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2-13 The transient response of the current density of charge carriers and displacement
current density in O;-symmetric cell by the current interruption method from the steady-
state condition at 50 mA/cm?. Colored dot lines show the profiles in the previous

TE AKX ATION. 1ttt s 123

Fig. 2-14 Schematic diagrams of equivalent circuit models in the anode/electrolyte interface

region (x = 0-120 pm) in (a) Ho-symmetric cell and (b) O,-symmetric cell after the 1st
relaxation (¢ ~ 1.0 x 1077 sec). The oxygen vacancy (V') rail is omitted to simplify the
models. The arrows indicate the current distributions as shown in Fig. 2-9 (b) and Fig.
2-13 (b). In the Hz-symmetric cell, the charge flux of holes (Og)) is negligible because the
concentration of Og is very low. On the other hand, in the Oz-symmetric cell, Og flows
to compensate for the charge flux of protons (OHg ) due to the sufficient Og

concentration and the reversible €lectrode. .......uuuuiiiiiiiiiiiiiiiiiiiiiiiiieiiiiieeee e, 124

Fig. 2-15 (a) The comparison between voltage drop due to OH{, conduction in the electrolyte

Fig.

(V(l){[tg) and apparent IR loss evaluated by the current interruption method (V/F) in the
O,-symmetric cell. (b) The comparison between voltage drop due to the electrode reaction
involving OHg (ngﬁ%de + ng‘ffg‘)de) and apparent overpotential evaluated by the
current interruption method 7.; in the Os-symmetric cell. The gradient of the dashed
line in (b) indicates the set value of the sum of polarization resistances of anode and
cathode reactions involving OHg........ccocviviiiiiiiiiii 125
2-16 (a) The impedance spectrum and (b) the magnified figure which shows apparent
polarization resistance in Hp-symmetric cell. (¢c) The impedance spectrum and (d) the
magnified figure which shows apparent polarization resistance in O,-symmetric cell. The
impedance spectra correspond to the transient responses to the current loading of 1
mA/cm? under OCV conditions. The frequency range to calculate these impedance

spectra is 100 MHz to 10 mHz. The red solid line in (d) is the fitting result by Z-view

with using an equivalent circuit model of parallel resistor and constant phase element.

13
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Fig. 2-17 (a) (b) The transient response of concentrations of charge carriers and electrostatic

potential in Ho-symmetric cell by the current loading method of 1 mA/cm? from OCV
condition. The units of concentrations are the numbers of occupied O sites in a unit cell
of barium zirconate. At the anode side (x = 0), electrostatic potential ¢ (0) defines 0. (¢)
(d) The transient response of current density profile in Ho-symmetric cell by the current

loading method of 1 mA/cm? from OCV condition. .......covevvvrereririnirenisesissseeeeeens 129

Fig. 2-18 (a) (b) The transient response of concentrations of charge carriers and electrostatic

Fig.

potential in O,-symmetric cell by the current loading method of 1 mA/cm? from OCV
condition. The units of concentrations are the numbers of occupied O sites in a unit cell
of barium zirconate. At the anode side (x = 0), electrostatic potential ¢ (0) defines 0. (c)
(d) The transient response of current density profile in O,-symmetric cell by the current
loading method of 1 mA/cm? from OCV condition. ........cccevveveveieririseiriseeeresee e, 130
2-19 The transient responses of cell voltage of H»/O, cell by the current interruption
method from the steady-state condition at DC +50 mA/cm? (fuel cell mode). Voltage
relaxation in (a) ps, (b) ms, and (c) a logarithmic scale of duration time. Electrolyte
thickness was set as 300 pm. (kopy,1 = 5.0 x 10 mol/em® sec, koyyy = 1.0 x 10

IMOI/CIN? SEC) 1uvvvveiriiieiete et te et e ettt ettt b ettt s s s e e e e e s s 134

Fig. 2-20 The transient response of concentrations of charge carriers and electrostatic potential

Fig.

14

in Ho/O; cell by the current interruption method from the steady-state condition at +50
mA/cm? (fuel cell mode). The relaxation steps correspond to Fig. 2-19 (a). The units of
concentrations are the numbers of occupied O sites in a unit cell of barium zirconate. At
the fuel side (x = 0), electrostatic potential ¢ (0) defines 0. Colored dot lines show the
profiles in the previous 1elaxation. .........c.covvieeriiieeinese s 135
2-21 The transient response of the current density of charge carriers and displacement
current density in Ho/O; cell by the current interruption method from the steady-state

condition at +50 mA/cm? (fuel cell mode). The relaxation order corresponds to Fig. 2-19
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(c). Colored dot lines show the profiles in the previous relaxation.............ccceveeerunenne 137
Fig. 2-22 The transient responses of cell voltage of H»/O, cell by the current interruption
method from the steady-state condition at DC -50 mA/cm? (electrolysis cell mode).
Voltage relaxation in (a) ps, (b) ms, and (c) a logarithmic scale of duration time.
Electrolyte thickness was set as 300 pm. (kogy 1 = 5.0 x 10° mol/em® sec, koyyn =
1.0 X 107 MOI/CIM? SEC) cuvvvveveeiiereriesietere ettt ettt ee st s sttt et bese e s 141
Fig. 2-23 The transient response of concentrations of charge carriers and electrostatic potential
in H,/O; cell by the current interruption method from the steady-state condition at -50
mA/cm? (electrolysis cell mode). The relaxation steps correspond to Fig. 2-19 (b). The
units of concentrations are the numbers of occupied O sites in a unit cell of barium
zirconate. At the fuel side (x = 0), electrostatic potential ¢ (0) defines 0. Colored dot lines
show the profiles in the previous relaXation...........cuverereeieeninieene e 142
Fig. 2-24 The transient response of the current density of charge carriers and displacement
current density in Ho/O; cell by the current interruption method from the steady-state
condition at -50 mA/cm? (electrolysis cell mode). The relaxation order corresponds to Fig.
2-22 (c). Colored dot lines show the profiles in the previous relaxation. .................... 144
Fig. 2-25 (a) The comparison between voltage drop due to OHg conduction in the electrolyte
(V(l)ﬁg) and apparent IR loss evaluated by the current interruption method (VZR) in Hy/O,
cell. (b) The comparison between voltage drop due to the electrode reaction involving
OHyp (ngﬁ%de + ng‘gg‘)de) and apparent overpotential evaluated by the current
interruption method (¢;) in Ho/O; cell. The gradient of the dashed line in (b) indicates
the set value of the sum of polarization resistances of anode and cathode reactions
INVOIVING OHgQ. oo 147
Fig. 2-26 The relationships between cell voltage (V..;) and external current density (i..) at the

steady state conditions. The charge fluxes of protons (OHg,) and holes (Og) are also shown.

Fig. 2-27 (a) The impedance spectrum and (b) the magnified figure which shows apparent
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polarization resistance in H»/O; cell. The impedance spectra correspond to the transient
responses to the current loading of 1 mA/cm? under OCV conditions. The frequency range
to calculate these impedance spectra is 100 MHz to 10 mHz. The blue solid line in (b) is
the fitting result by Z-view with using an equivalent circuit model of parallel resistor and
constant phase element as shown in this figure. (kopy,1 =5.0 % 10 mol/cm? sec, kouy,n

= 1.0 X 1070 MOI/CM? SEC) 1.veveveriiieririieietee ettt ettt e sttt n st se e 152

Fig. 2-28 The transient changes of concentrations of charge carriers and electrostatic potential

from OCV condition in Hy/Os cell by the current loading method of 1 mA/cm?. The units
of concentrations are the numbers of occupied O sites in a unit cell of barium zirconate.

At the fuel side (x = 0), electrostatic potential ¢ (0) defines 0. ........cccccvvvvviirvrieiennns 153

Fig. 2-29 The transient change of current density profile from OCV condition in H»/O, cell by

Fig.

Fig.

Fig.

16

the current loading method of 1 MA/CM?. .....coooiviiiiiiiieeeee e 154
2-30 The difference between the polarization resistance of proton and apparent
polarization resistance evaluated by both the current interruption method and AC
impedance spectroscopy. The fuel electrode resistance of proton in the H»-O; cell is fixed
t0 0.14 Qem? (kopy,1 = 5.0 x 10° mol/cm” sec). CI (steady state) and CI (60 sec) indicate
that external current is interrupted after achieving the steady-state condition and loading
current for 60 seconds, TESPECLIVELY. ......cveriiieiiiiiieieree e 158
2-31 The impedance spectra which show apparent polarization resistances in Ho-
symmetric cell. The impedance spectra correspond to the transient responses to the
current loading of 1 mA/cm? under OCV conditions. The frequency range to calculate
these impedance spectra is 100 MHz to 10 mHz. The red and blue solid lines are the
fitting results by Z-view with using an equivalent circuit model of parallel resistor and
constant phase element. (kouy 1 = Kougn = 1.0 x 107 mol/em® sec and 2.5 x 10
MOI/CIN? SEC) 1uvvvuviiiiieiete et et te bttt e et b e bbb bbb s s s s e e s e s s 159
2-32 The difference between the air electrode resistance of proton and apparent air

electrode resistance evaluated by both the current interruption method and AC impedance
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Fig.

spectroscopy. The fuel electrode resistance of proton in the H»-O» cell is fixed to 0.14
Qem’ (ko1 = 5.0 x 10 mol/em” sec). CI (steady state) and CI (60 sec) indicate that
external current is interrupted after achieving the steady-state condition and loading
current for 60 seconds, TESPECHIVELY. .....coviriiiiiiiiiieeieee e 160
2-33 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by the current interruption method. The fuel electrode
resistance of proton in the H>-O; cell is fixed to ~0.14 Qcm? (koyy 1 = 5.0 x 10°° mol/cm?
sec). CI (steady state) and CI (60 sec) indicate that external current is interrupted after

achieving the steady-state condition and loading current for 60 seconds, respectively.

Fig. 2-34 The relationships between cell voltage (V) and external current density (i.) at the

Fig.

Fig.

Fig.

steady state conditions. The partial current densities of protons (OHg,) and holes (Og,)
are also shown. Electrolyte thickness is set as (a) 20 pm and (b) 100 pm. .................. 163
2-35 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by the AC impedance spectroscopy under OCV condition.
The fuel electrode resistance of proton in the H,-O; cell is fixed to ~0.14 Qcm? (komy 1
= 5.0 x 10° mol/cm? sec). CI (steady state) and CI (60 sec) indicate that external current
is interrupted after achieving the steady-state condition and loading current for 60 seconds,
TS PECEIVELY. ettt ettt ettt bbbt b e b b e b n e b b e re e 165
2-36 The impedance spectra of H»/O, cells with various electrolyte thickness. The
impedance spectra correspond to the transient responses to the current loading of 1
mA/cm? under OCV conditions. The frequency range to calculate these impedance
spectra is 100 MHz to 10 mHz. (kony 1 = komyn = 5.0 x 10 mol/cm? sec) .......... 166
2-37 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by both the current interruption method and AC impedance

spectroscopy. The fuel and air electrode resistances of protons are fixed to ~0.14 Qcm?

(kowy,1= komy,n = 5.0 x 10 mol/cm? sec)). CI (steady state) and CI (60 sec) indicate

17
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that external current is interrupted after achieving the steady-state condition and loading
current for 60 seconds, TESPECHIVELY. ......eiivieiiiiiiiiiiiie e 168
2-38 Faradaic efficiencies of electrolysis cell mode. The value of K, in oxidation reaction
in Table 2-1 was used for this simulation. Electrolyte thickness was set as 20 um. (kon; 1
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against various Ko. values. kopy1 = Kouyny = 5.0 x 10° mol/cm® sec. Electrolyte
thickness is 20 um. Label values indicate the cell voltage at iex = -200 mA/cm?......... 174
2-41 Typical results of current interruption measurement on the Pd | BZY20 | Pd
symmetrical cell at 700 °C in H»-3 % H>0O. Voltage relaxation in (a) ps and (b) ms scale
of duration time. Solid lines show the fitted relaxation curve. (c) Overpotential of a single
electrode and (d) TR LOSS......ccviiuiiieiiiiiie s 177
2-42 Typical results of current interruption measurement on the LSCF | BZY20 | LSCF
symmetrical cell at 700 °C in O,-3 % H>0O. Voltage relaxation in (a) us and (b) ms scale
of duration time. Solid lines show the fitted relaxation curve. (c) Overpotential of a single
electrode and (d) TR LOSS......ccviiriiiiiiiiiie st 178
2-43 Typical results of current interruption measurement on the Pd | BZY20 | LSCF
electrolyte-supported cell at 700 °C. Voltage relaxation in fuel cell mode in (a) ps and (b)
ms scale of duration time. Voltage relaxation in electrolysis cell mode in (¢) us and (d)
ms scale of duration time. Solid lines show the fitted relaxation curve. () Overpotential
of Pd fuel electrode and LSCF air electrode and (f) IR 108S. .....cccovviiiiiiiiniiiciinne 179
2-44 Impedance spectra of (a) Pd | BZY20 | Pd symmetric cell , (b) LSCF | BZY20 | LSCF
symmetric cell, and (c) Pd | BZY20 | LSCF electrolyte-supported cell at 700 °C. Dots are
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circuit and (¢) R-(RQ)-(RQ)-(RQ) circuit. The supplied gases for Pd fuel electrode and
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Fig. 2-46 LSCF air electrode resistances evaluated with both gas-symmetrical cells and H»/O,

cell at 700 °C by current interruption method and AC impedance spectroscopy......... 184

Fig. 2-47 Impedance spectra of BZY20 (~2 mm) in various atmospheres and temperatures.

The method of cell fabrication for AC impedance spectroscopy is shown in 5.2.4. (a) 7~
700 °C. Gas composition was set as H2-5 % H>O. (b) T~ 400 °C. Gas composition was
set as H»-5 % H»O. (¢) T~ 700 °C. Gas composition was set as Ar-19 % O>-5 % H-O. (d)

T ~ 400 °C. Gas composition was set as Ar-19 % O2-5 % HaO...ccooovvvviiiiiiiinenn, 190

Fig. 3-1 The available information about the BaO-ZrO,-Y,03-NiO system at 1500 °C and 1600

Fig.

°C. The red side and blue side show the phase diagram of the BaO-Y>,03-NiO system and
the BaO-Zr0O,-Y,0s system at 1600 °C, respectively. Phase information from the binary
phase diagrams at 1500 °C are also given on each ridgeline. It is noted that BaY,NiOs is
involved in the equilibrium region of Y03 and liquid phase at 1600 °C, and is stable in a
solid-state at 1500 °C in the ambient atmosphere. ............ccocveiiriverinnci e 198
3-2 Powder XRD patterns of samples heat-treated at 1500 °C and quenched to room
temperature in the ambient atmosphere to freeze the phases. (a) “Y-rich” sample (b) “Ba-
rich” sample (c) “Zr-rich” sample (d) “ZrY-rich” sample (¢) BNLO1 sample (f) BNL02

sample (g) BNLO3 sample (h) BNLO4 sample.........ccccoeiiiiiiiiiiiiiiecenee e 204

Fig. 3-3 Optical images of “Ba-rich” sample heat-treated at 1500 °C and quenched to room

Fig.

temperature. (a) Sample pellet placed on MgO boat during the heat-treatment. (b) Black
spots are formed on the MgO boat where the pellet touched. .........cccevvveviiiiniinnnnnn, 205
3-4 (a) A BSE image of the cross-section of BNLO1 heat-treated at 1500 °C, and
distribution of (b) Ba, (¢) Zr, (d) Y, and (e) Ni by WDS elemental mapping analysis.
BNLO1 was heat-treated at 1500 °C and quenched to room temperature. In addition to

BZY and NiO phase, another phase that involved barium, yttrium, and nickel (the region
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bounded by dot-line) was observed. From the XRD pattern, this phase is considered the

liquid phase. The cross symbol indicates a location for WDS point analysis. ............. 208

Fig. 3-5 The relationship between the Y doping level in the BZY phase and peak intensity of

Fig.

