228 Ze =2 THAA 0°CY ol&d=
ARESFATE 7HE xS VAR de Wil diaiA =
19] AyAT[& X?ﬁé}oﬂ A2 74 (Silicagel) v P20s5
AXAZ ALEsto] 729 SHste] BI% 8, &=
da2 ded Cold Trapom ABdel wim sl
200scem®] #F= zhs 7IAE AxA77]dds AdskA &
a9 7tAE Eolvd & AAE SFsHA
FRE A o 10 Yatm A= FFV]) E

e RAow SAH], Axd st Afole dAxd
TEol T A= AR &a OdiE kA A”E
Abgatgith mebA B AR el A %H =49 5%
Mol 107 pl,0 / atm < 107! 0|93, H4
T3/l S Aol 7] H9S F A E A H

ZAEA A B Ao CO-CO, 7tAE Ed3dte] 383

oz

o r rlr e o [ orlr

o [ A
o[> [ = o ofX
j
|o
r1r it
Ny

—|-‘

]

mmmﬂrérﬂ
X

>,
12 om
_—)&I

%‘lﬁ
T

N
0 A DIRD i A1)

L2 w J [ T e

N
-

"
o\
N
Mr
B

to
K
+x

HoR FU4 ¥9171% 2AA o W HOEAS COsuA
W, A (3309 g WEe 0°C B LA hnE
seFOeE wew QelAE & 2R g8 0°CY o]2He
2= AL okl e £%7] B4 e £

H,+ CO, & H,0 + CO (3.3.1)

100 ] 2

l

1']: ‘_l
_-| 5



o] Wgkshs 715 Abet A9, 10 7at
W Qe A B.3. Dl A3t #57] ko] HEke
[e] [e]

A& Aolet wAsALE £57] ke FHE oA
Qo] mx

8
4 o
L.
o
i

55 General Eastern A}2] Hygrometer
1311DR & o] Fojxl ow A A7} Algste= o] 71714 A&
0.2°C St}

101 = A 2T |

4 st wgAE ol gate] B AP 24 o)A



Faol LA Al AbskEol7] wie] Fwe] Ata sl
Abg-sto] Ata 2Abe] E9) Wkl dojubAl HH ol Ata 24t
AA wi§- TR At W s 9 16“4 A ek
FHL 99.99%° TEF e Ar BE Ny 7kAE Air B 03 9
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Table 4.1.1 Sintering information of BaZrgsYo203-5

Sintering aid

1wt% NiO

None

Sintering 1500 C, 24hr | 1600 C 24hr
temperature

Relative (95.2% 0.2)% 94.1£ 0.5 %
density

Grain size (4.7£0.8) £m (0.98+0.03) #m

105




(@) (b)

Fig. 4.1.1 SEM image of both specimens, , BZY w/o NiO (a) and
BZY with 1wt% NiO (b).
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T (110) T T T T T 1
v — BZY20 with 1wt% NiO 1
= —— BZY20 purely sintered

(220%013)
' 123
H100) |~y " 1(012) (31(1; )

:_____._.._.J.-— M l MY

R S | JJ.L_

20 30 40 50 60 70 80
20/°

Intensity / A.U.
N
5

Fig. 4.1.2 XRD analysis of both specimens, BZY w/o NiO and
BZY with 1wt% NiO
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4.1.2 F20|FAEA SrCeosYboosO0s-5 & A L &2 A

A Agd HdE A REEHES ol&ste]  Alxst
SrCepg5Ybo503-58 wlAl 3 &4 Aol dfs] Fig. 4.1.3
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APSE4= ol8st = B4 Ay, A= @21E3)pem 9
A715 7HA AT kA AT SrCenosYboosOs-s 7F &%=k

Ax) Agel A AU el 2AAA Ao BT
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Fig. 4.1.3 XRD analysis of SrCeg5Yboo503-5 sintered body.

Fig. 4.1.4 SEM image of SrCepg5Ybo0s03-5 surface.
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- "o relaxation of BZY + 0wlo NiO

« o relaxation of BZY + 1 w/o NiO 1
%, Dehydration;

Hydration

@700°C, air 7
loga,,:-39->-34

Fig 4.2.1 Typical electrical conductivity relaxations of BZYs

upon hydration/dehydration at oxidizing atmosphere.
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o o relaxation of BZY w/o NiO
* o relaxation of BZY with 1wt% NiO
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14F
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(a)

12+

T, Normalized &

11+
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S Sy,
BZY with }v@i‘f Nio g 22
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H4-24
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Fig. 4.2.2 (a) Electrical conductivity relaxation of
BZY w/o NiO and BZY with 1wt% NiO upon hydration at 700°C

for comparison of the rates of relaxation and gas exchange. (b)

upon dehydration.

113 . f,ﬂ . T ¢



(a)

0.024
0.021
0.018
0.014
0.012

0.010

a/Sem1

0.010

0.008

0.006

0.0040

0.0033
0.0030

0.0025

Fig. 4.2.3 Conductivity relaxation curves upon hydration,

@ 700°C, BZY + 0 w/o NiO

(b)
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(a) @ 800°C, BZY + 0 wfo NiO (b) BZY + 1 w/o NiO
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Fig. 4.2.4 Conductivity relaxation curves upon hydration,
log a, o= -(2.88+0.02) — -(2.22+0.02) at 800°C of BZY + 0 w/o