BaY:NiOs in the BNL01-04 and “Ba-rich” samples. The vertical axis shows the relative
intensity of the (112) diffraction peak of BaY,NiOs based on the (110) diffraction peak
of BZY. When evaluating the peak intensities, the background was subtracted. Purple
circles show the BNLO1 and BNLO2 samples while orange squares show the BNLO03,
BNLO04, and “Ba-rich” samples. Twice the standard deviation is adopted for error bars.
From the results of BNLO1-04 samples, the Y doping level of BZY in the “Ba-rich”
sample is considered as ~12 MOL%0......cccceriiieiiiieiie e 210
3-6 (a) Partial phase diagram of BaO-ZrO,-Y»0;-NiO quaternary system at 1500 °C.
Molar ratio is graphed on coordinate axes. (b) Magnified figure around the BZY vertices
in (a). (c) Ba-rich tie-triangles (BZY7-12 / Liquid / NiO 3 phase equilibrium region). (d)
Ba-rich tetrahedron (BZY12 / BaY2NiOs / Liquid / NiO 4 phase equilibrium region). (¢)
Zr-rich tetrahedron (BZYO / t-ZrO, / ¢c-ZrO, / NiO 4 phase equilibrium region). (f) ZrY-
rich tie-triangle (BZY3 / Zr-doped Y»0; / NiO 3 phase equilibrium region). (g) Y-rich

tetrahedron (BZY12 / BaY;NiOs / Y203 / NiO 4 phase equilibrium region). .............. 212

Fig. 3-7 BZY compositions in each equilibrium and the map of secondary phases expected to

form when BZY is contacted with NiO. Labels explain which secondary phase forms
when a certain composition of BZY contacts with NiO. The red shaded area shows the
range of the compositions of BZY that avoid the formation of secondary phases during

cO-SINtEring With NIO. ......cooiiiiiiiici e 215

Fig. 3-8 Powder XRD patterns of the BZY10NiO and BZY20NiO samples after heat-treated

at 1500 °C and quenched to room temperature. (a) Wide range view (20° <2 8< 65°)

(b) Narrow range view (28° <2 G <33%) ittt 216

Fig. 3-9 (a) BSE image of the cross-section of the BZY 10NiO samples, and distribution of (b)
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Ba, (¢) Zr, (d) Y, and (e) Ni. (f) BSE image of the cross-section of the BZY20NiO samples,



Fig.
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and distribution of (g) Ba, (h) Zr, (i) Y, and (j) Ni by EPMA-WDS elemental mapping
analysis. The region bounded by dot-line in (f)-(j) corresponds to the BaY,NiOs
secondary phase. Both samples were heat-treated at 1500 °C for 10 hours and quenched
to room temperature in the ambient atmosphere to freeze the phases...........cccevveenee. 218
3-10 (a) Positions for EPMA-WDS point analysis and the results plotted on (b) BaO-
Zr0»-YO. 5 ternary system and (c) NiO-ZrO,-BaO ternary system. The sample was heat-
treated at 1500 °C quenched to room temperature in the ambient atmosphere to freeze the
phases. The average composition was analyzed with 100 um probe diameter at some
region in the BZY T0NIO Sample. ......ocviiiiiiiiiiiieiie e 219
4-1 The phase diagram of the BaO-ZrO,-Y»O; system at 1600 °C reported by (a)

Imashuku et al.® and (b) Oyama e al.’............c.cccceveeeeiiiiieieieeeeeeee e 227

Fig. 4-2 The flowchart for the sample preparation in this Work.........ccccovvvieiiniiiinininnn, 234

Fig.

4-3 Compositions of the samples after heat-treatment measured by ICP-AES. Samples
shown by gray squares () were prepared by conventional solid-state reaction (SSR),
whereas samples shown by black squares (M) were prepared by nitrate freeze-drying

method (NFD). Details of the samples are shown in Table 4-2. ........ccccccevvviiiniinnnnns 237

Fig. 4-4 Partial phase diagram of the BaO-ZrO»-Y»0s system at 1600 °C proposed in this work.

Open triangles (/) show the compositions of BZY detected in this work. It is noted that

the boundary of the BZY solid solution is just a schematic representation. ................ 238

Fig. 4-5 Powder XRD patterns of sample (a) A, (b) B, (c) C, (d) D, and (e) E collected with

CuKo radiation. All samples were heat-treated at 1600 °C for 24 hours and then quenched
to room temperature in the ambient atmosphere to freeze the phases. Cation ratios shown
in this figure were the compositions of the samples after heat-treatment measured by ICP-
AES. Filled symbols indicate diffraction patterns of ¥ (Y>03, ICDD PDF# 00-041-1105),
H (Ba;Y 4O, ICDD PDF# 00-038-1377), and 4 (BaZrOs, ICDD PDF# 00-006-0399). It

is noted that diffraction peaks due to CuKa; and CuKo, are observed. ...........ccevueeene. 240

Fig. 4-6 The results of EPMA-WDS point analysis in sample C (A), D (<), and E (V) plotted
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on the BaO-Zr0,-Y,03 system. These samples were heat-treated at 1600 °C for 24 hours
and then quenched to room temperature in the ambient atmosphere to freeze the phases.
Filled symbols show the compositions of the samples after heat-treatment measured by

ICP-AES. A red region indicates Ba3Y4Oo solid solution proposed in this work......... 241

Fig. 4-7 The relationship between the d-spacing and the Zr content in the Ba3Y4O9 phase of

samples B-E and K represented as filled symbols. Dashed lines show fitting results with
linear approximation. To validate that arrowed peaks in Fig. 4-10 belong to BazY4Oy or

not, the peak positions and Zr content in sample L are plotted in open symbols (see 4.3.3).

Fig. 4-8 Powder XRD patterns of the samples (a) F, (b) G, (c) H, and (d) D collected with

CuKo radiation. All samples were heat-treated at 1600 °C for 24 hours and then quenched
to room temperature in the ambient atmosphere to freeze the phases. Cation ratios shown
in this figure were the compositions of the samples after heat-treatment measured by ICP-
AES. Numbers indicate diffraction patterns of 1 (BaZrOs), 2 (Ba3Y4Oo), and 3 (Y203). It
is noted that diffraction peaks due to CuKo; and CuKo, are observed. To identify the
diffraction peaks due to Zr-substituted Bas;Y 4Oy, the pattern of sample D is also shown in
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Fig. 4-9 The results of EPMA-WDS point analysis in the samples (a) F, (b) G, and (c) H. All

samples were heat-treated at 1600 °C for 24 hours and then quenched to room temperature
in the ambient atmosphere to freeze the phases. Gray and black symbols show the
nominal compositions and the average compositions of the sample measured by ICP-AES,

respectively. Red regions indicate BazY 4Oy solid solution proposed in this work....... 245

Fig. 4-10 Powder XRD patterns of the samples (a) I, (b) J, (c) K, (d) L, and (e) E collected
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with CuKa; radiation. All samples were heat-treated at 1600 °C for 24 or more hours and
then quenched to room temperature in the ambient atmosphere to freeze the phases.
Cation ratios were the compositions of the samples after heat-treatment measured by ICP-

AES. Numbers indicate diffraction patterns of 1 (BaZrOs), 2 (BasY4Oy), 3 (Y20s3), and 4
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(v phase). It is noted that the splits of diffraction peaks are not due to CuKa,. Arrows

show seemingly unknown peaks which indicate the existence of Ba;Y4Oy (see Fig. 4-7).

4-11 Results of WDS analysis in the samples (a) I, (b) J, (c) K, and (d) L. All samples
were heat-treated at 1600 °C for more than 24 hours and then quenched to room
temperature in the ambient atmosphere to freeze the phases. Gray and black symbols
show the nominal compositions and the average compositions of the samples measured
by ICP-AES, respectively. Red regions indicate Ba3Y4Oo solid solution. ................... 249
4-12 (A) Powder XRD patterns of (a) BZYS5 + 0.2 wt% CuO, (b) BZY10 + 0.2 wt% CuO,
(¢) BZY12.5 + 0.2 wt% CuO, (d) BZY15 + 0.2 wt% CuO, and (¢) BZY20 + 0.2 wt%
CuO collected with CuKa,; radiation. All samples were heat-treated at 1600 °C for 24
hours and then quenched to room temperature in ambient atmosphere to freeze the phases.
(B) Powder XRD patterns of BZY10 in various heat-treatment collected with CuKo.i
BT L 110 1 F PRSP P OPRRPRRURTPN 253
4-13 Secondary electron images of the cross section of (a) BZY5 + 0.2 wt% CuO, (b)
BZY10 + 0.2 wt% CuO, (c) BZY12.5 + 0.2 wt% CuO, (d) BZY15 + 0.2 wt% CuO, and
(e) BZY20 + 0.2 wt% CuO. All samples were heat-treated at 1600 °C for 24 hours and
then quenched to room temperature in ambient atmosphere to freeze the phases. ...... 254
4-14 Secondary electron images of the cross section of (a) BZY10-1600-24, (b) BZY 10-
1600-100, (¢) BZY10-1800, (d) BZY10-1800+1600..........cccevvireveirieiesieeieireeeenenns 255
4-15 The hypothetical phase diagram of BZY solid solution (BaO = 50 mol%) between
1300-1600 °C. From the results in subsection 3.4, the top of BZY(y1) + BZY () is at
around 10 mol% in the molar ratio of Y/(Zr+Y) and below at least 1600 °C. It should be
noted that the boundary of BZY (1) + BZY ()2) region is hypothetical. ...................... 256
4-16 Powder XRD pattern of sample E collected with CuKa.i radiation in this work. The
sample was heat-treated at 1600 °C for 24 hours and then quenched to room temperature

in the ambient atmosphere to freeze the phases. Numbers indicate diffraction patterns of

23



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

24

2 (Ba3Y40y). Filled symbols of * show the diffraction peak positions in sample H which
is considered to consist of BZY424, Y,0s, and liquid phase in ref. 8. Filled symbols of ®
show the diffraction peak positions in sample B40Y40 which are considered to consist of
(stoichiometric) BasY4O9 and BZ(II) in ref. 9. The positions in the previous studies were
read with SimpleDigitizer Version 3.2 2. ........cccoviieeiennieeee e, 257
4-17 The mechanism of microstructure formation based on our phase diagram and
PrEVIouS STUAIES 4720 .. ... 261
5-1 The schematic diagram of the set up for electrical measurements. .............cceeeeee. 270
5-2 (a) Impedance spectra of B3Y4-10Z sample collected at 402.4 °C in dry O,
atmosphere. The sample was heat-treated at 1600 °C for 24 hours in Ar-20 % O;
atmosphere. Blue line shows the fitting result by the equivalent circuit consisting of
resistances and constant phase elements as Shown in (b).......cccccoovvvieiiieninninsicnenns 271
5-3 The powder XRD patterns of (a) B3Y4, (b) B3Y4-Z10, and (c) B3Y4-Z20 samples at
room temperature in an ambient atmosphere. All samples were sintered at 1600 °C for 24
hours in dry AT-20 %6 Oz.c.vvviiiiiiiie i 273
5-4 Back-scattered electron (BSE) images of the polished cross section of (A) (a) B3Y4-
70, (B) (a) B3Y4-Z10, and (C) (a) B3Y4-Z20 samples heat-treated at 1600 °C for 24
hours in Ar-20 % O, atmosphere. (b)-(¢) show the distribution of Ba, Zr, Y, and Si
analyzed by WDS elemental mapping analysis.........c.ccuoveririreeiinieneneseeneseeeene 274
5-5 The secondary electron images of the cross-section of (a) B3Y4, (b) B3Y4-7Z10, and
(c) B3Y4-Z20 sample pellets. All samples were sintered at 1600 °C for 24 hours in dry
Ar-20 % O;. The apparent density of the samples was measured by the Archimedes
method and the relative density to the theoretical density of BasY4O9 was calculated.276
5-6 The relationship between the d-spacing and the Zr content in the “Ba3;Y4Oo” phase of
samples B-E and H (Section 4) represented as filled square symbols and B3Y4, B3Y4-
710, and B3Y4-7Z20 samples as open circle symbols. Dashed lines show fitting results

for samples B-E and H with linear approximation. The plane indices are based on the
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5-7 High-temperature powder XRD patterns of (a) B3Y4, (b) 10Z2-B3Y4, and (c) 20Z-
B3Y4 samples in humidified O, atmospheres. The heating/cooling rate is 20 °C/min and
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5-8 Arrhenius plots of total conductivities of (a) 10Z-B3Y4 and (b) 20Z-B3Y4 samples
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FHETIE, —ICKRKFOREE (0y) EDISIZE>THELLT R LF =20 H L,
K (H0) ODHPHHIND Z ENBEREICRS LW R LF =LA AR TH D,
DRI, KFEZFNAF—DEKIZLY COHEHED KIFRHIBA IR CTE 5,
KRFxF—DIFEMMEE LT, KIIFEORENIIN A, LV @y x /L F—248
N E FIAD DIREVEML (fuel cells) 23T B b 23, BREFEMITLF = R L ¥ —

EHERT RV X —|CEWT AR EV AT L THY, Fig 1-1 IR T 227 /—

R OkFEMRE U< ZRBHR), ERE, 7Y —F @BHRBS L IFZEXMm) 12X - THE
SN D, A F L DHEARET DEMELNND Z LT 7/ — R TORBLEIRIC

S THER LB FZINBRIEEA~EE LT Y — R~E T2 2 LR AlgE L 2 b,
H, Z 88 B84 7' e by (H) (REREE LT & 7/ — RBXOH Y — R
TORIGE LOMIELISITIRD & 51272 %,

77— K (BREHMER): H, > 2H +2e (1-1)
71— R (ZEZHR): 1/20,+2H +2 e — H0 (1-2)
FFERS: Ha + 1/2 0, — H0 (1-3)

F o, EIREDBIEDA A2 (0F) BEAROL A OEMSISITRD X 512705, #HBFE
FSIEEG (1-3) EkECH 5,
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77— F (BB Hy + 0> > H,0 + 2 (1-4)
BV — K (28R 172 00+ 2 e — OF (1-5)

IREVEMOBMEREZ T &9 5L, BV HE2BEBRE X —ITRIENR. T72b
BIKDERKIEDOF 7 AR L¥ =21 AG (1) ITHYST 5, =& xiE, Bl
(2B 1T DIRIR DK DAL TIX. BUSH & AR D & HITEEREDOSE S, AG
(25°C)=-2372kJ/mol ThH 5, B/ 1HHT-V DEEIX. AG (25°C) ZKISIZE
54 5ETOBEKE (2 x 96485 C/mol) THIDZ Z L TROHN, 12 VRERELRD,

L=, EALTEINCESE L 258 L. BEOBELARE LAY v 7
BHWSISG, 2T, BB OBGREHSIR nEC(T) 12, AKDAERG O RTE
T A NE—E (Thbb, BB AH(T) ZHWTR (1-6) DX ICHEIT D,

A.G (T)

AH (T) (1-6)

ngjgf (1) =

ZOXHT, AW E U TRIKRDKE B 2 7286 O3 % HHV (High Heating Value) .
KIEDK OKFER) 25 2 T-%55H D% % LHV (Low Heating Value) & FES, SEFEED
PREVEER T ANERO IR Y L & & BITEER FRAET 572010, Hamh®R X
D BN R X —EH R E 0D, — T, WAERS (Internal-combustion engine,
IC) % W= FEB T ORKD = 3L =LA )76 (T) 13 Carnot R TH 2 541

5o BIRBJROIREZ T, . IKIEAJEOIREEZ 25°C LT5LUTOLHICET S,

298.15

efy (1) =1~ (T,/°C) + 27315 (1-7)
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BB, EBRIITEE L TOMEENBET H7-DICHmANE LY /NS WA R L
722, Fig. 1-2 1T nife(T) & nifp(T) OlezrRmd 4 =Hiinb 650 °C OHFFHT
Mofr(T) 1 ni5p (M) XD b RE L, ZADREIERL CHEN = FEZ R 2 W54 2 Bk
L2 %,

IRELEM O FEFROIEHRIL, FICERETOA 42 OREIZHKT 5 EIERKET
(IR loss) & FEMIGICHKT HMBEIC L > TRE SN D, REFEILO -V kR
L OV-P BB & Fig. 1-3 179, & 2 T B ANBANBICERZ Y HT5E (0%
BT — R) Z EOBIRBE & Lo, SN0 b L~ A N L 72356 125
DY — R, BN T 7 — RKERD A (1-1) 25 (1-3) OWRIENIHEAETDHZ &
T H,O OEMNEZ D (BE—F) , BEAINBA~EY HT & BAERE Ve 138
JERE FIZ & o CHHREIKERE Voc HARTFT 5, L7eh o THREHEMO 1 ) FPEE L
72 tiER 2 HE < 2 L2 B, FEIER TR EARE OB L OB EROE
SIEHULED IRloss (Vir) « 7/ — FBEE Hawode) « 7Y — FBEE Neahosr) P =
DOERDG2 D, FHARETEE RIS O CUHEHEGEEE S K E W 2D faode
R Neathode DR E 12 FIE % oD, BREENKE L RDIZONT Ve DEIEBHEKT D
A& D, E7o, BIMER—ELL EOMEIZ /22 L QR BER TREET 55
B ZHUTEMENT B2 T AR DT DIREIEEE (o) PHRIZED
HDOTH D, LIeho T BNV RHE A IR 2B E O EBL D721, A
T ANRERO GO EMFE M B & TEMEIEEE O/ S W B O W G NGB L 72 D,
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Load

S — PN

Anode Electrolyte Cathode

Fig. 1-1 A schema of fuel cells.

—— Theoritical efficiency of fuel cells (fuel: H,)
—— Carnot efficiency
/Boiling point of water (1 atm)
100|||'|'|'|'|'|'|'|'|
I I
N 90 _—HHV : LHV y FC 7]
X 80 | / eff
S I T
|
g 70_— :
o 60 :
o L
£ 50 !
[ | |
|
E; 40 B |
|
8 30 - : )
e Y . :
10 + : _
0 [ PR | M 1 M 1 " 1 1 1 1 L 1 L 1 " 1 L l-
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Temperature (°C)

Fig. 1-2 The theoretical efficiency of fuel cells with H, fuel at standard pressure compared

with the Carnot efficiency (25 °C exhaust).
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Electrolytic cell Fuel cell

)

e e e e e e e e e e e fe)

i Nanoge S.
= Ncathoce 1]
o 3
(] w
o =
o <
: ——

o
£ 5
O] 3
O N
Neon

0 'iilm
External current density, i, / Acm’

Fig. 1-3 A schema of a typical /-V characteristic of a fuel cell.

1.2 SRR ORES L a8

PRELE ML O S IE 1839 412 William Robert Grove JNC LV A F iz & &b 358,
Grove |3, [Al—DOREEKEHIZ — i 2 i=RE S B “ADASEMIZT L, 9 b—AK%
K EEFR T SN BERIT, 9 B —AREKEKE T SN AR ANTHEH
T2 2 LT ASEMICERBRITND Z &2 F R Uiz, IX 2% “gasbattery”
EAHT . T ERNIOBREIE S S D, 1889 AT LudwigMond & Car Langer 73
ZAVEEMOMHE NN K O EREDM BIZAEI L, “fuel cells” & L7z, MREHERO

PRI 1893 41T Friedrich Wilhelm Ostwald {2 & > THI 5202 &4, 1900 4EEHIC
I Walther Nernst |Z & 0 [E{RFEMRL 239180 THREFEMICHE A Sz, — T, REHE
MW BOS 2RI U7 KEMRIL, BEHERIZSE A U T 1800 42 Anthony Carlisle S
& William Nicholson [Z L W BRI Tz Sbivd,

PREFE L= O BB ORFEC K o TEIRRESHEA S AMEIRRET 5, R
K722 B ORI & R 2R BE, 36 KO EZIE A Table 1-1 (233 2878,

THETIE T v b AMAREE ARG R E L (Polymetric-electrolyte-membrane fuel

31



&
i
£

cells, PEMFC) ¥ X UMW) A A A= BE RER LR E B (Solid oxide fuel cells,
SOFC) Nt FEME S, ERHZEDTND 210,

PEMFC (% Nafion®I2fXFE X5 7' v b U 2efim iy % O - REHEL T 5,
RIRMFEITH L Z L BEBIFLENES THY . BB L LTEIHENIND, L
L. ZOEEREOERI S A4 (P ISR S D EEME)DE = A B g s fidii
MLETH D, £, —B{LRFE (CO) HHEEBIIET 27 DITREI R OWE
MEERDHZELRALELTETLND,

—7J5T. SOFC 131 v b U TRET V=7 (Yttria-stabilized zirconia, YSZ) (Zf%:
RINDBIEDA A MEE T I v 7 R EMEICHWIZBEERTH 5, SRl
BTHDZENOHBRIMAZEZDIRERITEN TR, =y 7L (Ni) 2 EDLL
W22 72 FEARARBENME T E 5, Lv L, ZOEMERE DR I b AREiENE <
EEMOHRERE L TOREN—KIITH D, £, MEWEZZREN D720
& OBPRMED LS . T XA FOWRICER D Z ERRETH D,

ARG TIEFIET OFHIFEES AT L L L TCEMALI L, 5 - FEXHA~DICH
WHIFEE LD SOFC (235 B %, SOFC @ X b 72 2 K AZ AT 7= 3 & 2 ik i
FleZETORMYMEAE, IRELIE TRITT 5,
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1.3 SOFC O Kz} 7= 3R 78

SOFC D K D= DIZid A S v 7 OHEIEEHM D 2 2+ OHIENEE TH %, SOFC
V=R EEA T EERREEM (7 7 — A typeS) BN D & FERO
PERVE R LI-iGa i 2 i 2 T D Z & h ., ERBIO T A AT L3
BAEME 72D, 2014 FFRFAIZB W TR 7 7 — A type S OIRFEAMFIE 180 7 FFE
ETHDHDIZK L, —i7e T AGE > A7 AOMRGFEAMEE FHEE) 1X25-90 T &
SUTTHD N, AEREROERLEVAL v 7 OSFEIZL > T, 2018 FEEREAET
DTRT 7 —I type S OMiFEIE 119 HHE TET L7, HLEOM LTS 5
HUGEDN RO BTN D 2,

SOFC ¢ =t 2 + DA 1%, FEEZNR O U E & ARRBIEILIC K 2 M55E 5 OgeiUs
DYLRNEETH 5, Fig. 1-4 127 /) — RF SOFC OV A F v 7 ORI % 7R~
ToBNVEIAT VAR EDEERKRE A v F—ax s & (b LB —F LT
N2) ICkoTHeEN, fMEsihvd, Ho 72 EDRELE 0,72 EORBEAINRA L7
Kol A v F—ax 7 2 LEMEOMIZIIT T AZRDO Y —VHMPRHANWLNS, 20
ABy TIE TR T 7— typeS D AR MEBEDBLZ30% bbb L Eh5 1,
F 7z, Battelle £:1% 800 °C ZEFIRAE & 9% SOFC 2% v 7 D=3 A MR A T L,
BAEALH AR T ERENTIN 31 % BLO 34 % LEWEIEELHOL &%
WMELZ B, LENn-T, B 1 Kb oEREDOR LK >TAX v 7 D
TABBOBIENFTRETH Y | FRFICA VX —ax /7 ZOFEARLIEHTE 5, £
7z. Dubois et al. [FEWERE Z 550 °C (RS D 2 & THREMRSA X —ax7
N K ZMIR AT VU AMB AT, 40% FREDO 3 X N ORI FEETH 5
T EERE LY X DIT, Fig 122 X0 REFEM OB A BNRIFMKIRIZ EAF] &
PRHNEN G THWOND AT UL ANL DY 1 L (Cr) e Bk D
Kb Lo e RIS CER OGRS 415 520, —F T, Table I-1 lZR3 T X 91
200 °C LA FOMRIRR CIXE BN VI L 220 | HIZa X RO KRICEN D, @
ZIZ, EEBMEEAZ VT L L7220 400-700 °C F CEMEIRE 2 K08 L 7= i AUk E

# (Intermediate-temperature solid oxide fuel cells, IT-SOFC) DEELNRD HL TV D,
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— ) *——Interconnect

\
<+——Cathode thin film

= ¥ ——Electrolyte thin film

:\\Anode substrate

Current collector

Current collector

Fuel flow

Fig. 1-4 A schema of a stack of fuel cells with components.

1.4 SOFC DARRBMWEILICIANT 7o 5 Hl B B E DB

141 YSZ EIEEMREOHER

YSZ % EMEIZ N2 SOFC Tlid, B\AFE SRR AN GAKRFBMFR L~ &
YIS RIE S 2 & CEIEIRE & 800 CCRRE MR T 5 Z L AHE S 28,
YSZ IZ¥a=T (ZrOy) (24 v b U T (Y20;) % 8mol% FRERNNT S Z & T, K
BICBWT OV i atiE 2 ZE(L ST TH D 2 2oL & UTOXRMK
JERAZ R T L D ICEMAE O 7= OITHERNICEEFZE L (V) DEAIND,

27r7. + 05+ Y,03 - 2Yz. + V3 + 2 ZrO, (1-8)

Z 2T (1-8) IE Kroger-Vink DFKFEIEIC K D KIEFE 52 FV TV 5 PR ICEBWN T,
PIIBES 204 b2 HO L1 Q IZEHKFIZBWTEDOY A Mo 5D DR %
89, RIZABNEMEZEWRL, X X0, « 1T +1 . " 1T -1 2F7, SRR T

A A A4 (0%) (X2 DFEZELEN L TaET 5, YSZ ((Zr02)092(Y205)008) DA
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T AMNREROWREKAAEZ Fig. 1-5 12773 %, YSZ 1% 1000 °C T 100 mS/em ##8 % %
EFITEMBEREFFO— T TUREDKT & & I EERIIBHTED T 5, €D
72, 900 °C LT CIXEME % HE L35 Z & TIR loss KT 2 LE R H D, S.
de Souza et al. 1X Ni-YSZ &7 / — RIFHELIC YSZ BFEA TV —%2 &AL,
1400 °C TH:fERET2 Z & T 4-10 um JE & OB R BB E 2 ER L=, ZokL
DI K1 L 800 °C T 1.8 W/em? Z#8 2., F 7= 700 KFf# O F #E A% rIHE T
D EMNFEFESNTZ, L L., Steele and Heinzel |37 B AEE & L CFEH ATRE /o fmid
O HE% 10 mS/em LR THY | YSZ EME TIX 700 °C F2ESEMERE O TR

LD,

142 FHBMA A IEEET I v 7 20K

IT-SOFC D FEHUZMIF T, 700 °C LLFOHIRIL T YSZ % L[R2 FrElmbyy 1 4>
8L T Iy 7 ZADORFEIMTOITE 2, Fig. 1-5 ITREA R A 4 ixi8k T
2y 7 ADEHEOIRERFMEZRT 53, YSZ 1V b @EVRER L FFOM DL E
fEona=7FMEE LT, A v T Ve W ZENY V=T (Yb-stabilized zirconia,
YbSZ) R°AM > KEZEALY L 2 =T (Sc-stabilized zirconia, ScSZ) MNEITF HILD
2526, YbSZ <X° ScSZ IF 650 °C T 10 mS/em DIREH % /8973, YSZ BARE % A\ 7=
SOFC £V % 50°C £ L2 EfERE A CE vy, '~V UL (Sm) °F RY =
VA (Gd) R EERIMLIEY T (CeOr) RMEHI YSZ &R Ut A& a2 Ff D ., 500-
700 °C T YSZ £V b @EWMuERZ R OB A T ANREL TH D 783, Lizhio
C IT-SOFC OEMEM B O A T-923, & U 7 2EHE 500 °C LA EIZI0TK
FHA TR SN DETLFEHR F T TORITRT L ISR LI, EfEH CE

(REZ R Y4 5 3%,

Cele +2 05 = Cece +2 V5 + 3€’ + 0,(gas) (1-9)

BT TOBRAREITIMNEROIRA & 7220 | SMTICE Y HE 5 BRI T 5
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eI RN X —FEWHROR T 25T, LR > T, B 7 REKREMREIX
IT-SOFC D 72 B & 135 272\, F 72, ErosBii 6035 (ESB) <° Dyo.16Wo.0sBii 76055
(DWSB) IZfRF SN 5k © A~ A REREME TR CE ) 7284 EE S
(EERE R — T, BAEAK TICBW Tl TREZETH Y | B LEMo
KO B D IT-SOFC (ZIFE BN 2 pkE & 13F 2 7200 3,

a7 AHA NUFRIEY) TH D LageSro1GaosMgo 2055 (LSGM) [THiEIKTE U 7
FMBHC G 2 BRAREE 2 D, S BICHhE Tt EN A 4 R38R TH D
0, LA L. LSGM IFKFEMmIETH D NiO & DRIESPENE L | BEiR TOBLEEZ X
- T LaSrGa;0; 72 E OMEBRINERK L, BAEREOSLERN L 72D Z B ESh
% 3435, JTAETIL LSGM ZAUKRICHERE = » & VKBS IR & &2 L, AR C Ni filtfit 2 £
592 2 & CHERM O AR LT X 2 HI038E Shie %, SIRIEIC X o TKFEM
ZERLL 728 /L ClE 600 °C T 1.2 Wiem? Z 2 5 IEF BN T ERS 5T
BY ., YIRE CTOEMEEIT ~0.04 Qem? LMD T/HEV, L7ZR3->7T LSGM (%
IT-SOFC DFEMEMEL L L TH A REMO—DoL L TEZ LN D,
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Temperature (°C) = YSZ
1000900 800 700 600 500 400 o YbSZ

Log (/S cm™)

0.8 I 1.0 I 1.2 l 14 I 1.6

1000 T/ K™
Fig. 1-5 The electrical conductivities of typical oxide-ion-conducting oxides®3!. The
conductivities were collected in dry oxidizing atmospheres. Electrolyte candidates are
Z1035Y0.1502:5 (YSZ), Z10.35Yb0.1502-5 (YBSZ), Zr0855¢0.1502-5 (ScSZ), Ce.9Gdo.102-5 (GDC),
Ce0sSmo2025 (SDC), Smy.075Ndo.075Ce0.8502.6 (SNDC), LagsSro2GaosMgo20s5 (LSGM),

EI‘o‘4Bi1‘6O3_5 (ESB), and Dyo‘16W0_08Bi1‘7603.5 (DWSB).
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143 7 M ARENE T I v 7 AR ERBEICAWCHEREIER OB R

IT-SOFC D FEBUZ AT B A A AREMEE T I v 7 220 | PR TREL
AT NEREATLH7 0 by (H) BEMHEET I v 7 ZAREH STV S, RED
m7a hARENE T Xy 7 AONNEAKFEFHK T TOESISEERL Fig. 1-6 (TR
T BN ZL DT a B AREMEE T I v 7 A1 600 °C T 1 mS/em FRE OfRER
iR L. YSZ DBAA A ANREREFRIRENTNU T TH D, —FH T Y 2RI
L7z 7 AY)bax—hk (Y-doped BaZrOs;, BZY) °/NU 7 A L — bk (Y-doped
BaCeOs, BCY) B X OZEDOFEAEMIL, 500 °C LA EOHNEAKEFRFHES F T 10 mS/ecm 4
— X =D\ e N ABERLE R 0, 2T 142 TR LT, IT-SOFC OEME
MERE LTHDRBIEIA 4 58 ' T I v 7 A TH D LSGM ITILET 2 TH 2,
BZY X° BCY 1L Fig. 1-7 2T L 21X u 7 A h A NMitgEEZFOmikm<Tchy, |’
— TR x%ETDH LRI BZYx (Ba(Zrii00Yx100)035) D X I ICENND, FEdmm
~O HOE AT (1-10) BLO (1-11) 1Rt EHic, 77T X —F—=F
IR o TR S NTe@EFE AN L TThbi b, fifhH o HIZEMEY A 4 v OJE
ZEMAB LRy B 735 2 & TIpiEd 5 8414,

27r% + 035 + Y,03 - 2 Yz, + V3 + ZrO, (1-10)

Vg + 0% + H,0(gas) — 2 OH;, (1-11)

BCY (X BAF 2R BERETE 2 R 97203 RIS 22 Uil OBk FRPH T C CO 1Tk L TARZE
ThD, 7T BZY IFBEREPED SR T BCY 12525 DD, CO X DALFIETE
PEIZHEAL TN D B4 BZY ORIFURHUIRE < BEREVEREIXEIREMRYE Ok
TR, BRI BEREEORBOT-OICEETH D 9%, Liehio T, BI728E
fEMERE & R EF LoD Zr OIRINC K - THERSMERE 2 S0 L 72 Ba(Zro.1Ceo7Y0.2)0350,

X HITHEAKTE (HS) ~DZ2EME% A E L7- Ba(Zro1Ceo7Y01Ybo1)0ss 23BA7E ST
T BRI F e Ce WEZ/NSLKTLHLZLETFHLEEZR ESE

Ba(Zr.6Ce02Y02)03.5 X Ba(Zro4Ceo4Y0.1Ybo.1)Os5 DE I & & 2 4849,

39



&
i
£

ZO X, BVMRERE RO BZY 72 &R BEIREMEICHW. T 8 b oArERE T
S v 7 AREFEM (Protonic ceramic fuel cells, PCFC) 73 IT-SOFC M FEHLIZ A1} THE
HERTW5, SOFC & PCFC D L#: % Fig. 1-8 (2779, PCFC OHff & LT, SOFC
K0 B EEREE MRV RIS R T, AKZERD ARG 23 K A8 Tl 7 < 225U C
ZOHRMBFETHND, SOFC D X 9 ITKFEMMA TRALRDIEAET D L AKRFERAHIRNE
W, A%y 7O XY THCTHEANIKFZNEH TERWIZDITREFI R T
% %051 —J57C PCFC @ L D IZZEXM CRBRR D AERTIUE, £ 9 @V IREHR
MR CE 5, FERIC, BEREREZRIEMA T 1588 T Iy 7 ZA0nb7 e b Uir
T Iy 7 AT D Z & T 1000 K T 80 % LHV OHied T\ o /L F— 25
BIEPFONLRENME SN TWD 2, 2o &9 el&EeE e PCFC nEITH
X, EROFEEHROH G EEA L-ay = —1a VAT A~OHBITM
AT REBOLEZFHLEE ) VX —2a VAT LA~DOHEANARETH 5,
TRV F— - EEHINR A BIFEMAE (NEDO) OREIEN - KBHENBE e — K~ >
TR VT PCFC 1% 2030 FE DR b2 H 15 L 72K FE) R SOFC & L TAZESS
HILTEY 5% D SOFC D X 572 2 AT THRD TEEREMIZE F 25 %,