NiO (a), of BZY + 1 w/o NiO (b).
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Fig. 4.3.1 Total equilibrium conductivity vs a,, at various a,

conditions. BZY + 0 w/o NiO (a), BZY + 1w/o NiO (b), at
700°C.
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Fig. 4.3.2 Total equilibrium conductivity vs a,, at various a,

conditions. BZY + 0 w/o NiO (a), BZY + 1w/o NiO (b), at
800°C.
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Fig. 4.4.1 Open Cell Voltage measurement following path I(a)
and Path II (b) for Experiment II at 700°C.
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Fig. 4.4.2 Open Cell Voltage measurement following path I
(a), Path II (b), Path III (c¢) for Experiment I at 700°C
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Fig. 4.4.3 Open Cell Voltage measurement following path I(a)
and Path II (b) for Experiment II at 615°C.
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Fig. 4.4.4 Open Cell Voltage measurement following path I (a) ,
Path II (b), Path III (¢) for Experiment II at 615°C.
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Fig. 4.4.5 Open Cell Voltage measurement following path I (a) ,
Path II (b) for Experiment II at 700°C.
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Fig. 4.4.6 Open Cell Voltage measurement following path III for
Experiment I at 700°C.
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@ 800°C , with fixed reference aHZO, in air
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Fig. 4.5.1 Open cell voltage of BZY + 1 w/o NiO with various

humid atm. at 800°C. a, ,a,, of reference part are 0.21 and

0.006 respectively.
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Fig. 4.6.1 AC impedance results of BaZrogYo203-5 + O w/o NiO
(a), BaZrosYp203-5 + 1 w/o NiO (b) in a Nyquist plot in the
range of temperature 600°C — 300°C.
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Fig. 5.1.1 The conductivites of Grain interior and boundary vs.
1/T (a) BaZr0_8Y0_203_5 +0 W/O NiO (b) BaZr0_8Y0_203_5 +1
w/o NiO.
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Grain boundary
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5.1.2 EDS spectrum of BaZrpsYo2035-5 + 1 w/o NiO as a

sintering aid. [17]
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Fig. 5.1.3 Arrhenius plots of bulk, grain boundary conductivity
measured by IS in wet Ar condition. [15]
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Fig. 5.2.1 Conductivity relaxation upon hydration of BZY + O
w/o NiO (a), BZY + 1w/o NiO (b)in air atm. at 700°C
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Table. 5.2.1 Kinetic parameters of BaZrogYo203-5 + 0 w/o NiO
and 1 w/o NiO at 700°C, as evaluated from conductivity

relaxations upon hydration in fixed pOs, air.

Kinetic air atm. Alog aH0: —2.82 —> —2.22
parameters
BZY + 0 w/o NiO BZY + 0 w/o NiO
A; (1.112£0.010)x1072 | (7.960+0.007)x107°
A, (1.117£0.010)x1072 | (6.820%0.007)x1073
D/ cm®s™! (8.8+£0.9)x107° (1.9+0.2)x107°
Dyu/ cm?s™? (4.62£0.08)x107® (2.09£0.02)x1078
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Fig. 5.2.2 Conductivity relaxation upon hydration of BZY + 0O
w/o NiO (a), BZY + 1w/o NiO (b)in air atm. at 800°C.

Table 5.2.2 Kinetic parameters of BaZrogYo203-5 + 0 w/o NiO

and 1 w/o NiO at 700°C, as evaluated from conductivity

relaxations upon hydration in fixed pO, (air).

Kinetic

parameters

air atm. Alog aH;0: —2.87 —> —2.22

BZY + 0 w/o NiO

BZY + 1 w/o NiO

A;

(2.570%0.006)x1072

(1.229+0.003)x1072

Ay

(2.530%0.005)x1072

(1.184+0.003)x1072

Dy / cm?s7!

(7.8+1.1)x107°

(3.1+0.7)x107°

Dy / cm?s™

(2.32+0.06)x107°

(3.69£0.014)x107"

140



@ 700°C log a, = -0.67
T

(a) - T T T
<> Chem.D.of HBZY + 0 wio NiO
4 < Chem.D.of OBZY + 0 wio NiO | |
)
g 5 .
L ' T o S
£
e il
=21
g 7 ]
—s & t & .
8L J
9 1 I I I
-4.5 -4.0 -3.5 -3.0 2.5 -2.0

log a,,

@700°C log a, =-1.92+0.01

(b)'3 T T T
{> Chem.D. of HBZY + 0 wi/o NiO
4l ) Chem.D. of O BZY + 0 wio Nio ||
"o
~
£ 5 1
° 2 P x
T % < ' ¥ '
o -6 B
e
= Tr & = o T
8L i
-9 1 1 1 I
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0
log a,,

@ 700°C log a, =-2.770+0.012
T

(C) '3 T T T
<> Chem.D. of H BZY + 0 wio NiC
4l <3 Chem.D. of O BZY + 0 w/o NiQ
K
E 5y 1
=
— }—é—{
T e
1a or )
=]
27 = s & f
8L i
-9 1 1 1 1
-4.5 -4.0 -3.5 -3.0 -2.5 -2.0

log a,,
Fig. 5.2.3 Chemical Diffusivities of BZY + 0 w/o NiO vs p,, at
air (a), at log a, =-1.92+0.01 (b), log a, =-2.778+0.012 (c) at

700°C.
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Fig. 5.2.4 Chemical Diffusivities of BZY + 1 w/o NiO vs p,,, at
air (a), at log a, =-1.92+0.01 (b), log a, =-2.778+0.012 (c) at

700°C.
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Fig. 5.2.5 Chemical Diffusivities of BZY + 0 w/o NiO vs p,, at
air (a), at log a5 =-2.007+0.010 (b), log a, =-2.700+0.010 (c)

at 800°C.
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Fig. 5.2.7 Normalized conductivity curves of BZY + 0 w/o NiO
at 700°C (a), 800°C (b).
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Fig. 5.2.9 Monotonic relaxation of electrical conductivity in
reducing atmosphere and calculated chemical diffusivity of H,O
(a) BZY +0 w/o NiO (b) BZY + 1 w/o NiO at 700°C.
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reducing atmosphere and calculated chemical diffusivity of H,O
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Fig. 5.3.3 2—variable fitting results of total conductivities at
700°C, BZY + 0 w/o NiO (a), BZY + 1 w/o NiO (b).
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Fig. 5.3.4 2-variable fitting results of total conductivities at
800°C, BZY + 0 w/o NiO (a), BZY + 1 w/o NiO (b).
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Table 5.3.1 Calculated properties of 700°C from 2-—variable

fitting.
BZY + 0 w/o NiO BZY + 1 w/o NiO

My (413 + 0.11) x 10®° (cm®s™V™) | (1.87 £ 0.02) x 10° (cm’s'V™)

e, (9 + 2) x 107 (cm’s*'V™) (1.3 + 05) x 107 (cm’s*'V™)

Uy (45 + 0.3) x 10" (cm?s'V?) | (5.26 £ 0.17) x 10* (cm?*s*V™)

. (7.1£0.6) (2.92+0.12)

Ky (0.0139 + 0.0019) (0.0060 + 0.0004)
Table 5.3.2 Calculated properties of 800°C from Z2-—variable
fitting.