AHFFETIL BZY ICREFEEN D07 A0 A MNlERb) % BEARERE I
PCFC (24 B U, EAMLIC 2 5 % mPERE 72 &L D FEBUZ T 7o et 217 - 72, PCFC

D PEREAIT T 7 BV 2 RET TR T %0
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Temperature (°C)

1000800 600500 400 300 200 100
0 L L L L T T T T T T T T |

- o--YSZ
---<0--- LSGM
—u—BZY10
—eo— BZY20
—A—BCY10
—v— BZCY
—o—BZCYYb

*4—<— Sr-doped LaP,0q
Y—»— Ca-doped LaNbO,
—e— LWO

—*— LNY

—o— BagEnAl,ZrO,,

6L
**** %|—o— Ba,Nb,MoO,,
-7 P RS PR PR SRR B *l L1 Q 1 1 1 |
06 08 10 12 14 16 18 20 22 24 26 28 3.0
1000 T/ K

Fig. 1-6 The electrical conductivities of typical proton-conducting oxides?>30:374754-60 Tphe

conductivities of the proton conductors were collected in wet reducing atmospheres.
Electrolyte candidates are ZrossYo0.15025 (YSZ), LagsSro2GaosMgo2035 (LSGM),
Ba(Zr0.90Y0.10)03s (BZY10), Ba(ZrosoYo020)035 (BZY20), Ba(Ce90Yo0.10)035 (BCY10),
Ba(Zro.10Ce0.70Y0.20)03.5 (BZCY), Ba(Zro.10Ce0.70Y0.10Y b0.10) O35 (BZCY YD), (Lao.97Sr0.03)P30o0.
5 (Sr-doped LaP3Oo), Lag99CagoiNbOs (Ca-doped LaNbOs), LasssWi.1701343 (LWO),

Laz(Nbo_3Y0,7)207.5 (LNY), BasErzAlzzl‘O13, and BasNbsMoO».
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Fig. 1-7 A schema of the perovskite structure of barium zirconate and barium cerate.

(a) SOFC

? .

150, +2¢ -0, \02 °
d DAE

Electrolyte —————— 0oz ’¢ §

Anode . A \ | T e—>
H,+0% -»H,0+2e" ( "
; H,O

H,

(b) PCFC

! H,0
150, +2e +2H >H,0 OZJ)\ f p——

Cathode ,
Electrolyte ———————| H* QT §

i

Anode f | e —»
3

Fig. 1-8 Schemas of (a) SOFC and (b) PCFC.
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1.5 PCFC 23 5 ERLIC M) 72 iRE

151 BZY REFEMEHIB T 5BEFEIT COR—NMEEDOFRKEE
BZY *° BCY 3 LU O BEERITFIRIRONNEIRFHS T CELZ 7 7 kA mER
ZFREO— T, BEFEHR FICBWTIEA (A—/v, h) ZEEZRET 25 2 & -
L% 8 X (1-12) IR T R o, EFLET 28 X — =X Mk o TR
SNTCBRRZEAD LIRS T TR Z MV AT Z L2 > TEASND,

1
Vo + EOZ(gas) - 05+2h° (1-12)

BZY20, BZCY. BZCYYb DOIMRERLIRIHA FIZI1F 5 A8 — Vs O R %
Fig. 1-9 (Z/R§ 82838, WFNOEMEMEHZI BN T HIRED L5 & & bITA— /L
FITHERT HEAICH D, F 72, BEREEIA & L CORINR®RIRT 2 v AA/EREE DK
FEDN D OILHI & - T, EMEIZ NI BEET 256038 2 26770, Fig. 1-9 (21344
BHZ NI 3EE L2 S A OF— VR LR LIER, TR TOME TR —RZEDH S
DHRTDHZ LEDBERTE 5,
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EBNBESND, HNWIRAIREMEEME 2072 PCFC I L OVKAXEM v
(Protonic ceramic electrolysis cell, PCEC) (23T, BIRE H OELE DILFERT ¥
I & A L ORI TAE R O KA DREFE DALF AR T v v b LIITRRE & 72
D EDRFEICE o THEPD HIL, FROKAKEMFICRNERIC L 2FOEK T
MPE Th D LRI 4, JEF TIIKEKEMREICEIINER O/ S W HEI T
IKFAERBENADEZRT, TROLIRNERIC L > TEROBMHEIEZ 631K
EPHE STz 2 L DN FEBRIITHED O DT 7 IRIVET O3 A4 D[l 2 B B,

LagssW117013.45 (LWO) D K 9 (2R — VR O/ S W EIREREE OB DIE, R—
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Transport number of hole in wet oxidizing atmospheres
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Fig. 1-9 Transport numbers of holes of various proton-conducting oxides with or without NiO

additive measured in wet oxidizing atmospheres

62-66

. The electrolyte candidates are

Ba(Zro,gYo_z)Oz._a (BZYZO), Ba(Zro_1Ceo_7Y042)03_5 (BZCY), and Ba(Zro.1C60.7Yo_1Yb0.1)03.5

(BZCYYD).
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Fig. 1-10 A schema of internal current leakage in proton-hole mixed-conducting electrolytes

in PCFCs.
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TdH 5 500-700 °C THEALTZ /3 MRPERE 22 7~ I S MRARGE S B & 72 %, Dubois et al. 13
PRENZ AR SR AT A 2 AT 5kW 2% 7 D PCFC O =1 Ak OFRERE R &2 kD
SOFC & [z L, Table 1-2 D X 52 L TW5H ¥, SOFC LV K= R h TR %
v 7 ZAERI9 5121, 500 °C FEEE T 0.35 Wem? @ 0.8 V O H 5 & £5-> PCFC O
BAFEARD LD, PCFCIZHITH OCV & ~1.1V EGE L, A — DL Y
N EFH L 500 °C IZE T D PCFC DI ERFOESUE 0.5-0.7 Qem? &£ 72 5, W
. EBHEOEFE 10 mS/em, JE X % 20 um & T AVUTEMEEPUT 0.2 Qem? &
BHIND, Led->T, SOFC 22bH D= A MA 5 2 723556 PCFC DK
& ZESHBOIBLOFNIE 500 °C TO0.5Qem* L FTHH Z &k b D,

e 0 BE 0> PCFC DBESEIC AT T A iPERB I L 7 Fl 2 DTERR, FFl2 2% KA
MEIRHRE SN TE Tz, — 5T SBIEROFMESRIIIES DX RN H Y | Hai 72k
BEOBEIIRIZZER STV, —f%IZ, PCFC OEMMEREIT Fig. 1-11 1R T &
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BT ORI 2 Fig. 1-14 (ZoR3 4967828997 (7 72 S C 0D S 137K i
TORISITHANTHEHME OB ET 2B FEN L < BEMEHTOEER & LT
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L7208 TR /L TRl SN B BMOTERE L B b | FEERE LTI /IS
IR G SRR B 2 b b,

(2) EBRE % T D IRAVET S BARIERE ORI B A 5 X - ATREME DS & 5,
1.5.1 TR/ L 912, BZY R°BZCY R &7 1 k MxiEt® T 2 v 7 A 3R
LR TICB W TR — BB L RBLT 5, o, BAAERERIZIBWCEMR
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BV EXFRE L CIERHMIRFIZMREE T D T AR N R D | R FERM T
RNEBIRORBICERNFET DI ENTREND,

BUED X 51, BHHERED TR Ak A — S FUTU ARy Mo 3D ISl 70 2 SR
RIZWA BTN, FHT 500 °C BUF THEIL 7 ALV AE A-H5 STERIFTEHO BRI
TR B WANEE, 55072 Y OBEROY Y 5 REETH S, L
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Table 1-2 Cost benchmarking of PCFCs compared with SOFCs (5 kW stack, 100 MW/year)*.

The fuel gas was assumed to be H»-3 % H-O.

Fuel cell type  Operating Power density at Stack cost ($/kW)

temperature (°C)  Veen = 0.78-0.8 V (W/cm?)

PCFC 500 0.350 162
PCFC 550 0.450 126
SOFC 800 0.500 197
(a) Anode-supported fuel cell (b) Electrolyte-supported symmetric cell

Wet O, or H,
Wet O, Cathode Electrode
Thin-film electrolyte - Electrolyte substrate

w Ni cermet Electrode
anode substrate Wet O, or H,

Fig. 1-11 The cell type for the evaluation of PCFC electrode performance.

Wet H,

(a) Anode-supported fuel cell with both air electrode and Ni cermet fuel electrode

(b) Electrolyte-supported symmetric cell with either air electrode or fuel electrode

47



&
i
£

Temperature / °C

800 700 600 500 400
F 1 T T T T T I = :
o’g 10° b H,-symmetric cells h
3] 5
c | :
(] 10? E B
Q E E
§ | . -
- B @ P 1
@ 10" F = o i
5 10° YV e R .
F- - L e ey e
210 ¢ ;
B -
10—2 | | | ) | ) |
1.0 1.2 1.4 1.6
1000/ T (K

BZY20-60 wt% NiO | BZY20 | BZY20-60 wt% NiO
BZY15-40 vol% NiO | BZCY | BZY15-40 vol% NiO
BZY20-60 wt% NiO | BZCY | BZY20-60 wt% NiO
Pt| BZCY | Pt

BCY10-60 wt% NiO | BCY10 | BCY10-60 wt% NiO

4pon

Fig. 1-12 The polarization resistances of various candidates for PCFC fuel electrodes
evaluated by electrochemical impedance spectroscopy under open-circuit conditions with H»
gas-symmetric  cells’®8#,  Electrolyte candidates are Ba(ZrosYo2)Oss (BZY20),
Ba(Ceo9Y0.1)03-5 (BCY10), and Ba(Zro.1Ceo7Y02)03-5 (BZCY). Fuel electrode candidates are

Ni and Pt.
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Pr,NiO, | BCY10 | Pr,NiO,

BSCF | BCY10 | BSCF

LSCF | BCY10 | LSCF

BSCF | BCY10 | BSCF

LSCF | BCYb20 | LSCF

Pt | BCYb20 | Pt

PBCO | BZCY | PBCO

YPBCO | BZCY | YPBCO

BCFZ | BZCYYb + 1 wt% NiO | BCFZ

—e— LSCF | BZCYYb + 1 wt% NiO | LSCF

—@— BCFZY0.1 | BZCYYb + 1 wt% NiO | BCFZY0.1
0 LSM | YSZ | LSM

~ A LSCF | YSZ | LSCF

4 peon

* @ Yy A

Fig. 1-13 The polarization resistances of various candidates for PCFC air electrodes
evaluated by electrochemical impedance spectroscopy under open-circuit conditions with O
gas-symmetric cells®” 88, Electrolyte candidates are Ba(Ce9Y0.1)O35 (BCY10),
Ba(CeosYbo2)Os5 (BCYD20), Ba(Zro.1Ceo.7Y02)03-5 (BZCY), Ba(Zro.1Ce0.7Y0.1Ybo.1)O3:5
(BZCYYD), and Zro84Y0.1602:5 (YSZ). Air electrode candidates are PryNiOs,
(Bag.sS19.5)(Coo.8Fe0.2)03.5 (BSCF), (Lag.sSro.4)(Coo.2Fens)Os-5 (LSCF), Pt, PrBaCo,0s+5
(PBCO), (Yo.5Pr05)BaCo020s+5 (YPBCO), Ba(Coo.4Feo.4Z10.2)O35 (BCFZ),

Ba(Coo_4Feo,4Zr0_1Yo,|)03_5 (BCFZYO 1), (Lao_gsro,z)Ml’lO3_5 (LSM)
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Area specific resistance (Q cm?)
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Temperature / °C
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103 & Anode-supported fuel cells _
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o @ o
o L " ® ]
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o e § - o
10" F , - -
g
10»2 | L | L | L |
1.0 1.2 1.4 1.6
1000/ T (K™

BZCYYb4411-65 wt% NiO | BZCYYb4411 | PBCSF
BZCYYb-60 wt% NiO | BZCYYb +1 wt% NiO | BCFZY0.1
BZCYYb-65 wt% NiO | BZCYYb | NBSCF

BZY20-60 wt% NiO | BZY20 | BZY20-40 wt% PBCO*
BZCY-65 wt% NiO | BZCY | SSC**

BZCY-65 wt% NiO | BZCY | BZCY-70 wt% SSC

—p— BZCY-50 wt% NiO | BZCY | BSCF***

- © @ %

BZCY-60 wt% NiO | BZCY | BZCY-60 wt% BSCF

BZY20-60 wt% NiO | BZY+4 mol% NiO | BZY20-70 wt% PBCO
BZCY-60 wt% NiO | BZY20 | SSC-40 wt% SDC

BZY20-50 wt% NiO | BZY20 | BZPY-50 wt% LSCF

BZCY-60 wt% NiO | BZCY | PBCO

Fig. 1-14 The polarization resistances of electrodes of anode-supported PCFCs evaluated by

electrochemical impedance spectroscopy under open-circuit conditions*¥67:8289-97 Electrolyte

candidates are Ba(ZrosY02)0s3-5 (BZY20), Ba(Zro.1Ce07Y02)03-5 (BZCY),

Ba(zro,1Ceo_7Yo,1Ybo,1)O3_5 (BZCYYb), and Ba(Zl”o,4Ceo,4Y0_1Ybo,1)03_5 (BZCYYb441 1). Air

electrode candidates are PrBag sSto 5Co1.5FesOs+5 (PBSCF), Ba(Cog.4Fe04Z10.1Y0.1)O325

(BCFZYO.]), PI‘Bao,ssro,sCOl,5F60_505+5 (NBSCF), PI‘BaC0205+5 (PBCO), Sm0,58r0,5CoO3.5

(SSC), (Bao_ssl‘o,5)(C00_8Feo_2)03.a (BSCF), (Lao,6SI‘0,4)(C00_2F€0,3)O3.5 (LSCF), and

Ba(Zro.7Y02Pro.1)0s3.5 (BZPY). *PBCO nanoparticles were infiltrated into the BZY?20

scaffold. **SSC cathode was prepared by electrostatic assisted spray deposition (ESD).

***4 mol% ZnO was added to BZCY to improve the sinterability.
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I L o TEME OB & KFEmE L OEMRE OS2 RIFECIT Y, 2 OHERE
IR T R b TRFIFHE R EME DOt L 2 FRTE 5130, NIiO &
BIEM B AT 2 2 L THIREME L OBWIRROELZRETELL LD
(2. FOCHEEO RN TE 5 2 ENFIRERD,

SBERFIEIE NIO (26 LU CTYESERIC L E 72 YSZ DB i /v O /R (T E
i, BZY REME %A\ 2 PCFC IZB W T HIEEMICHW SO T & 7 822 A
(2, EERERETECd D BZY TILILBERERFIC KT B IEH L7 Ni SFEREBhAI & LT
BERE L. AROBERSIRIE TdH 5 1600 °C 725 1400 °C F2E F TR T X 5 2 & 2VA
BALTUN D B0, AR CIIE BN A BIEITIC X o TIBEEIEIZ L o TERY A
ADT J— KPR — k PCFC OIERIBIAHE X4, 700 °C TEMET 2 9ERA D
SOFC & [AIZ LA LD PEREE 600 °C THHHE L, FEFFIEOLGENEITES Lz 0, —F
T, T OHBEREIHCHEE L 72 Ni 12 X - T BZY BARE I Y IE Om ORI ERK
L. AR ANER ST D rTREME DR S 41Ty % 8695971027906 IR = Bl oD O
& DT % BaYNiOs (37K SR D 5 FH 5T & 2 MR /K F IR KT CHRREA L% 1+
STHIFET HAREMENH D 18, ZDTDIZT Ty IRHAD 7 a R — 7 OFED
FRERD BA~OBEMAR I A=V 52562 LRGSR D, £, RlIFED
AR EE D BZY 2250 Y OFEHIER (1-10) OB ILORDICE R Y | o
N RO TIZ & o TA A ARERNH T HIRE & 7e 5 3197 Yy b v iz
Yb & W35 EIF & LT BaYboNiOs 234 L7 WA B S 5 6 DD, BZY-
NiO G /KFEM/BZY FEME O FLHERIZ L 2 RIFE O A % 8T 5 SHER 728 5
DT700N 108,

— 5T, BERSE A VI BZY SREME & V72 PCFC 2 ERT 256,
NRR—/REZ T 5 BRI CThIuT, BErkBIA &2 iR 3B OBe 217
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I WEN G 2 8210 LI TENEICEN D BZY EBAFE DA 13 1600 °C F2EE TOEL
RUBR7RRD HALD A3, 1600 °C (Z351F D BZY B IR GEI 0O KRR S PR 1 X e TAF R 1T
B ROERNEAET H WM F7- BZY OBGHIRLRE O TR ITBERSRE LT T

FRIRREZS L L TV A ATHEME SR S Qg 1218 U85 T BERSTRE AT O
BZY OB FH e tEREP D MNNCT H 2 & T, BZY OMLEMDME & Befs &t

DEFEALDIFF S D,

LLED X 51T, FFIZ BZY % BEAEMEICH V2 PCFCIZBWT, e/~

0ty U TIIREMSL STV, Z DT DIIFES 2 R ER A AL LT
LONRBIRTH D, W, BZY EMES NIO /KFHE & OB FH e iat %217 9 =

LIz, EBITPCFC D E L b EmthElb 2= TE 5,
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NiO powder BZY powder

BZY-NiO anode substrate BZY electrolyte slurry

Y

| Screen-printing I<

|

| Co-sintering (> 1400°C) |
|

BZY | BZY-NiO half cell Cathode slurry

Y

| Screen-printing [«

|

| Firing (~1000°C) |

Y

| Reduction of NiO (~800°C) |

|

BZY-Ni | BZY | cathode cell

Fig. 1-15 Flowchart for the preparation of anode-supported PCFCs with BZY electrolytes.
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% 3 1500 °C (231 % BaO-Zr0,-Y;0;-NiO #0515/ D AR FH
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F 2 RNERORE L ZE L= PCFC EMROFMTFEL IO
TRV XN R O R

HoE IRNBHROEELZE LT PCFC BBOFMEFERL IO
TRV —ER RO

2.1 f&E

AT 1.5.2 Tk ~72 &k 912, PCFC OMERED M E4 B S L ThE & 72 22 KUBA4E A3 B
TN TE T, ZEXBHPTOFANICIET, Ni AKFEMZ SRR L U7 R A #8 B
v (Fig. 1-11 () & EBME % ZRHA L U225t Frt L (Fig. 1-11 (b)) 23FH &
NTWD, L7edio> T, EREOMERCIE S, KFEMH S D Ni DL DA 2 £ 5%
HERHE— SN TE LT, Z D7) PCFC I i 72 22 KM BHIARTZH 52 TR,
FEA L, ELSWAFRELOEL HIZBWTH, BXYEFHIEICIIBAFEKET:
(OCV) FTO B A v —4% 2 AL (EIS) A—mIIZfEH S 4, Fig. 2-1 (a)
R LT RDTOA v E—F A REY IR LIS SN S, ZHITE
g Z R e b (HY) fRERE BORMIC A LT Th D, L LIERRIL, Fig.
9Tk Hic, RFEAZ Ba Bin 7 A A MREREIZ I T IR O I ER
{EFFHA T T H 22 THh—v (b)) PMeET D, ZOHE, BmEREOFHESM:
TIZBWTEMREPITRNAERSBAEL, BMISICE > TEMRD LUIHEE S
7= HY ORI L IMBET ARG LRV, Z07HI, EIS 2VTELRE RYY
DN X o TEMHTZ /NG 2 FIREME 2 ER ST D 12, Poetzsch et al.
1% 750 °C OERLFHA FICBWT HY/h IRASEMEEARE 2 F 7 22 5 it itz v
EHWTE LN REY 8 B A 4> (07) (REMEEME 2 A 785 A1
T 100 fFE < /NEWTZ &2 LT, Fig 1-8 [T KL 90, H (mEMEERE 2 H
V72 PCFC D 2250 T DR T OF {58 PEEME 2 AV 2 SOFC LV b HEMETH D |
BMRHUL L O KREL D & PRIND, Poetzsch et al. DHEIZZ O TR L FET
HHDOTHY | IIVERIC X 2 EMEFLOW/ N Z RET 2 HD7EEE 2 b,
H /b B8R 2 EBARE W56 O BRIt o/ NERIL, Fig. 2-1 (b) I
T AR SRR E T L E A VD Z L THESND 3 RIS, A A kT
BN & EAFE N TEMBAN R Y | BRENE LY b B ERE R K E 22
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2 E RNEROEELZE LT~ PCFC EMOFMFERL LV
TRV —ZE N EE DR

BRE D EFO S LB o T BFERS DA v E—F o 2 LHE GG, B
DA = 2 TEETLE 2T Y OWHIRR TR IND, T 2T, BMROE
TRES L IIBEBENBD TREWZ NS0, EM/EMERIICE TS v E
1 (') OFEE - MBEROSIZBET 25U, HY DR 2 ESCHHTI H~ T HE
TEDIFE/NEZNEE SN D, Fig. 2-1 (b) OEAMEIEEE T /LT X - T Fig. 2-1 (a)

=2

W

DEH AV E—=Z L AART MAREBN LT 5 & RIY BLW RYY 1371
FRRD &5 R THEZ NS,

R lyte

lyte _ Ht
Ry = ety (2-1)
lyte
R,
Rfuel +Rlyte +Rﬁif Rlyte

Rglosl — Rtotal _ plyte _ H* (2-2)

EIS EIS Rfuel _I_Rlyte _l_RaLr Rlyte
Rlyte t1 Rlyte +1

h* h®

X (2:2) 6. Rhpy 25 HY OBIGT 5 KEMTORISEST RIYT L2ERMTOK
JSHEHT ROT OFn L ZAR B MBS, R A HY OGBS IT AT
T REW (Rf“” ”’te+R,‘fI < R2C) | bbb, BRETO b ARE)E
HTXLHAETH S, WTE 2T, RY® N H OBEGT BRIk & FSRETH
hﬁ\%%jwrwﬁﬁﬁé BHSSHEST RIV +RAT X 0 b/h&WMEE 22D, LA
Eo XSz, IRNER ORI X 2 BMHHT O/ NGEAT X5 B3 E 7 v & 3
TE DM, FFIZ H/O, FHA TRl 2 HE M VI TE b REREHETE S
&R I, TERDFHMTFENFM I TV DERIZH D

H'/h IRAREMEEMRE % HV 2 PCFC 35 XU PCEC (2817 2IRALEIE D 280X,
FIZ =X —EHEOM TR L CHER Sh, & OO 7= DI BB Tk
DHAWHILTE R 35 LivL, EFE T OWERENT 2 5 Lo BARIRET O/ Nl D
BEHE 53 TRV, ZOREE LT, BB OS5I I T, EARE T OB
PEARGE 3 X ORI BEMRE D — X T D Z LRI b D, £ 2 CAMZETIE
H'/h BAEMEEME % H\ - PCFC/EC Zxf8 L L, KEKEMFFO T 1L F —
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2 RNWERDORE L EE LT PCFC EMBOFNFEL LW,
TRV X BN DR

BRI T HIMNVEROEEOFE & & biC, BERIEHTOFAGRE IR B
5.2 2 8% et U BB B, RRC 2SSO 22 A 72 i 8 722 3 4o -
fRIAZ HR L LTz, D7D, BEfEiTIs L OVEBR O M 2> b Oft 4 FhE L=,
F9. HllfENT F1% TlE. Brumleve & Buck 234£% L 728 Newton-Raphson {%(Z &
%k AR OBIERNT 2 R 5 2 & T, BATFIERUER L OV E R E & £
WG PICERE R ORT > > v VA O E A F M L= 12, ZHUZ L0 | BB FR
TABIOREME L ARG L L, U FIERHA v E—2 v ZHIE R L OB
WHIE 2B 7 /L & LT BUBEMENTIC K o TR O BRI X 28/ it 4 3am
L7z, BEIREHHRIE OB, FEBAANEF A 7 A2 % 2 & TEMHE T OfR
FOWFERT v VDMET L, IWIVERDOREEL N TE D Z & BEITHFZEIC T
RS NTT2DTH % 35, 7o, FrIZIRN B DN B L 725 PCEC Z XA
EARE OIZE R & OV AR O 4 A AR T X — BRI G 2 5 P
Tiam L7z, S 512, EBRTVETIE 20 mol% Y-doped BaZrOs (BaZrosY 02055, BZY20)
EEME SRR L LB v L ORERM VA ERL L, EAE ) /RS
{RR & B 722 700 °CIZB W BRI IEZ FM L7z, ZHICX s
DEBEMAKFLO IR EAT 5 2 & T SRMEMRAT T 15 O 00 2 40 & Wik L=,
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(a) A schema of typical impedance spectra of PCFCs.

Rigd
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(b) A simple equivalent circuit model of PCFCs
with proton-hole mixed-conducting electrolytes.

2) i
I Rt
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RYY
! ’
o—1 C I{‘;:,c e Qair —o0

R,

[ 1

| I

Fig. 2-1 (a) A schema of typical impedance spectra of PCFCs. R gge and Rp ;s are generally
adopted as the electrolyte resistance and the electrode resistance without any corrections,
respectively. (b) A simple equivalent circuit model of PCFCs with proton-hole mixed-
conducting electrolytes (steady-state condition). Rly ' and R}?./te indicate the electrolyte
resistance corresponding to the conduction of proton and hole, respectively. Rf el and Ralr
indicate the polarization resistance derived from the reaction at the fuel electrode and the air

electrode, respectively. Cp+ uel and C3Y indicate the electrostatic capacity of the fuel

electrode and the air electrode, respectively.
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2.2 BAERITFIE

221 EE

ABFFEClE, 1978 4E1Z Brumleve & Buck 232EME L 7218 Newton-Raphson %%
v 7= Nernst-Planck-Poisson it 72 HE (N-P-P system) Oi&JEMENT FiEA8H L7z
12, BaZm 7 A0 A MU kIR F SN D H / b IRGEEARTIEL, H (KREiIT
1L OHy &FET) ° b (KREITIX 0y &FRT) &V om@EamEfRiT, BRZEL (V)
N LT T ORI LY KT %,

V5 + 05 + H,0(gas) — 2 OHg (2-3)

1
Vg + 05 + EOZ(gas) - 20p (2-4)

L723> T H /b IRGEEERZ IR B 5 5E IR Ve D8 LEET D
VERBHD, ZOX D7 OHy / VY / 0 IRAREMEMELTT L& LIkl
BROFLRIT ZNE TIZE K OFE N2 SFUTUN S 385791182 OREHT1X, KFED
fifetfr FiEF L O E 7 /L TORBOHED =D, deed THRAROE B
K ORI L O FIEEIE S,

B S 7ok R & BB OB B L OEEEIEET L & Ok E
Fig. 22 1" ¥, 22T, AFETIE - RICWRET VEIE L, BFEITH—T
HY . ORI RIIBR L RO L Ls, BREOESE L &L, Bl
(I) EEMEOREONMNEZ x =0, B (1) LEMREORIEZx=L LTHELT,
LUF Tl B Z RS o sk s & L CTHL) ]\, Krdger-Vink OFFiiEE AV
TENENT 1 b (OHY) « BEFEZEFL (V§) . A— (0y) « 77 BT & — K=
Y b (Ap) ERRETDH, TITEBZY DX ST 4O F AL (Zrt) DV A b &3
i F4r (Y TE#RLIEGEEE %X, F—30 hOREIITXTOMBIZE
WTH—THY | DOHUIBE X 2 b0 & Lz, £/, BRiAEMOMAER
BIFEH COBMBAEOBEEHLITBRE L2V DL L2
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(a) Grid points of positions, concentrations and electric fields in a discretized electrolyte
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(b) Transport equations in a discretized electrolyte
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I
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T VAT 1T . AXM; RT 2 !
< < /
o » Continuity equation |
i i i [0 () = f7e (1) B ci,j(t) — i, (te-1)
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oo P o Ampeére-Maxwell equation | Poisson equation
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har, har. fie: (i) = —g,g———————— ss——Zz-Fczyz(t)
f;icis,‘:]—gle f;is,‘;"ge dis,j k r<o tk o tkv1 r<o AXBj 4 it G Ak
N N i Current conservation law L
j—-1 j j4+1
5 i h har,
S | R = QLA A
w—n —_— i
(c) Equivalent circuit representation of the discretized electrolyte
Rong,j-1 Rony Ronp,j+1 é;‘l‘.;'ge
{1 1 i} —
Ccm.:m‘ chem Cthe.m ZRTAXM/
OHg,j—1 OHp,j OHp,j+1 Ri,j —_—— e el
(z:F)?Dy(cj + cijar)

/

/

/

Cdx‘s,j+1 charge c _ &&
\ dis dis,j — AXMj
N, /. Y- 2
B . Cehem Cohem T Carge | cpem = @iF) ciyAXB :T'f“ B
0= 0.J (D . 2
échem \Cchem }:chem Yo
V-1 Vo.J Vot
| | | c.I:ar-;qe
Ryg.j-1 Rvg.i Rvg j+1 Vo

Fig. 2-2 (a) Grid points of positions, concentrations, and electric fields in a discretized

electrolyte. (b) Transport equations in a discretized electrolyte with grid points. (c) Equivalent

circuit representation of the discretized electrolyte.
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2211 EAEXOZEM

TR i (= OHY, VS, 08) DR L OVENMARIL, Fig. 2-2 (b) IR T X 51
Nernst-Planck 2, ###DOX, % LT Poisson FEERIC L > TERHLEND, £, EAf
R i OBRALFRT v ¥ X VOB ARDSYWETRE (BE) f[™5(x,t) OBEH
LD L& BIEAEIEIC IV T OBIfRIX Nernst-Planck 22 L W REh b,

Oj (xr t) aﬂl (X', t)

(z;F)? ox (2-5)

fimass (x’ t) -

ZITC, FIE7 7 77—, z; (FEMHEIE i DM, 0;(x, t) ITEME i OB

=

R () I XEMEE  OBRILFERT v L TH D, BAAK | OYLESR
¥ D; WEMEORESENMIZE S E 35 & Nernst-Einstein O BRI H 1=
R L YEEHR B O BN IELL T O BR AR W 31D,

(z;F)?D;
RT

ci(x,t) (2-6)

ai(x, t) =

T 2T, RITRIREE, TITHERHEEE ., ¢;(x, t) IXEMHEEK i ORETH D, Z 2 Tl
BEORN L L THMAES 20 OMERE (mol/em®) & Ao, BN&ET-H=0 D
RGO (number per unitcell) ZIREDOHA L T H551F, F & R ZNENERSE
e ERNVY VU kp ICE ST LV, ST, BRI i 12OV THEEAE
PR LD ET D & BRALERT v v b [1ij(x,t) 1E, BEEEFRT vy

opd o BRE c(xt) BIOEMN ¢(x,t) ZHOTKRO LI ITET S,

fi(x,t) = u? + RT Inc;(x, t) + z;Fp(x, t) (2-7)

WD FEET . RZ MART Uy VR TE S L& ¢o(x,t) 1XES E(x,t) &
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LI DR R,

E(x,t) = — ’ (2-8)

(2-6). (2-7). (2-8) X % (2-5) IZTRA L., UTOANELND,

dci(x,t)
45 (x, t) = =Dy Ix RT cl(x E(x,t) (2-9)
(2-9) IIWETCHEE 5 (x, t) ERE ¢(x,t) BLOEY E(x,t) OBfRZ R

THEAKXDO—2>TH D, FHUFE—HIXEMIK | OYERUZ k3 25 W8 Hiesi 4
9 I ESUKENC B3 2 W BB A R, MBI | OB Z TS D
L TWEREEE fM5(x,t) (mol/em? sec) 7> O 7B fir it i fcnarge(x t)

(Alem?) IZEZHZI BND,

dc;(x,t)  (z;F)*D;
0x RT

£ (x,t) = —2,FD; ¢;(x, )E(x, t) (2-10)

ST, BEMEERDLERS I OHE AT DB/ EMRFE N E (x=0,L) ZFRNT,
EBIRENTIEIHOPOWEDIEEH LA W ERE LT, 2D & & EFEDONET
(TR DALY LD | FUEE B O AR & IRE DR FZ(LOBERAE LD, T
EAKXDZS>B &S,

af™ S (x, t) _0q(x,t)