BZY + 0 w/o NiO BZY + 1 w/o NiO

My (9.3 £ 0.4) x 10° (cm?*s™V?') | (2.11 + 0.04) x 10° (cm’*s™V™)

e, (1.1 £ 0.2) x 10° (cm?*s*V?) (41 £ 0.7) x 107 (cm*s*'V™)

Uy (5.2 + 1.7)x107° (cm’s'V™) (5.4 + 1.1)x10° (cm?s'V™)

K, (1.22+0.14) (1.39+ 0.06)

Ko (3.8 + 0.3)x10° (L6 + 0.7)x10™

162




(a)
proton

hole

[
*
L]
[ ]

log (o,/ Scm)

N e proton
*  0Xygen vacancy
e hole
+ acceptor
: 1 T
:| ot
o }
= 4
(@) L
S 5 ]
_6 _,———
-7 L —
B oo =T
-20 =
2520

3530

Yy TR e

Fig. 5.3.5 3—dimensional plot of partial conductivities (a) and
defect concentrations (b), at 700°C, BZY + O w/o NiO.

h A2
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and —20 (d) of BZY + 0 w/o NiO at 700°C.
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(a) @ 800°C, fixed log a, = -22, BZY + 0 wio NIO
0 T T — T v

( b) @ B00°C, fixed log 8, = -4.7, BZY + 0 wio Ni0
0 - T — v

qL TmImmmemrmmrmeeie - Al TS T Do T D oI D oo
.2‘_ 2L
—_ 3 —_— 3
o U
— .4 — g
(=1] : =]
S 5 e o 5 —
’l —rry . — ]
[ -] - = ]|
Tt -+ [h] Tt NORE
8- --=[¥,]] | 8l --=[¥, ]| |
.g' L L L " . L K] L L " " L
20 15 10 5 [] 25 .20 A5 10 5 0
log a, log a,
(C) @ 800°C, fixed log a, = -0.67 . BZY + 0 wio NIiO (d) & BO0"C, fixed log a, =-20,BIY + 0 wio NID
0 - — : - : T - :
Eys E] e e L T o T
2 -2 /
3 3+ ——
) — — (K]
i 4f |
= i) - = [V,
o st — ] g [n] |
: o ety 1l
-B e [V n] 6L [ ,_], -
Tt --- [n] L
ol —.= V] .
K] S S S S — K] L ' L L ' L
5.0 4.5 40 35 3.0 25 .20 5.0 -45 40 35 .30 25 .20
log Ao log a,,
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a,,=—2.2 (a) and —4.7 (b), vs. loga, , at fixed log a, =—
0.67 (c) and —20 (d) of BZY + 0 w/o NiO at 800°C.

166



(a) @B00°C, fixedloga, = -22 BZY +1wioNiO (b) @800°C, fixed loga, , = -4.7, BZY +1 wio NiD
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Table 5.3.3 Hydration equilibrium constants comparison to
other works[5,8] at 700°C

Authors Materials Ky Temp./°C

This work BZY20 + O 7.1£0.6 700
w/o NiO

This work BZY20 + 1 2.9210.12 700
w/o NiO

Kreuer et BZY?20 1.26 700

al.[5]
Schober and BZY10 0.81 700

Bohn [8]

Table 5.3.4 Hydration equilibrium constants comparison with
other works[5,8] at 800°C

Authors Materials Ky Temp./°C
This work BZY20 + O 1.22+0.14 800
w/o NiO
This work BZY20 + 1 1.39%£0.06 800
w/o NiO
Kreuer et BZY?20 0.42 800
al.[5]
Schober and BZY10 0.33 800
Bohn [8]
Jietal.[15] BZY15 0.48 800
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the results from other researchers.[5,14,15]
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Table 5.3.5 The comparison of Molar hydration enthalpy with

the results of other works [5,8,14].

Authors Materials Hydration Temp.
enthalpy/Kjmol™* range/°C
This Work BZY20 + 0 —153 700—-800
w/o NiO
This Work BZY20 + 1 —-64 700—-800
w/o NiO
Kreuer et BZY20 —93.3 550-900
al.[5]
Schober and BZY10 -74 500—-800
Bohn [8]
Yamazaki et BZY20 —22 50-500
al. [14]

173
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Table 4.3.5 Self diffusivities of BaZI”()_gY()_ZO:g—gat 700°C

BZY + 0 w/o NiO BZY + 1 w/o NiO
D,. /cm’s™ 3.47x107° 1.57x107°
D,. / cm?s™ 1.11x 1077 2.89 x 1078

Table 4.3.6 Self diffusivities of BaZI”()_gY()_ZO:g—gat 800°C

BZY + 0 w/o NiO BZY + 1 w/o NiO
D,. /cm’s™ 8.57x 10°° 1.95x 107"
D,. /cm’s™ 2.08 x 107" 7.61x10°°
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@700°C log a, =-0.67
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Fig. 5.3.11 Chemical diffusivities from Kkinetic analysis and

equilibrium conductivity analysis, for hydrogen and oxygen of

BZY + 0 w/o NiO at 700°C.
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Fig. 5.3.12 Chemical diffusivities from Kkinetic analysis and
equilibrium conductivity analysis, for hydrogen and oxygen of
BZY + 1 w/o NiO at 700°C.
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@ 700°C , BZY + 0 w/o NiO
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Fig. 5.3.13 Chemical diffusivities vs. log a, and calculated lines
of BZY + 0 w/o NiO (a), BZY + 1 w/o NiO (b), at 700°C
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Fig. 5.3.14 Calculated chemical diffusivity of H and O vs.

oxygen activity. And star—shaped symbols is chemical
diffusivity of O from 2—fold fitting results.
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Fig. 5.3.15 Simulations of conductivity relaxation upon oxdiation
air to Oy (a) wet atm. (b) dry atm.
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Fig. 5.4.1 Calculated proton conductivities vs. loga, , at fixed

a,,
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Fig. 5.4.2 Proton transference number vs. loga, ,,loga, of BZY