= — 2-11
0x ot ( )
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ZOHEARKIL, 2-11) ROFDERENOALFRT V¥ v VICEEHR{Z =R TH
WHNDZ ENRDH D, BRI E WS E, (BERT v yix, t) 13
TOXIITHEE ¢;(x,t) OBKE RS,

pi(x,t) = ud + RTInc;(x, t) (2-12)

(2-12) XDl Z R TR 30 &0 LTOXBmoN 5,

a,ul-(x,t)_ RT dc;i(x,t)
at  c(xt) ot

(2-13)

(2-13) X% (2-11) MURAT 5 Z & THREDO AR L LFRT 2 v )L O AL
DFEOHT Hiv, 2R T v v v VEHEO AT 5,

afimass (x, t) g (x,t) a,lii (x,t)
ax = RT ot

(2-14)

BB OEAKXITERRFNTH D, (2-11) XOWDIZEN A Fed D 2 & TEMAI
BRI CEE L BAEAREICOWTRINZIS LU TFTO L 9 IcET 5,

aﬁcharge (x’ t) ~ a(ZiFCl- (x' t))
Z ox B _Z ot (2-15)

i i

(2-15) KOLHFDIEH HALE. FELNZB T 2B EEORME(LEZ BWT 5, B

B

FE£1X Poisson FRERUC LV . EBIGAE L LT ORERE £,
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OE(x,t)
Erfg—p — = F ) zc;(x,t) (2-16)

T, el IEETOFEEE, o IBEMEOHFEELETH S, B Li-kHiz, AT

WFFEZ BN TIISR DO HHL O 72 8 2>, B PHERE OB L 0 L (2-16) DAL

0 LBl IND, ZORETEMEDOHNE (V7 fHIR) TITRLY SLOATRRMEN B 5

—J7C, WERT V¥ v VORI IR I AT D AR AR SR TS CIIARL Y ST

IR NEBZ HIND, WA, BRI/ NI O & AT O AFSETIX, BT

HPEARGE 2 FHOV R WRNT &2 FEfi L 72, ST, (2-15) Rofil% (2-16) ik v &
CEEHZD L. UTOXNPHEHND,

of" 9 (x,t) @ OE(x, )\ _
ZT-F%(&}EO Ox ) =0 (2-17)
JE(x,t)/0x . OE(x,t)/0t I IMEED x,t THRTHY . 0%E(x, t)/0tdx 1Td#Hi L%
AONDINE, a2 UNY OERL RS DR FETH 5,

af; Charge(x t) a(ereOE (x, t))
Z ox ax< ot > (2-18)
g&oE(x, t) ITEREETH Y | Z ORFREIZILIEL Ampére-Maxwell FFEE) & 2 &
gl £ () LEFREND L, LI T, (2-18) RIFEME T OILEOfE
(IS 2 BT PR R S O FEART LA L 35 L VNI L D Z L ofe s B & 72

b ZArERRITH < £ TEMBORHAELZEBRICASLTLLOTHY | BT LEMEAKL

TRAERNBET DT TII W LICHE SNV 2
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HZEHEEWRTS, Milhd x CHESTIUL, ERETOH 5 PHAEIZHVTEN
DTSRI B BHEE forar9®(t) & —ET RN EBND,

EVMMQ 6) + ﬂﬁiﬂlﬂ) charge ity (2-19)

ot total

(2-9) BLW (2-11) oFRBICHEDLEDL O, (2-19) N —TH %2 W/E i 5%
WCEEXHZHZ LT, UTFICRTEARKO=Z28B013 G615,

(e eoE(x t
Zamwmmw+li%§Lﬂ=£%W@ (2-20)

i

kXD o Z oD RAREIMBEREE fom°(t) I L OEE OB RS
D F TR 2 & T b B4 1131 5 BIE N O BT DML I L OES O 4376
DR L 725, BAMIIL, REUBETHAT2 L9 1, 28 x BLOco
W TR 24700 AR B 1 B 72 8 — Wk iR & S 8 Newton-Raphson 1%
HAWTIRLS Z &2 %,

2212 frER L OREICRH 2k F RO

BUESEAT 21T 2 12H 720 L ci(x, t) X E(x,t) & W o lZEBOBER LT L 725,
AMFFE TILICATHIIE 212 L RO FiE THEBUL 21T - 72, L FICZ OB Z 7R,
N EOEFRIZHE LI EREORAKZ{KEL D7) v Ra L & HI2 Fig 2-2 (a)
(R, EMEMERE (x =0, L) ZRWT, (L& x & EMEEOBEE c(x,t) O
7y RRIISEROPIIALET D, —FH T, x=0,LICBTHMELIRE, 225
WIZEY E(x,t) B ¢(x,t)  WHEIGEEE fMS(x,t) 135 EROBEFNEIC
70y FRMLET D, ZOXIICHEEROBERLZ1T > Z & T, AKX (2-9) |
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(2-11) . (2-20) 22BN x=025 x=LHDOENZE O FLLFO XL O IZEIT D,

C," _C’.. Z'FC," +C"'
ymass i,j+1 i,j i i,j+1 L] 1 .
mass — p|—f—=-— - T ) 1<j<N-1 2-21
cii—cl=— at Qﬂ@”-f@@ﬁ(1<j<N) (2-22)
L] 9] AXBj i,j ,j—1 —J =
a£dﬂ—4$)=ﬂ$gwat—AtEZfﬂﬁms(1SjSN—1) (2-23)
i
J AXB
_ j
D= E (Bj_1 + Bf) x — (2-24)
j=1

(Y
(Y
lr,ﬂ

At = tp4q — ty
X2
AXB, ==

2
Xj+1

AXB-—i(2<'<N—1)
j = 2 =] =

XN — XN-1

Xy = >

ThY ., NITBERL LTEEBREOERETH D, £, ° RO ' OV U RMTE
NENRA t=t B LR t=tm IZBITDETHDZ EEERT D,

X (2-21) 7256 (2-23) 1 LI LIZWE SR EAE DR D 0 (T EAF R E TR
&, Fig.2-2(c) IR T X 9 R%MEKET L E L THEME S LD 9101425 Fig 22 (¢)
HOERFEFIXENZI, jEHOERIZBT 5, B | D5 HRT 2 ER
BHSY (R « FESBIC K DFER RN (Cuisy) « BATIR i OWREZE(LDE
Lol AL DL 2 BUR AT 2 BBy (CE]™ 7 S p /R0 2 v ) (TR
LTEY, UFTORTERIND,
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R 2RTAXM,; (2:25)
Y @F)2Dy(cyj + cijen)
Cais,j = —AXMj (2-26)
(z;F)?c; ;AXB;
G = (2-27)

2213 ERFHEOBALENVEEDNEH

BREFE ML O ARG KA & EAEB ORIGTH 0 | BEEOFERE D $ T A2 5 E
AT DET KT 5 2 L IXREECh 2 21200, 2 2 CARIFZE I, By EARE R
HOWETE fl o BEO fiy™ ., BB R CHET 5K & OFHRRREIC
BUBCERT o @ D OBLEERE ) & § 5 WA B R A 2 R

L7, BUESEBIZI W T x=0,L BT 2EARMILUTO L 5 I2FET 2,

£l = =0 (uia — i (2-28)

; mass

fin = i n(Uin — ME% (2-29)
ZIZT, Kigor  fTHBIEETH L, T OBEREMIT—M&IT Chang-Jaffé & FEITN D
HLOTH D 1032 (2-12) KLV ALFERT Uy ADLIRENLEK e EE W25

ZLETUTOANELN D,

!
Ci1

flo" ™ = —kioIn—gr (2-30)
Ci1
c';
FivT = kg In =g (2-31)
i,N

[y
[y
)
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TRV X BN DR

ki,O orN = Kioor ~RT (2'32)
ThY, ¢f &y Fx=0BITCx=LICkJ2EMBK O (LK TICKITLE
fRE R & T DR E D) IR TH Do kigorn (Fx=0,L1 % BB AR

i D—FEDSEETEETH Y . mol/lem?sec DHALZFHi>, 6 DOEEREMITA—
LOEHIE LTERVE Y ZENFRETH Y . ZNEBREE i OEBIKHT (R OorN)
ERRTEUTOLIITET D,

pol RT 1

—_— 2-33
LoorN = (ZiF)Z ki,O or N ( )

7o, ERYEMEREOBSOWREICITR (2-19) (TR LEZEREFITIEAR L
A (2-16) (27" L7z Poisson SifEZA A=, BERIL L 7= Poisson HEERIILL T D X
IEFEEHZ bD,

E{ - E(,) '
—&r& TBl = Z Zl'FC i1 (2-34)
14
En — En-1 ,
—&-& W = Z ZiFC i,N (2-35)
4

7B, BERSMHITET 5 Poisson FREROFEATHE L EWIT e < FHEOHHAIZ
LB TH D

ST, 2 CARBEREMUENFE MBI B A L TR, FETh~RzL)
2. EBROBMEISITEROFBE L, 72 & 21E. PCFC 2B % /K FERD Bk
FSIELLF DR (2-36)-(2-38) 1R &L 9 IC ZSOFBRICHT HND 2 ERE0,
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1
—Hz(gas) - H(as) (1. /KFEH R OfE#ER KLONEMES A b ~DOW ) (2-36)

H(as) + 03 (as) —» OHg(as) + e (rode) (11. EAMEEIE) (2-37)

OHg(as) » OHy(Iyte) (LI . 712k DHLH) (2-38)

“as”, “rode”, “lyte” 1TZNEIIEMEY A b (active site) . TR (electrode) . 7EMFE
(electrolyte) ZEHET 5, B, 4T LH ZORBENELWDITTIER, HE
THRETH D Z LITHEET D, T OFAEEREEIE Fig. 2-3 (29 &K 9 728012
TRELIN, ZNENOFERE TLFRT v VOE L Z RO, AFIETHWZE
AEMTIE (D) OHG DILH D SR R B D SRR T ) | KB DR -
WERLEMBENIH R T 2 WEEITEETEL 2L 2BKT 2, UTICEOHA%
D,

FTFEE O ITERT DL EEYA MTBWTWEKRIERFIBKRET X LF
4 272 613, ROBEBEIHFEOND,

1
W = Sus (2-39)

c Balk$ B2, BAALIKRD OHy < Vy OHFAICHT 0y OEMIH 2 MHETX 51 L
INESWEARET B0, koggory D TREVEICRET S, ZDEX, x=0,L T
D 0y DIE ¢'op 1or v 1T PEIRED D DOTDICTNHIZH T, BER TIIIEFICRE 72
WEIRHEPEE>TLES, T &, FEMAEOMETIE O ES & RET 5 BN
AR U (2-19)) TiE, MOWRRPICEGNAESICHEBMLTLES, TI T, BERAT

DB ORI A ANE L Cll 1IE 22 50l iR %15 5 72010, K BATROWE HiE Tl < 3
FEIZ Lo TEHERE LT,
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2% RNEROEE L EE LT~ PCFC MO MFER L

TRV X — SR ORRGT
» Au
‘ A, [1]
_ & Au, [ [1]
(‘)OH' (lyte) A‘u*/ (dominant)
Electrolyte =

1/2 H, (gas) — H (as)

E H(as)+ 0", (as) — OH, (as) + e (rode)

OH’, (as) — OH", (lyte)

Fig. 2-3 A schematic diagram of the elementary steps of hydrogen oxidation reaction at the

(13 ,’

fuel electrode in PCFC and (virtual) hydrogen chemical potential profile. The denotations “a

LT3

“lyte”, “rode” indicate “active site”, “electrolyte”, and “electrode” respectively.

ZoLE FRE ) IZBTART U AEL Ay (DFEV,EALHTZVOABET
FNF—ZTHY | USOEREN ) 1IZLLTD X 5 ITEFET D,

1 RT i
Apy = 2 (.qu .uﬁ;ls) = TIH g;s
H,

(2-40)

L7eiio T, F#ilafE () TORT v v VBB T E 2RPL & IEEY A R T
DKFBRE L EH (HE) TOKRBRIENELNEALRELEATHY . ZIUTRE
WEENEECTE D L) fF2EBKRT 5,

WIZFEIWEE (D) [ZHE BT 5, IEEY A MW T, 0Hg(as) . V5 (as) . 0F (as)
BEOHO0 & DRFTEENRE YLD (DFED, ST A N TOEMEOKFEH
Wty & e ® D) e, N (2-3) KVELTOBRNAELNS,
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1
Ay = 7 (A% + HE + wiso) (2-41)
MZ T, Hay OB XTOH0 TS JRAT AL D NED & 34U,

1
Hit,o = Hif t 5 HO, (2-42)

DRGNS LND, U EOREKRERHWD &, X (2-37) ORT v VAL Ay, 1T
WD L HITET 5,

Ay, = (ﬁgib + ﬁZ"‘“) - (uﬁs + MS%) (2-43)
1 1 1
—_ ~as ~rod as
=ohvg + Zﬂg)i + @g°*e — > Moy (2-44)

X (2-44) 1 HIEEY A NMTBT D VE(as) & 0F (as) FOEMBEISUGNIE S AT
VU NVEALEMRINCE D, 22T, 2 (2-41) LEIERIC 0y(as) ([ZOWT LR L
DRPPEEEAL Y S2D (BUSY A N TOEMEORILEOEH Yy & 72 D) &
E, X (2-4) DHROBEBRDBHEOND,

1 1
S B + 5 Koy T HO; = Aoy, (2-45)

PZIZA (2-44) FUTO X I ITEZHZ 6, 0y (as) & 05 (as) MDERBE)
BOSIZHED BT o v WELDBRAR G LN D,
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~as

Mg = fig} + [5°% — ugk (2-46)

ZO X, FFTPEECEIC X o TEMBEN RN IT 2 BEAHEATE O A ATHE
Elen, L TAT, EBMTERXOEREMRENE COBTORED L IIBEEIX
AT AN TWRO TRE L, ZOONEMIEHEY A N OEFOBE)Z2 5 N
0p (as) & e(as) Ol - #5ESURICHET 2IMEEITHE TEX 21ZE/NE VLR
bivd Z L% 2.1 TR 3BB¥, = DIEZHDLHZ LT, K (2-46) LV ERBZ

(ZPED RT vy VEBITER T E 5, W0 2T RATEEGE & & HIZ 05 @
AERK - THIRIC RS 2 BB 2 B T & 2 L A LTe GG, BURRIIZ OHy 3
L VG OEMSEIMBEATEDIZENSVWERET DI LT D,

I, OHY IZBAT A58 () bR T v v VEITIRD L HICRBLE

ns,
Apzony = Moylﬁz Ao,
!
(“oy}iz - #OHO) + F(‘Jblyte - ¢as) (2-47)

TIT. Y BLW ¢ FENTNEME KFIETIIEREREIET D)
LIEVEY A DOWERT vy LT D, TETORE LY | IREREFE ST
DT LD pfo=plio THY X (2-41) KVIEMEY A MTET D OHy BB
. U &P OHp IRED BIZ L A LZHE LAV, W RIT pdie = gl 9.

Btz on;, = (Hows, — Boh: ) + F(9 — ¢5) (2-48)

EEEMR OND, AFIETRE LIRS TIL OHy OWE Fit s EE A AR
ENLOEEZREN ) ETHHDThoTz, ZOFRMFORIITIE, N (2-48) AL
THHIFAUE IR TEGA T DT E/NS W ERMNE LD, Tk, B
BN E OWNMEN AP B TE 2RMAE TR L THY | i CRAR 72 5&FT
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bdZLICHETDHDLEND D Y,

d

84

[0y DBEE-7 2 EMPOGETUTER T & 2 ) [FEM/EMFEREOEFOBESILTRT v
VX NVDOETEHETE D LT HEIL. SOFC OREIZBW T, #loA A4 - BTR
AAEEEmZ O BERIT BT LI LIZAW SRS 3293235 Fleig ITRAEE
PEFEMR DRI 2 W AR OBEMBEEISOSSHEHBREOBG G, WELE RO
FEBEROWEBLRORMTET DL LE2RLTWD (722 L, ZHULEME R O W1
— AV NOMEERET HLENH H)®, Kawadaetal. b FRIERICIRARE LB O £ HIK
ISR DG ZRET L, £ OBRICBHOIEEZ AN TWD B, ZALIEEM (W) (T
ROLEME T4 ) ITBWTRAETLIRT oy VELZ “BERE” A7 L TEY,
W HIEHR CTHE T D B/ EME ST SRR T 5 ER EEICHRT 2R T
YU VLR D, AT E OREENE LT, AWFETIE, ERE ()
TS D (k7)) BER_EEARRLE LTEY ., ZOXRER A EMEEKD
BRI O BMRE NI A~OILE & RUE L2 Z L iZERE Sz,
BEOFRICE W T B/ EME R D220 O TEME (W) DNEENE) 84E
LHETFTHY , KHTHRATAGERL, FHEMZE S E DT 0 & AR TRARR
BREDTHDL ZLICBETNETh D, Rk 2AMFROR R TIE, OHy/0p IRAIAE
PEFRMRE OIS, HERBEE SN TWEEm TN ORT 3 v L OBALD T2
5. EBME TN BRSNS ER _ERBOEMLHE L TV ERE N &2
(ZD XD ) CRABR CHM BN SFMHEEZEALIZE LTH) ool o

. BUERRATAE R OR LM E D D 720121, BRTEN, K BLEORICAIL 7254
HOBEANLETH %, Kleitz 1L FHRFO B EME (B REOE B IS 4
DT =)V JMEN BT D 2 & AR L TR | BEIRYELD 5B S [/ Sk O NS

MDA RFT 5 2 & T, BERRMD S 673 58080 BIAD 2 aTREMEN & 5 4%,
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PLEDOBERFMERB I OMREDEANIZL > T, KAFETHELNDBLVEE Ve 1ZIK
DEITKRED, Ve 1 EHIRDE A DOESIEFART ¥ VDOEIZL ST TFDO X

INCFET D, B, T TIEMHEOZOICmim OB EHIR — & 32,

getet (x = 1) = et (x = 0)
F

Veen = — (2'4‘9)

A (2-46) TR X DT EMANER & OSY A & (FBR/ERE i) OEFOER

WFERT v MEHELWER D Z e b,

fig° (x = L) — jgg® (x = 0)
F

Vee = — (2'50)

T, BWBEANIHEI AT Y VOB UITERCE S L Lz, KX (2-43) O
WX 0 EHRREDLIEND, Vel ZIRO XD ITEZHBZ HND,

F

Veeu = — (2-51)

X (2-40) LY FBE ) ICHETDIRT vy VOBIENERTE HIEE/NE W
L& = pS% DBMRAHL Y N0, Eie, BRI LC A AL Y

Mo b E | BEWENGD 05 OIREDOEITMD ThSWERRED, D2IT,

RT  pu,.L na?)il(gzw - ljgil(gz())
Vcell = —ﬁln PHZ,O F (2-52)
_ RT] PH, L 'ugil(gzL) _'ugi[(gz()) as(x=L) as(x=0)
=-F anZ,O F + ((l) —¢ ) (2-53)
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SOt A MMZEB T D BN ORE X5 & EHREORE N SITIEFEL L & &
RES, o BSYA MBI AHERT v VITEMRERBEIFEAEHE LY
CTEBWE LD, K (2-24) IR LIEEBRE W OBEMNAE O & Vea DOBFR
NELND,

eq
RT  pu,. RT In CoHy,L

n—zl L 77, 2ok
2F Puo F CS‘IZ-{;)J

Vcell = + o (2'54)

X (2-54) DAFZEZELANFE —HITWDWD Nermnst ELESTHY | Bz /L
L REREL (x = 0 D3KFEM, x = L NELKM) TITXEDEER D, A%
(TEAE OEMAARORE D AFWLUELAFIEC L > THEAEE D, 71 b/
— VIRA B ERE 2 AW RER L (0 =0 25KFEM, x=L NZE5M0) %24 L
ToE R ADOEREFERE LT, BICREK T O 2 b ARE cgp. | 12ETETR
PHS T 07w b AREE cgpe ; &0 B/hS <Y HIHTAOMEE KT, AT
PARENMEEME 2 N850 OCV IR T OJREIZ /2 Y 5 2 Th D, HiLH =T
IXEMREMIOBNMAETH Y, 7o & 21X, BE AL LITEIT S OCV | TORILEN
HELERE FIXZ OIS D, AFEICBW L, B/ EME NI
HEMARDOBENC BT DR T X VDO ZBIL, BFENEIH TOELERETFE L
THbins,

2.2.1.4 Newton-Raphson 312 X 5 ¥fEfRAT

ZIVE TR LI EARE OBEBIL L BERGAF OB A LY | JREE & BN —
IR DAL TN ARE L 72 5, £9°, Nernst-Planck = (X (2-21)) & WE D
Bttt (U (2-30), (2-31)) ko (N (2-22)) ITRAT 2 2 LT, Bk
IZOWTLLFOHFRBRANRELND,
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j=1 0Lz
At c'i,—c'; ziFc'i,+c !
, 0 1,2 1,1 fit i,2 11
RN D. kol 0 2-55
i1~ G AX31< l( AXM, RT 2 ) v nctl> ( )
2<j<SN—-1DL&
DAt (¢ iivi—Ci lii— 2. F (C':ivq+C: cii+ci
' 0 i i,j+1 ij i,j ij-1 % Lj+1 L Lj LT g
0 _ _ _ain E! — E; =0 (2-56
Cij T L M&( AXM, AXM;_, m« 2 ’ 2 k») (250

At c'in—Cin-1 zZiFc iyt in ¢’y

’ 0 i,N i,N—-1 i i,N i,N-1 i,N
04 . 4 Ely_y |+ kiyIn =) = 0 2-57
Cin TGN AXBN< ( AXMy_, RT 2 N 1> oy c.eg,> (2-57)

i,

F 72, Nernst-Planck . (3N (2-21)) ZEiARAFA (X (2-22)) ITfRAT 52 & T
DRRAR G BN D,

1<j<N-1DL%

0 charge C,i,j+1 - C,i,j ZlFC ij+1t c’ i,j
Ergo(E]-’ — E} ) —At( total +ZZ1FDL< AXM] RT 2 E =0 (2'58)

S5, BHOBERSEME U (2-34) B (2-35)) N HREKISID S, NSP %
EAAFEOREE T2 &, B RFEXOBIINXNSP+(N+1) 720, Zh
(TRFZ ¢ = 10 [T DIRE DL ¢!y ; ORI (N x NSP) LB E] DEBDRE

IF

(N+1) OFnEZEE LV, LR -> T, b0 RGN =0 2B 2EE L
B (0 BLYEY) OBEICE > TR Z L NARETH B,

BATHIKOWRE L B (B O OIS 215512012, FeATHH9E & AR
JX1& Newton-Raphson {% (UL Newton £) 12 X o THEN.— IR GFEXOMFZ2 KD 72 12,
B DEBATH x = (1 Xor s XN—1 XN) ZEFRLTCEZIT G(x) =0 ZilcT iz
R B 7-HI2, Newton HE TIZUATICRT BB EZEAT 5,
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G(x*)

(k+1) — 500 "\~ J
(D)
dx x=x1

(2-59)

ZIZT X % k FEHOELPMTH D, X (2-59) DABEELAUE HE Ay
LEETDHE, GY) EED x TORMT DRIZITIRD X 5 72BIRAD LY 32D,

<6G(x)>
o)1

aG
Ay, + ( (X)>
2=y X2

9G(x)
OxXn )

Axy == G(x™) (2-60)

AX2+~~4—<
x=x"

x=x"

A (2-60) A SR L 7o, —k HREFUCE A5 2 & T ref. 12 1D Fig. 3 D K H (1
X7 MIVER Ay = (Acyy, -, Acy §, ACy 1, oo, Acysp n, AE, ..., AEN) & AN~ 2 v
HRAMMFEND, Lizdo T, MIEME ¥ k=1) 5% Ac; & AE; OIUK
K Eb525Z LT, KEEICK > TR MVERKOMBRRED < ARBFFETIEL,
1=0123B\T 2B ERONMNEZ G- 2 RFE] AT v 7O B8 & Newton 1A K 2 B fiF
Wi 0 I3 2 & ClMERE DR T 7, 728, AP CTILFE 2 2 b OEER
K OB DI DIRGEED T2 D12, N7 bV RER O SRR ITHA1T5 2 K o> 5 R
DI, LU ofRiEZ B LTz ¥,

e R TIHPRSEM L LT Ag; & AE; TNZENOHNMED ., —DHTOMITEED &
0.01% RiiOEMHETHDHZ &L Uiz, £, REFIHEO LREZ 100 Bl1& L, RS
23 72 T REF R ORI EIRIEICE L & &, ROBE AT v Z7ITBITT 5 404
T CBAE AT A FEhE U7, MEETRER AR S & RIS EIRIZET D & ST AE;
WERE LTEDOREH 2T S22 0WEE Th oo, ZOBOELEDIZ L A EITE~

0.1% FRETHY | AHIE TITHERITICHBEDO LN D ERR LT,
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2215 WELEDT—Y =EH#H

W NEE O ERAE S (T b AT OEIING X %R VB OIS
MR DHHRA L E—F v A%V 2 b—y 3 v T HIDIC, RTFETIEHETIR
L RIBEIC, 5B SNV 5 7 — U SR E AT o T2 2, B VREIE &
B ELBIPAR & 708 213 SICRTEEROIRIE Al B+ SnE & A
oo lCBIEEAN L E—F R 7M(w) 13, BEELVEE Vi(w) &HEEER

I'(w) OIC k- TEEND,

A
7' (w) = — (o) (2-61)
ZZT
7' (@) = 7' (w) + iZ" (®) (2-62)
V(w) =V"(w) +iV"(w) (2-63)
I'(w) =1I'(w) + il"(w) (2-64)

ThHD, i TEBETHY, ' & " NN EEZLEDOELRS & By 7R
9, Ref.38 KV, #HEE/NVELEOELNS EBEKTITRO L7 —) 2 EHE

b,

V'(w) = foo(V(t) — V) coswt dt (2-65)
0

V(0) — V.,
w

V(w) =— jm(V(t) — V) sinwt dt + (2-66)
0

I T Vo [FEWRER Al ZFNLIESGEOEHIREBICIBT 2B VELETH L, %
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72, OCV TIZBWTHUNEROIELIEE 2 HN L7546, HEEBROFZHR D

FOREE 5y D7 — V) =B HITIRD K 51278 %,

I'lw)=0
Al
I”((D) = —E

X (2-65), (2-66) DFESy & REJFEICHEB L SN TR X L THT 9 729

(2-67)

(2-68)

i, AREZ

2B DB VELE V() MBPBEICER SIS EIRET D, 2oL x, A (2-65),

(2-66) IFFMIEHEIEOFNZ L > TEEMRZ LD,

n Lkt
V'(w) = Z < j V() — V) cos wt dt>
t

(2-69)
k=1 k
o[ [Ben v(0) — Vi,
AOEEDY ( f (V(£) — Vi) sin wt dt> f T (2-70)
k=1 \"tk @
B KENTIEZ S L OREOESESIICL > TUTDO XL S ITKE D,
AV, = V(tit1) — V(ty) cos wtyyq 2_ COs wity + (V(tgs1) = Voo) sinwtyyq — V(&) — Vo) sinwiy, (2-71)
AV = V(tis1) = V(&) sin wtyyq = sinwty V(1) = Vo) €05 iy — (V (&) = Vo) €Os Wt (2-72)

tk+1 - tk (1)2 w

(Y
(Y
A

[272%1
AV, = f (V(t) — V) cos wt dt
t

k
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Lkt
AV = f WV (t) — Vo) sinwt dt
t

k

Tho, UEND RS E—F U ADEER (Z'(w) = -V (0) w/AD) BLT
EHRS (2" () = V() w/AD) HRED, ZhEBERFEICTry FT2528T

Nyquist plot &Z/RDA B —H L ZAAXT NG LIS,

222  ABUEMHTRIECERT 21BN D 72D D U

AEAEMEHT T Python Z M L, Newton 1EIZH1T 57 ML TREROMHIZIX
SciPy 74 77 VN®D LU 537 VTV XA hZfMH Lc, £/37 A —2 L8R 720
BAL DI E & RITRT,

2221 MEFFEREBRIRNRTA—F Ay =YV ITRIA—FDRE
RAGEMEREICBT 2BIENEDY I 2 Lb—> g CET T, BRHEEDNL
BRSSP K M SRS B U 2 PRI ERS LB & 72 D, AHFFETIL, Nomura and
Kageyama 23#i %5 L 72 BZY20 OZE R OIRERFIEDOFEBREZ TiZ, Zhueral 1T
Ko THME SN FNRTA=Z R L, 500 °C (26T HRIHE %2 FEh L 7=
638, B S) T A— K O EARI 72 % Table 2-1 3 L O Table 2-2 127897, Z 2 T,
T H— K= X0 FOBREITWTROME, FERIZBNTH—E ([Yz,,]=0.2
sites / unit cell) TH Y, LHAREIT 0 LIE LTz, ZNHDOEN)FNT A —2 % ]
W5 L 500 °C OIMEEREFEIS (02-3 % H0) 28175 OHg, VS, 0y DERMmE
FIZN LN 1.6 mS/em, 6.7 x 10° mS/em, 2.1 mS/em & 720 | KT VY (FEEH T
T HIFEE/ISV, LanL, 500 °C 31T 5D BZY20 DAREREITIZITME 7 2 |
NEETH D Z EBMOWE T V— T2 K > TERMICHEN D HNTEY ., £DIs
I 10 mS/em FRETH 2 54098, L7zN o T, REEMHTIC L » TEO L ER

X, BLEDORICEIT S 500 °C TO BZY20 D&M Z K L7~ DO TIT <,
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OHY & 0y MIMEEALIRFAR T C 1:1 BREDH/MEER 2 FF >N /iR A 5E
PEEME S LTI,

BN IS W BEIRE OMBHRFEC BRI 22 /3T A — & % Table 2-3 12737,
BRI 100 °C & 500°C TlEE A EBRL LW ERE LT, Flo, B ERIT
BZY20 O=IRIZHBIT D FEBNORE I Lz, ZNbDRT A—=21F, BIEDRIC
BOWTITREERGEEZ OO TH D Z L ICHEI NIV, b2, BEREFIZS
WT, RFETIE Vg IZOWTHIR R X BN o, 7 ry X /&
RRIZITWRIEZRRE LTz, —J7 T 0y OEMSISHPUIL 0HYy < Vy & T
PTEDIFE/NEL, ATEMIZIEWSEEE Le, 7o, T AMRIZ OV T
SOFC <° PCFC (2B W THER L OEMAME TRz Lz, &b, F
IR ] & off 1TiEx=0,L THET 25H8 & FH L, 2o R ED AL Y
SMOLEEOREARM LI, Z0&E, FRE LK O A EITITLLT ORM%
B2 A/ BVASH

3
Com T Cvs + €0l Cox = V- (0 %+ hDEAE) (2-73)
cohs +2x b+ el —cy =0 (BHPHERE) (2-74)
c01?
0. oo Pt
T = Kox (B AL 00 AT (2-75)
2 eq eq
Po, X CO(X) X CVb'
cd 2
OH} .
ee——eq = Knya KT R 0D A (2-76)
pH20 X Coé X va.
Wﬁ1=KW (KABTH DT A 53+ D) (2-77)
Pu, X PG,

ZIZTC, ValTEMERE, Kov « Kipa « Ko IXFNEIEMRE OBRLS, KT
i, BLORHETOT AT OVMESE ~T, %E LIZKABO T Ak (72 & %
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I£. pu, =0.97 atm, py,o =0.03 atm) & Table 2-1 [T/ L7 AT E £ 2 U CapAliri
EEFEH U, SREOMHIZIX Excel O Y A \—HfEE VT2,

BUEfRtr oA B FBATHIE L RBRICARTFET O A — U U I NT A — 2 ]
L. BERE BRI LD BICEREEFER LI 2, REDOAr—1 7R X —

Z (co) 1T, BRITACEDIREN 01U T ERDEIICTRE L, £, REDORT
— VU TRGA=5 (o) DIEDT=DIT, RFETIIUTORNLT AR (L)

L &-&RT (2-78)
D= |[—m———— -
F? % (ZL 11

AT FRIZ SN T, L DB ER AL LT T AL BN 515 X9 IR E LT,

A L7 32/

I, JEBIREL D A r— 1 T RT A=K (Dy) OPREZITHEEEOFEFIZEET 5

WP ER (ra) ZBA LT,

L2
(2-79)

Dslowest

Tqg =

ZIZT, LITEMREDEEZTHY | Dyowes LD > & BILHKD IR NE 0 FEIR D HEHAR
BTHY ., ARFIETIE Ve ik T D, DoDfEiE, MRkl Lzl 785 X

INZEEIE LTz,

SLp 1T —RAICER “EEDORE S OHEITHEDONL T A—=FTHY | AHFETIE
~2x10% em OENFF BTz, %k D & 512, B/ EHE R IO SRR - FEAL

AELIE 107 em UNIZIE SN TR Y | fifE L L TOZEMERHRTE 5,

93



%2 % JMVER OB L EE LTz PCFC M OFMTER L O
TRV — RN IR DORRET

2222 ZHHEFNERWALE L REOBERBIL

M BB 2> & A NIIZ AT T nm OFEIRICIT, BB X ONRESA
W72 ABLZFiD (Wb 2 ER HE) SEMSFET D, Lo > T, EFE OB
B & 7= » T, FIITEE THD THIZSNN BRSO B, JeATIFZRICEES N T,
SR E O OBEICIZIET S B Lo AL, Ax=Lp/ 4 DRE S & FFOHEHE
ST 20 T S AE L, — 5 CLBE O+l (Wb b LTy D
SER T, SR SEEIC R T R WK BRI N D, AFIECII A EEED HE
FREORRAZANT TIRA IR ERER E R H L o2, FHEBGNIZ L >TZ Y v K%
YERK L7,

22.14 THRBRARTZLIIT, Mx A — X —ORFEBREMN TIRIND Z L,
K10 77U RIZOW TS ARBFEIZHNDMER B D, b o & b/ WIRFH DO Z
FEATHIRGE & RIBRIC LA T ORUT Ko TRIE LTz,

&r&RT

S (2-80)
F2 Zi(ZiZDicfg

To =

Too (TEARINIZ 107sec A—F — L0 D, AFETIE, BAIOKMAT v 7L LTr=
0 MH 1o FETHMSE, ZALIBERITELEINC K-> TR 7 U v REERT 5 2
& TIRAICRERIFRIAT » 7L 72 % KO IWTRRIE Uiz, FTo, BAriR o0 FE 2 #fil4
D12 DI A T v 2T ERRZRRIT BB B AR S NTER AT v 738 2.5
x 10° sec & Bl 723856 . TR UBEOR AT » 7% 2.5 x 10° sec DEEHF L 7
5 R OITRE LT, KA T v 70 ERIIMEETH D, 216 OLHRIT L > THH A
7w 7% 1000 LR L, FE % O T OMPEMT 2 506 L7,
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Table 2-1 The enthalpy changes AH° and entropy changes AS° in defect reactions in BZY20
and equilibrium constants at 500 °C reported by Zhu et al’. In this work, we adopted

thermodynamic parameters without the consideration of polaron trapping.