+ 0 w/o NiO (a), of BZY 1 w/o NiO (b) at 700°C.
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Fig. 5.4.3 Proton transference number vs. loga, ,,loga, of BZY

+ 0 w/o NiO (a), of BZY 1 w/o NiO (b) at 800°C.
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Fig. 5.4.4 Protonic conductivities of BZY + 0 w/o NiO, BZY + 1
w/o NiO, BCZY [25].
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Fig. 5.5.2 Decays of open—cell voltage vs. time, when the
chemical potential gradient of oxygen imposed (a), when the

chemical potential gradient of H,O imposed (b).
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Fig. 5.5.4 Open—cell voltage E vs. time of the galvanic cell,
alo, |LiNbO,|a", (=0.21) . &', was initially 0.21, then suddenly

60

80

100

lowered to @', =107"" at t=0 and finally back to a', =0.21 at

t=50h. The inset shows the temporal variation of E from the

moment of lowering a', in a finer time scale.[37]
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e OCVsatloga, =-0.67

+ OCVs atlog a,=(2.00+0.01)
* OCVsat log a, =(2.70+0.02)
Fitted lines 2

Fig. 5.5.5 Open—cell voltages vs. Ina,, at 3 fixed a, . The

solid lines indicate polynomial fit lines.
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Fig. 5.5.6 Comparison of proton transference numbers by
means of OCV measurement and Conductivity analysis.
(a) log a5, =-0.67 (b) log a,, =-2.01+0.01 () log a, =-2.70+0.01

at 800°C.
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Conductivity relxation of BZY + 1 w/o NiO ,@ 700°C ,
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Conductivity relxation of BZY + 1 w/o NiO ,@ 700°C ,
loga, =-1.92

o/ Sem™

o/ Sem™?

0.0091

0.0090

0.0089

0.0088

0.0087
-5

0.0096

0.0094

0.0092

0.0090

0.0088

0.0086

0.0110
0.0108
0.0106
0.0104
0.0102
0.0100
0.0098
0.0096
0,0094
0.0092
0.0090
0.0088
0.0086
0.0084

1-3.5

q1-3.6

1-3.7

1-3.8

139

1-4.0

141

142

4.3
50

4-2.8

4-29

1-3.0

431

4-3.2

4-3.3

1-34

4-3.5

4-3.6

50

=21

4-22

+4-23

4-24

1-25

+4-286

o -27

4-28

4-29

212

°He Bo)

4
%He Bo|

°*He Bo|

Aloga,, , 1 —4.21 » -3.50

A (ST em)

(9.8+0.3)x10<

A, (Stem)y| (L07+0.03)x10-
Dy, fent's™ | (1.320.9)x10°¢
D, fem’s | (5154019)x10%
ky, [ems™ | (LO£0.6)x107*

K, lems | (44+08)x10%

1, /'sec 2245

Alogay, :-3.5 »-1.8

A, (81 em)

(3.117£0.009)x10-?

A, (85 /em)

(3.450+0.008)x10-*

D, lem’s™ | (13240.09)x10
D, lem’s™ | (405£007)x10°¢
k, fems” | (12+0.6)x10°
k,, lems' | (6.3£0.2)x10¢
£, /sec 123+7
.\lngaﬂ_,,: 28 »-2.2

A, (81 em)

(6.94£0.03)x10-

A, (S em)

(7.350+0.03)x10-*

Fy 2 -1
Dy, [em™s

(1.24+0.13)x10

A FPE!
D, lem's

(3.23+0.08)x10-

ky, fems' | (1.22£016)x10°
k,, fems' | (3.67+0.07)x10¢
f,/sec | 3548




Conductivity relxation of BZY + 1 w/o NiO ,@ 700°C ,
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Conductivity relxation of BZY + 0 w/o NiO ,@ 700°C ,

loga, =-0.67

-3.2

0.025

0.024 |

0.023 |

o/ Scm™

0.020 |

0.019

0.018 -

+-34

-+ -3.5

Jas

e Bo)

{ar

4.0

0,025 ——

25

0.024 |

0.023

0.022

0.021 |

ol Secm

0.020

0.019 |

0.018 |-

0.017 -

0.025 [
0.024 |
0.023 |-
0.022 |

0.021 |

ol Sem™

0.020 |

0.019 |

0.018 |

0.017 |

$
°He Bo|
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Alogay , 1 =39 —»-3.3

A, (87 em)

(1.171£0.003)x10-2

A, (S/em)

(1.169+0.003)x10

Dy, | em’s™

iH

(412+005)x10®

" 2 -1
D, lem's

(5.33+0.07)x10-¢

3 R
Ky, | cms

(192404110

) 1
k| ems

(7.1240.5)10-€

f,/sec 1 110£20
Aloga, , :-33 > -18
A, (S/emy | (14574£0.016)x107

A, (81 em)

(1.4648+0.015)x10-2

M 2. -1
Dy, [ em™s

(3.9240.7)x10-¢

D, lem's

(4.83+0.06)x10°

=1
ky, [ ems

(9.18£0.3)x10¢

] ol
ko, | ems

(7.7940.5)10-€

1, I sec

5149

Aloga,, .+ 2.8 —»-22

A (8 em)

(1.1119+0.0010)x10-

A, (S em)

(1.16890.0009)x10-

D

1.1
g ey

(3.79£0.5)x10°¢

o 2 -1
D, lents

(4.630+0.006)x10¢

ku; ! ems ' (2.92+0.05)x10-*
ky lems' | (9.62+002)x10
1, / see 1242

w



Conductivity relxation of BZY + 0 w/o NiO ,@ 700°C ,

loga, =-1.92

o/ Sem™

o/ Scm

c/Scm?

0.0125

0.0120

0.0115

0.0110

0.0105

0.0100

0.0095

0.0090

0.0085

0.0080
-3

0,013

0.012

0.011

0.010

0.009

0.008

0.016

0.015

0.014

0.013

0.012

0.011

0.010

0.009

Ja7
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Alogay , 1 —4.21 —» -3.56

A, (81 em)

(7.3+0.8)x10-

A, (81 em)

(7.4+0.8)x10-*

Dy, len’s ' | (31£08)x10-
D, lem's™ | (684£0.15)x107
ky, fems ' | (1.320.7)x10°

ky lems” | (9.3+0.17)x10-

1, / sec 300£30

Alogay , :-3.5 »-1.8

4, (S/em)| (5731+0004)x107
A (S/em)| (6.684+0006)x107
Dy, lem’s™ | (3.04+£0.11)x10-
D, lem's™ | (6.53+0.06)x10

ky, lems™ | (22405510

ky fems™ | (112+0.12)x10°

1, /sec 58.8+1.0

Alogay, , i -2.8 —» 2.2

A, (8/em)

(4.81£0.03)x10?

A, (81 em)

(6.3040.03)x10-

Dy, Tem’s™ | (297+0.11)x10€
D, fem’s | (6.24£0.02)x10°
k,, lems™ | (3.9£0.3)x10°
k,, lems' | (14+0.2)x10

1, / sec 370£30




Conductivity relxation of BZY + 0 w/o NiO ,@ 700°C ,

loga, =-2.77

0.0080

0.0075

0.0070

0.0065

o/ Sem

0.0060

0.0055

0.0050

0.0090

0.0085

0.0080

0.0075

0.0070

o/ Sem™!

0.0065

0.0060

0.0055

0.0050
5

0.011 ¢

0.010

0.009

o/ Scm

0.008

0.007

0.006
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®He Bo|

Mogay ;1 -39 - -33

A, (81 em)

(2.552+0.010)x10-

A, (S/em)

(338340008010

D, Jem’s™ | (295£0.09)x10-
D, em's™ | (8.39£0.05)x10-¢
ky lems | (24 +0.2)x10-*
ko fems™ | (20£0.2)x10%
t, I see 65+1
Aloga, , 1-3.3 » 1.8
A, (S/em)y | (2410£0.005)x107

A, (S/em)

(3.535+0.004)x10-*

D,, I ent’s | (245+0.16)x10°
D, lem's™ | (8.21£0.03)x10
k, lems | (24103107
ky lems' | (19+04)x10°
1, / sec 80+1

Aloga,,__,,: 28— -12
A, (S/em)y | (2195$0.005)x10°
A (S/em)| (430120004)x10-
D,, lent’s™ | (202+0.12)x10-

= 1 -1
D, lem's

(7.94+0.15)x10%

by fems’ | (27£0.8)x10°
k, lems” | (19+0.5)x10+
1, [ sec 105+1

Rl ke AT
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Conductivity relxation of BZY + 1 w/o NiO ,@ 800°C ,

loga, =-0.67

o/ Sem™!

o/ Sem!

o/ Sem!

0.0325

0.0320

0.0315

0.0310

0.0305

0.0300

0.0295

0.0320

0.0315

0.0310

0.0303

0.0300

0.0205

0.0290

0.0285

0.032

0.031

0.030

0.029

0.028

0.027

0.026

=241

7 - - S— — 122
4-2.3
- -24
425
{28

4 -2.F

- -2.8

217

e boj

°He Bo|

Alogay 1 -3.95— 345

A, (S/em) (8+3)x10°?
A, (ST em) (8£3)x10-?
Dy, /em*s™ | (3.0+05)x10
D, lem’s™ | (2.5£0.4)x107
ky, fems™ | (27£0.3)x10°
k, lems™ | (43+0.5)x10°
1, [ sec 20+10
Alogay ,: 345 285

A, (S/em)

(1.1£0.7)x10-2

A (S/em) (1.1+0.7)x102
D, fem’s™ | (321)x10°
Dy, lem's™" | (22£0.8)x107
ky, lems' | (4.3£18)x10°
kg lems™ | (380,610

1, / sec 110+60

Aloga,, , 1 -28 > -2.2

A, (S em) (9.01+0.03)x10-2
A (Stem)| (904£003)x107
D, lem’s™ | (3.3+0.5)x10°¢
D, lem’s ' | (1.07£0.15)x107
ky, fems? | (3.7+0.5x10
ke lems' | (24204)x10°

1, / sec 30+10




Conductivity relxation of BZY + 1 w/o NiO ,@ 800°C ,

loga,,

o/ Sem!

o/ Sem”!

o/ Sem!

0.024

0.023

0.022

0.021

0.020

0.019

0.018

0.024

0.023

0.022

0.021

0.020

0.019

0.024

0.022

0.020

0.018

0.016

0.014

-2

T T T T T -3.3

e b e Ay

T

=21

H-2.2

4-2.3

H-24

H-2.5

4-2.6

H-2.7

4-2.8

h
-
L
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OHE ﬁOl

Alogay , 1 3.9 »-3.37

A, (S1em) (1.3+0.3)x102

A, (S1em) (1.3£0.3)10*

Dy, lem’s™ | (5.7409)x10

D, lem’s™ | (26£04)x107
kiyy tems™ | (L1£04)x10-
k,, lems™" | (1.3+0.3)x10-
7,/ see 160450

Alogag, , :-3.37 = -2.9

A, (S em)

(1.25+0.15)x10-2

A, (S cm)

(1.29+0.15)x10-2

Dy, | em*s!

i

(5.3+x1.1)x10¢

A 2.1
D, lents

(2.05+0.16)x10-7

Ky | ems b (1.2+0.2)x10*
k, lems' |(11+02x10*
7, [ sec 220490
Alogay , 1 -2.9 —» 125
A, (S7emy | (1.265£0.001)x10-

A, (S/em)

(1.373+0.001)x10-*

D

1 -1
oy | ems

(5.2+0.8)x10°*

N 1.1
D, lem's

(1.9+0.2)x107

Ky, fems | (L8£0.3)x10+
k, lems™ | (1.2£0.3)x104
,/sec | 1042
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Conductivity relxation of BZY + 1 w/o NiO ,@ 800°C ,

loga, =-2.7

00101 | &

0.0110 -

0.0108

-1

0.0106

o/ Sem

0.0104

0.0102 |
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Aloga,, , 347 — 18]

A, (S/em)

(2.5+0.2)x10-3

A, (8 /em)

(2.8+0.2)x10-

N 2.1
Dy fem's

(1.8+0.6)x10-¢

' 2,1
Dy, lem's

(1.7+0.5)x10°7

ky lems™ | (8.2£09)x107
ko lems” | (7.5£0.8)x10°
7, / sec 120+30
Alogay, 129 »-1.2
A, (S em) (3.7+0.4)x10-*

A, (S em)

(4.3+0.4)x10-*

Dy, fem’s | (17+0. 7)x10°¢
D, lem's" | (15£05)x107
ky, Jems” | (1.3+0.5)x107
ky lems™ | (922107

t, | sec 220+80




Conductivity relxation of BZY + 0 w/o NiO ,@ 800°C ,
loga, =-0.67

Aloga,, , 395 — 345
0.048 -
il 1 A, (S/em) (1.2£0. 3)x10°
i 1 A, (S/cm) (1.2+0.3)x10+2
s omal 1% & [Dyem’s™ | (852+006)x10°
& lar & [=
< oouf ” E | Dy fem’s’ | (187£011)x107
0.098 1% k, fems” | (12+0.3x10%
0.036 |- 13 k, lems | (6.4+0.6)x10°
0.034 | < -4.0
- f,/sec 1120420
0.048 28 Alogay, , + 345 » -1.85
0046 |- {29 A, (S em) (3.9£0.7)x10°
— ooal 130 A, (S cm) (3.9+0.7)x107
2 oonz} 1an @ | Dy lem’s™ | @1205)10¢
iy V] ) .
© oodo b = D, lem's (1.84+0.07)x107
4320
0.038 |- 1as by, | cms™ (1.3+04)x10+
0,036 - k,, lems" | (57+0.7)x10
+-34
0.034 £, /sec | 300450
2.1 Aloga, , :-2.8 > -2.2
0.046 N
oou | 1 A (S/em) | (496£002)x10%
.23
~ oo A (Stem)|  (493£002)x107
£ oot | ™8 i 2 1
3° las Q@ | Dy lam’s’ | (83£0.5)x10¢
“6 0.038 Im - )
1280 | D, fem's! | (1.39+0.08)x107
0.036
0008 | 1 Ky lems™ | (18£03)x10%
- 2.8
o2l ko loems' | (82+04)x10°%
v 29
o 0 3 s t,/sec | 220430
t/hr
.. ]
220 : ,«»ﬂ =T



Conductivity relxation of BZY + 0 w/o NiO ,@ 800°C ,

loga,,

o/ Sem!

o/ Sem”!

o/ Sem!
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0.020
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0.022
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0.016

0.014
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e b e

I OEe— G
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H-2.2

4-2.3

H-24

H-2.5

4-2.6

H-2.7

4-2.8

1 L L 3.0
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OHE ﬁOl

Alogay , 1 3.9 »-3.37

A, (S em)

(1.3£0.3)x10*

A, (S/em)

(1.3£0.3)10*

2 -l
Dy, lem's

(5.7£0.9)x10°

D, lem’s™ | (26£04)x107
kiyy tems™ | (L1£04)x10-
k,, lems™" | (1.3+0.3)x10-
Z,/sec 1160450

Alogag, , :-3.37 = -2.9

A, (S em)

(1.25+0.15)x10-2

A, (S cm)

(1.29+0.15)x10-2

i N
Dy, [ em”s

(5.3+x1.1)x10¢

A 2.1
D, lents

(2.05+0.16)x10-7

Ky | ems b (1.2+0.2)x10*
k, lems' |(11+02x10*
7, [ sec 220490
Alogay , 1 -2.9 —» 125
A, (S7emy | (1.265£0.001)x10-

A, (S/em)

(1.373+0.001)x10-*

—
Dy, lem's

(5.2+0.8)x10°*

N 1.1
D, lem's

(1.9+0.2)x107

Ky, fems | (L8£0.3)x10+
k, lems™ | (1.2£0.3)x104
,/sec | 1042
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Conductivity relxation of BZY + 0 w/o NiO ,@ 800°C ,

I =-2.7
0g aoz
. . . . . Alogay , 1347 — -1.81
0.014 | 128 -
A, (S/cem) | (6711£0018)x107
129
0.013 A (81 em) (7.570+0.017)x10-3
— < -3.0
§ | las & | Dulem's™ | (451£017)x10
% 13o2  |Dy, fenm's | (295£008)107
0.011 o
433 ky Jems' | (7.5 +0.9)x10+
ser Jaa k, lcms' | (25400810
I 2 ¥ s s 1,/sec | 42+]
t/hr
0.016 T T T T T 21 Aloga, , :-2.0 1.2
+-2.2
0.015 |- ba A (S/emy | (4630 +0.016)x10-3
ool Jaa _ |4 S/emy| (613620014)x107
i 125 8 D, fem’s™ | (4240, 3)x10-¢
~ 0.013 | Jas — 1 =
e W D, lem’s ' | (275£0.10)x10
1279
0.012 - 1as Ky | ems™ | (7.6£0.2)x10+
oon b 120 k,, fems™ | (2.64+0.19)x104
0 2 ¥ 6 s e t, [ see 53+1
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Chem. D of k (= i,v) , 700°C BZY + 1 w/o NiO

v" Chem. D. of H

T T
"7;.: e ' + R S i
o~
= 1
[&] T
fing . |
T I
a) + J ? —#_
§-6.0 - 1 -
- ¥ loga, =067
& loga, =-192
@ loga =277
-63 1 ! 1
-4.0 -3.2 2.4
log a,,
v Chem. D. of O
T T T
-6.9 ® loga, =-0.67
— e loga =192
W ® loga,=-277
£
O .72
— T
& ¢
ey - d T
— | [ ] , 1 _I|
g-?.s L —é—' 4
. S
I ® 1
1 1 L
4.0 -3.2 2.4
loga,
X &l &3y
223 = [ &k 3y
= 11"




Surface rxn const. of k (= i,v) , 700°C BZY + 1 w/o NiO

-

/cms

&

k.

—

o

v" Surface rxn. const. of H

43 : :

44l
45[
48[
47[
48l
49l .
50l *
Sl 1
s2[
53l
54l
550 - 1

T T T
* log a, =067
* loga, =-1.92
* loga =277

b

- *

. x
1

1 L 1

4.2 -3.5

-2.8 -24
log a,, .

v" Surface rxn. const. of O

4.0 . .

-6.5 .

: : . .
& log a, =067
® loga =192
® log a, =277

* e

-
L 2
I‘I

-4.2 -3.5
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Chem. D of k (= i,v) , 700°C BZY + 0 w/o NiO

v" Chem. D. of H

T T
T 54 J
n
™~
£
Q
—
z
10
— 57 i
S
- & loga =-067
4 loga =-192
60k & log a(,':-z.w |
-4.2 =35 28 =21
log a,,
v Chem. D. of O
T T T T T T T
® loga =067
. ® loga, =192
w ol ® log acl__=~2.?? ]
£ .
"--.= B - 1 i [ ]
= |
¥ I ® ‘
— .2 1 1 o ey -
o] )
2 I ! i
AR S
7.4 - -
-4.2 -3.5 -2.8 =21
log a,,
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Surface rxn const. of k (= i,v) , 700°C BZY + 0 w/o NiO

log ( ky, / cms™)

log ( k,, / cms™)

-4.0

v" Surface rxn. const. of H

4.4 -
4.6
4.8

-5.0

-5.6

#* log a, =067
* log a =192
* loga, =277

1

4.2

4.0

-28
log a,

-21

v" Surface rxn. const. of O

4.2
4.4 -
4.6 -

4.8 -

5.2

5.4 -

»

& log a, =067
® loga =192
& log a, =277 A

:
+ i

-4.2

-3.5
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Chem. D of k (= i,v) , 800°C BZY + 1 w/o NiO

v" Chem. D. ofH

& log a =067 I
r @ loga =-1952
= loga, =277
54| ¢ log i
o~
5 +
o | '
——
E | +
l
e 5.7 _
m |
° |
60 i
4.0 3.2 2.4
log a,
v' Chem. D. of O
I L
. log a = 0 67
® loga =192
™ ® loga, =277
NE 66 —@—— ' ]
Q | &
g <
I
’D:' ——
o 69 — .
2 | [ ] i
T2 . , -
4.0 3.2 2.4
loga,,
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Surface rxn const. of k (= i,v) , 800°C BZY + 1 w/o NiO

log ( k, / cms™)

log ( k,, / cms™)

v" Surface rxn. const, of H

2.5 T d T T T
+* log ao_——O.B?
3.0 * log ao_=-‘l.92 b
* loga =277
3.5+ 1
S T
* *
4.5 n b
*
_50 1 1 1
4.2 -3.5 -2.8 2.1
log IS
v Surface rxn. const. of O
-2.5 T T T T T T
® loga =067
a0k & log 307:1-92 |
% log ao_:z.??

351 e
40F W ® E

_ 1oy

o i *
-4.5 i ‘ -
_5.0 1 1 1
-4.2 -3.5 -2.8 -2.1
log a,,
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Chem. D of k (= i,v) , 800°C BZY + 0 w/o NiO

v" Chem. D. of H

T T T
€ loga, =067
-4.8 "_ e
. & log a, =192
0 I @ loga =277
& ;
5 ——
— 54} ' _ .
I
Y] I ) ]
~ 4
o 1 ] 1
O 54t — .
-A.7 1 Il L
4.0 -3.2 -2.4
log a,,
v" Chem. D. of O
I ' T v I
® loga, =067
® loga =-192
64 9% -
W & log ao_=-2_??
R, .
£ _
&) L4 .
—_ —
66 ——— .
T
(=]
—— @ i -
g-’ —’—l i 9 | ..
== 68| E
®
1 1 L
-4.0 -3.2 -2.4
log a,

229 S B8 i)



Surface rxn const.

of k (= i,v), 800°C BZY + 0 w/o NiO

v" Surface rxn. const. of H

-2.0 d T T T
* loga =067
251 % loga, =192
" * loga, =277
3.0 :
5 * *
-
T L
F 35 N
S 4ol * *
45
5.0 ' ' .
4.2 35 238 21
log A0
v" Surface rxn. const. of O
-2.0 d T T v T
® loga =-0.67
25+ % log ao_=—1.92
" ® loga =277
£ 30
o
—
=
-.‘: 3.5 ’ *
D 4ot e * 2
= * * '
45
-5.0 ] ] L
42 35 2.8 21
log a,,
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Equilibrium conductivities, 700°C BZY + 1 w/o NiO

loga,, loga, , |logic/ Sem' err
0.00 -3.38 -1.585 0.013
0.00 -3.14 -1.586 0.013
0.00 -2.85 -1.589 0.013
0.00 -2.329 -1.596 0.013
-0.67 -3.90 -1.739 0.013
-0.67 -3.30 -1.741 0.013
-0.67 -2.81 -1.742 0.013
-0.67 -2.22 -1.747 0.013
-1.90 -4.20 -2.032 0.013
-1.91 -3.56 -2.03 0.013
-1.91 -2.89 -2.024 0.013
-1.91 -2.85 -2.024 0.013
-1.92 -2.22 -2.013 0.013
-2.73 -3.88 -2.225 0.013
-2.77 -3.33 -2.224 0.013
=277 -2.84 -2.209 0.013
-2.78 -2.23 -2.184 0.013
-13.91 -2.84 -3.081 0.013
-13.91 -2.84 -3.081 0.013
-12.16 -2.83 -3.085 0.013
-13.35 -2.80 -3.069 0.013
-15.44 -2.56 -2.924 0.013
-19.28 -2.51 -2.928 0.013
-13.41 -2.48 -2.921 0.013
-13.84 -2.47 -2.91 0.013
-18.21 -2.13 -2.762 0.013
-13.24 -2.12 -2.747 0.013
-15.76 -2.02 -2.754 0.013
231
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Equilibrium conductivities, 700°C BZY + 0 w/o NiO

loga,, loga, , |logic/San™) err
0.00 -3.36 -1474 0.013
0.00 -2.92 -1.474 0.013
0.00 -2.87 -1475 0.013
0.00 -2.38 -1477 0.013
-0.67 -3.84 -1622 0.013
-0.67 -3.20 -1.618 0.013
-0.67 -2.81 -1.614 0.013
-0.68 -2.25 -1.607 0.013
-1.90 -4.22 -1.899 0.013
-1.90 -3.57 -1.887 0.013
-1.91 -2.84 -1.861 0.013
-191 -2.23 -1.823 0.013
-273 -3.88 -2.069 0.013
-278 -3.28 -2.050 0.013
-2.76 -2.85 -2.015 0.013
-2.80 -279 -2.014 0.013
-278 -2.23 -1.950 0.013
-13.89 -2.84 -2.516 0.013
-13.88 -2.84 -2.514 0.013
-13.35 -2.80 -2.500 0.013
-19.36 -249 -2.400 0.013
-13.45 -249 -2.383 0.013
-19.27 -249 -2.399 0.013
-13.44 -2438 -2.378 0.013
-16.06 -2.35 -2.332 0.013
-18.85 -2.15 -2.240 0.013
-14 50 -212 -2.246 0.013
-15.59 -2.09 -2.214 0.013
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Equilibrium conductivities, 800°C BZY + 1 w/o NiO

loga, loga, , |log(a/San™) err
0.00 -2.99 0.047 0.012
0.00 -3.94 0.047 0013
0.00 -3.37 0.047 0.012
0.00 -2.90 0.046 0.013
0.00 -2.23 0.045 0.012
-0.67 -4.26 0.032 0.013
-0.67 -3.44 0.032 0.013
-0.67 -2.88 0.032 0.013
-0.67 -2.23 0.031 0.013
-2.00 -3.87 0.015 0.012
-2.00 -3.55 0.015 0.012
-2.00 -3.37 0.015 0.012
-2.00 -2.90 0.015 0.013
-2.01 -2.90 0.015 0.013
-2.01 -2.23 0.015 0.013
-2.60 -3.49 0.011 0.013
-2.61 -3.26 0.011 0.012
-2.66 -2.90 0.011 0.012
-2.66 -2.84 0.011 0.012
=270 -2.23 0.011 0.013
-3.61 -3.93 0.006 0.013
-3.48 -3.35 0.007 0.013
-3.53 -2.96 0.007 0.013
-3.58 -2.23 0.007 0.012
-13.48 -3.36 0.001 0.012
-13.33 -3.09 0.001 0.012
-15.42 -3.01 0.001 0.013
-15.39 -2.81 0.001 0.013
-13.78 -2.78 0.001 0.013
-13.81 -2.55 0.001 0.013
-15.23 -2.30 0.001 0.012
-13.14 -2.20 0.002 00132
-14.43 -2.15 0.001 0.012
=17.21 -2.08 0.002 0.013
-14.47 -2.00 0.002 0.013
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Equilibrium conductivities, 800°C BZY + 0 w/o NiO

Toga,, Toga, , log(e | Sem™') err

0.00 -3.99 -1161 0.013
0.00 -3.94 -1.161 0.013
0.00 -3.36 -1.161 0.013
0.00 -332 -1161 0.013
0.00 -2.94 -1.160 0.013
0.00 -2.90 -1.160 0.013
0.00 -2.23 -1.158 0.013
-0.67 426 1324 0.013
-0.67 -3.44 -1.321 0.013
-0.67 -2.89 -1.318 0.013
-0.67 -2.23 -1.309 0.013
-2.00 -3.88 -1.538 0.013
-2.00 -337 -1.630 0.013
-2.01 -2.89 -1.617 0.013
-2.01 -2.23 -1.587 0.013
-2.60 -348 -1.767 0.013
-2.64 -3.44 -1.77 0.013
-2.61 -327 -1.763 0.013
-2.65 -2.90 -1.755 0.013
267 281 1754 0.013
-27 -2.23 -1.719 0.013
-36l -394 -2.016 0.013
-3.49 -383 -1.986 0.013
-3.40 -338 -1.946 0.013
-351 -334 -1.968 0.013
-3.53 -2.97 -1.946 0.013
358 223 -1.875 0.013
-13.48 -3.36 -2714 0.013
-13.34 -3.09 -2.613 0.013
21541 -3.00 -2587 0.013
-15.39 -2.80 -2474 0.013
-13.81 -2.79 -2498 0.013
-13.81 -2.58 -2.400 0.013
-15.21 -2.30 -2.299 0.013
1313 -2.20 2256 0.013
-14.49 -215 -2.214 0.013
-17.36 -211 -2.166 0.013
-14.54 -2.01 -2.169 0.013
-14.65 -1.76 -2.081 0.013
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Abstract

Perovskite type proton conductors were first proposed by C.
Wagner on the basis of proton conduction in solid state, then
was put under great interest in both academics and application
after H. Iwahara in early 1980's. Donor—doped BaZrOj; is
deemed to be especially prominent due to its high proton
conductivity and chemical stability. However, due to its low
sinterability and slow kinetics the defect structure and
electrical properties have not yet been thoroughly researched.
Therefore in this work the shortcomings of conventional
thermogravimetric methods are discussed, the equilibrium
electrical conductivity of BaZrOj; is measured as functions of
temperature, water vapor pressure and oxygen partial pressure,
leading to the extraction of equilibrium constants for the
hydration reaction, and the defect structure of the system was
analyzed through calculation of partial electrical conductivities
of each carrier species.

Previous researches have explained the mechanism of
hydration in perovskite type proton conductors as a 'decoupled
chemical diffusion' of oxygen ion and proton. In this work the
relaxation of electrical conductivity was analyzed by this
mechanism, resulting in temperature, water vapor pressure and
oxygen partial pressure dependence of oxygen and proton
chemical diffusion coefficients. Especially, the process in which
oxygen and proton diffusion changes from independent chemical
diffusion to ambipolar diffusion according to oxygen partial
pressure was empirically and theoretically analyzed. Also, the
effect of sintering aid NiO was also reported, so as to enhance
the low sinterability of BaZrOs.

On the other hand, for systems with more than two charge

carrying ions, it was empirically shown that when put under two

235 &



or more chemical potential gradients the open circuit voltage
(OCV) is a path—dependent function.

Keywords: Proton conductors, Chemical diffusion coefficient,

Conductivity relaxation, Open circuit voltage, BaZrO3, SrCeQO;
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