Reactions AH® (kJ/mol)  AS° (J/mol K) Equilibrium constants (500 °C)
%HZ + 0y = OHy) -158.67 -50.74 K,=1.17 x 10% (atm™"/?)
%02 + 05 + V&' 2 20 -24.08 -54.00 Kox = 6.40 x 102 (atm™'?)
H,0 + V3 + 05 = 20Hy  -93.30 -100.00 Kiya=1.20 x 10! (atm™")
Hz+%02#PbO -248.11 -55.48 K,y =733 %10 (atm'?)

Table 2-2 Diffusion coefficients and activation energies of the charge defects in BZY20
reported by Zhu et al®. In this work, we adopted thermodynamic parameters without the

consideration of polaron trapping.

Charge defects Dy (cm?/sec) Ei (kJ/mol) Dy (500 °C) (cm?/sec)
OHp 5.37 x 107 61.01 4.05 x 107
\%) 1.98 x 107 84.92 3.62 x 107
0% 2.79 x 10 78.92 1.30 x 10
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Table 2-3 The electrolyte properties and experimental parameters used for the simulation.

Parameter Value Note

BZY20 electrolyte properties
Relative permittivity 62 Ref. 44 (at 100 °C)
Molar volume 453 cm?/mol Ref. 45

Boundary conditions
Proton

(kOHE),I' kOH;),N)

Oxygen vacancy

(ka',l' kvg,zv)

Hole

(koy,1, koy,n)

Experimental parameters
Temperature

Electrolyte thickness

Scaling parameters
Concentration, co
Length, /o

Diffusion coefficient, Dy

1.0 x 10° - 5.0 x 107

1.0 x 107

500

20-300

0.05
~4 x 107

~6 % 1023

mol/cm?sec

mol/cm?sec

mol/cm?sec

°C

um

mol/cm3
cm

cm?/sec

Assumed to be
almost blocking
electrode for oxygen
vacancy

Assumed to be

reversible electrode

for hole
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Parameter

Value or composition

Note

Gas composition at fuel side

Gas composition at air side

The total number of grid points

The number of grid points in

the equally spaced region

97 % H»-3 % H,O

1 % Hz-3 % HO

97 % O2-3 % H,O

11 % O2-47 % HO

241

40

Fuel cell mode
Electrolysis cell
mode

Fuel cell mode
Electrolysis cell

mode

For
electrode/electrolyte

interface region
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231 FHEAEAOER

2311 BEHRIGECLDERESLV Y FOER

BZY20 BfFE L v MIBEAESUSIEIC X 0 ER Uz, HBFEHIRER N Y &7 A
(BaCOs) (99.9 %, FEMZEMEA S, by v a =7 A (ZrO,) (97.031 %, W —Fk
X&th), BbA v MU T A (Y205)(99.9 %, Gy TEKASH) & Lz, I
IFHFERN DL L a =7 MTIE 2 wt% O HfO, A& T, Hf (X Zr &1k
FHIEE TN Zr LRBRICIR D8 5 L E L. KREBRTIL ZrO, & HfO, D&
DOINEFE) & RREO RGN e B & e UCHE LT, ERoHREEZ B
RERD X DICENENEAFRE (HHERIEFTR AUX220) THY o7, ZORE
MARZERASmm . 10mm O YSZ A—/b (RSB tt=vh b—H YTZ® R—1) &
EHIZ250 mL AR Y B VEGRICAIL, 2-7 a8 — L EIZTHR—/L I L% 48 I
BIRREIT 572, A= IR =L INEE (T AU RS- AV-1) &2 v
7o FO%, AT UL ABDESEDLNEAWT YSZ R— L &FREL, 2-7 a3 —)1
CIREMRE T AT T 2B L Thrb . n—F ) —x R b—% (FOL B bt
PR N-2NWB) Z W T 75°C TR 5 2 & T2-7'a/X ) — v xfrEk
L7, 61T, MRPICER TS 2-7 03 — L2 RESEL 0, BLaE
WREHT ZABOE—D—ITB L Ay hAZ T— (7 AU A& DP-1S) %
MWT130°C THRS T, BoNR M REZ T VI T 520X A, KRG
R, 1000 °C T 10 ReEIRFF 32 2 & ClRBEAR T o 7o, FIRB L OMRREEILE b
(2300 °C/h & L7, BMAEROMARICHO 2-7 08 — L& filz, 24 FeLLER
=N INEToT, WlEth, BONICREARAER 19 mm DX A ZAE [N T==
— h T L AT I8MPa DIE 2T, Ny MROBEBHZ/ERIL -, £~ > |k
RELE T LI T 2 DIFICAN, KRFHS N, 1300 °C T 10 KefifRFF92 2 & T
R EAT - 72, SRIEAYS 1000 °C £ TiE 250 °C/h, 1000 °C BL_E1F 200 °C /h D F-E -
FEIRIE B ICRRE LT, BMLBRZE DO Ly M2 v a =7 gk L, L TS
LNTRERICHE 2-7' 1 X — &M, 100 KA —LIVEITH>Z LT
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BZY20 G KR E T, GERMEREZBREL TYOLVa=THHKIE L, ThZholh
KEEOLHGO— LD XA ¥ —iK (DIC B8 NCB-166) Z/1Z T
20 3R E LTz, TDH%, AT L ABO S (HBIE 150 um) ([ZMF5Z & T
ERLZAT 272, EAE 1lmm DX A XA L, @Rk R % 392 MPa DJES T T 10 5y
BICA LR T2 2 & TR Ly MRIC—BI A T o7z, TNHET LI THT VI
Feb, REIEFHSR FIZT 600 °C T 10 KERHIPRFFT 5 2 & TS U X —iREBRE LT,
FE - BHEEBRET ED 51 200-300 °C / h IZERE Lz, b=~ L v MREEE
BaO Otz <72 1300 °C B RIRIZ 1 wt% BaCOs Z i L 72y oRICHLD T
T FTAYYITRE, Ar-20%0, b L <& O, FRHAUT T 1600 °C T 24 FFfHfRFF4
%2 & TR ZAT o 72, FHE - BREEHEIE 1300 °C &l & FRERICERE LT, B
WTEIRICRGE., HFONT Ly FNUBHIH O 2 B0 Br < 7o DIT K h 2 H S
L. I NVEIC AN TRER CRIE LT,

2312 EEMD-oXITLD PdAFEEBOME

ABFFE TR T LR N S WEREIT A FFo /87 Y7 A (Pd) Z8H L, &
iR > &2 XV BZY20 BFEIZAT G L7z 047, - TIRITIL 35 wt% HEEE (HCI) (7
BTAT A7 RS BEOPd BEM D - I (BB RISE T At 2468
M L7z, £7°, Table2-4 [ZR TR TR, 7 LT « v 7R, AT 59,
Pd o ZRAER LTz, KRIEOHRUITIIWA A K EHEH L7z, B8 LK%
TnENT 7r (o= —I1ZB8 L, BIEKE Pd > EHKIZT +—F —1R_ZX (T
AT AEAE R WBS-80AN) T 65 °C [ZfrFF L7c, IR IBRIRICIRER 22
LAt Z & CHIE LTz, WORENLELT=DL, o &3 530k & BIRKICIRIE
L. 50MtkFid 5 2 L CRmMOILNZBRE LTz, £D%, BEHZ IR0 H LTl 4
VAKIZIRIET 2 Z & TR LTz, RICEROT VT v 7HRIZ 3 RHRIE L., filgt
T HRIZIRET DRIO L bW EER L7-0Ob, KEIEZITHOTIZEIR OB 5947
(IR L 6 4y RFF LR R I 4 £+ 5 U7z, X Pd =2 4 R TR X (Sn)
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WAL LR AE L T0D EBEZ LTS S, ikl 5k S0 H L7-alkh 2
A AL AKIIRIET D 2 & THEF LTz, D%, 65 °CIZIRFFL 72 Pd - ERIZIZ
EL, 2430 0fRFFTH5Z2 L TES 1 um BBEO Pd EZE L7=, Pd - TN D
B0 H U72aUBHIM A A KICIRIET 2 2 & TR L7z b  2-7 e /X ) — VTR IE
152 L TEBREITV, BRI THBRS S, 2B, FnoffixThicn > &
M2 L7z, Pd o % OREIOWIH O RS E 714 % Fig. 2-4 127,

Table 2-4 Reagents and conditions for electroless-plating of Pd. RT: Room-temperature.

Solution Reagent name Concentration ~ Temp. and time
Pre-cleaning solution OPC-370 Condiclean M 100 mL/L 65 °C for 5 min
Pre-dip solution OPC-SAL pre-dipping 170 g/L RT for 3 min
HCI1 (35 %) 10 mL/L
Pd catalyst solution OPC-SAL pre-dipping 170 g/L RT for 6 min
OPC-80 Catalysts 50 mL/L
HCI (35 %) 30 mL/L
Electroless Palla top A 100 mL/L 65 °C for 24-30 min

Pd-plating solution

Palla top B 100 mL/L
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Fig. 2-4 BSE image of the cross-section of Pd fuel electrode on BZY?20 electrolyte. Pd fuel

electrode was electroless-plated at 65 °C for 24 minutes.

2313 A7 V—HRNZ X % LSCF ZEXMBDAT 5

AL TIXZE LM R & LT SOFC 6 LY PCFC CT—MICHWOH D
Lao.6S104C002Fe0s0s5 (LSCF) Zfifi L., 227 U —FIRNC X V» BZY20 EME I ft
B U7 %%, £9 LSCF A v 7 D& T o/, R =F L7 L7 % L— L (PET)
BIDZ 7 Y 2—34 TUHICER 5 mm O YSZ R—/L& AN, i (P=F L7
Va—nLE /) T7FNT—T VT ET—F >97%, T 74T A7KEXEH) &0
Bl (A —7 %A RLM-45 ({EEMHKSHE) 2 NEN YSZ AR— /L OEED 25 %
BED 025% 12722 &K 91T F Lz, BEBREFC X D8 O®%, LSCF R (5
— R T EMAESH) 2 YSZ R—LOEED 50 % FFEL, A7 U a2—1_4
TIVHBIZ ARV, 20 REEAR— VIV E T oTc, BONTeA 7 &P a=7 kI
WIHLT=DG, A7 OFEED 0271512725 X 21231 % — (EC Bk 7L (H#T
LR EAL) AN, RO LT D ETIBTIRA L, TO%, Y AT
ABID ATV 2 =31 TN AL, R (Rkath % —8 ARE-250) % H
WTRE L7e, BE132000rpm T 5 ATV, £ DR BLALE Z 2200 rppm T 5 43 [H
1ToT2 B L7ZLSCF A > 7 13 by R o & — (ERFEASAERL HP-180GB)

LAYy Y2 A7 Y —r (Smmx5mm, HEEE 217 um, FIAAE X 10 um) Z 15
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02 RNEBROREL EE LT~ PCFC MO FiER LY
TRV BN RO R

Z & T, BZY20 EMEOHIIT 5 mm 4 LSCF 225U 2 FIRl L7z, FIRIE =47
W, —EIOHIRIZ SR E T AT AT YL LT AIF Y v Uy —ITRE A
v hAZ =T =2 T 100 °C T 1 KfEIREF 2 2 & TH v 7 O ETo 12, £
D%, TAITATTLLIT A IFTU v v —ICRf T, 2l Ar-20 % 0. FFAK
TC 1000 °C T 2 REfIRFF T2 = & THEM 21T 572, FRFs K OWRIRHEE (% 250 °C/
h \ZRBOE LTz, Bl 0Ok o Wi o S 12 % Fig. 2-5 12~ 7,

S B ’
- S5 k
aN-

¢« o 20 um
. '(' <

a ud .=

Fig. 2-5 BSE image of the cross-section of LSCF air electrode on BZY20 electrolyte. LSCF

-

air electrode was fired at 1000 °C for 2 hours in a dry Ar-20 % O, atmosphere.

2.3.1.4 KRFBXFRENLDOIERG A

BZY20 [ ZHIRIROMIB AR RASK FICBWT b (82 B, Sl HzE
KEHIRED O, Lo TRAVEIROFEE e  EREFLOF M A AIEEIS L & 2 6
N5, &2 CARMIETIE Pd | BZY20 | Pd EARE SRR K B FRz L &2 fERL L 72,
F9, 2311 TERL L7 BZY20 XL > h% 200 pm FREDE X2 D K5 FHFE L
Tz 2D, T M TEERESELTHL U VR (85 %) 1T T 30 MiRIEY
HZETZyF U TR ToT, ZHUET v B —5h A K > T Pd AKFE RO B2 B (-
THEOTHLY, MO LTy NERAKICRIETHZ ETHREFLEOL, 77—
TERROBRNTT & b ACRE UBEREH 2T o7, RO LEXLy &P
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%2 B IRNEROEEL B8 Lz PCFC EMOFHEFIEL L O
TR LI ER DS

a=7EAr b (@A{EFTEERASHE 238 T A S301) ICkoTT VI FY
7 (OME 22 mm, A 1]l mm, JEE 2 mm) (ZEE L., EEOKIEEZ BRI 7
ORI % 7 » FBRERE T — 7 T~ AF 7 Lz, £Ok, 2312 ISR LTI
£V BZY20 <L v FOMEIZ Pd KFEMmZ 5 LT,

2315 ZEIMBXFRENADIERTG A

2.3.1.1 TYEHL L 72 BZY20 Ef#E % FI\V T LSCF | BZY20 | LSCF B e #1224
R L2 ERL L=, £, 1600 °C THERE L7z BZY20 XL v k% 500 um 2D
JEXIZ/e D k) FHEE L, Z0%, 78 b THRERESFL THS 2313 (TR0
TEFEICE > Ty FOMEIC LSCF ZE5Mi% 15 L=, BEft#%ovrizyira
=7k A2 b (A EFETERKSEE 23T 2 S301) Z2HWTT LIS Y T

(FME 22 mm, NEE 11 mm, /&S 2mm) (ZEE L7,

2316 FBRVLOERTE

2.3.1.1 TYERL L 72 BZY20 FEf#'E % F\C Pd | BZY20 | LSCF Ef#E Rl s Al
T EERLL 7=, £3°. 1600°C THERS L7= BZY20 XL v k% 500 um F2E DJE X2
25 X OFE LT, D%, Pd AKFEMANT 5T HMEICHTLIH L LT vy F o7
ZEM L7z, BZY XLy &7 R M UACRE UBERESRZ1To7, £0%, 7
TR AT — 7 (PEYbR TER XS ASF-121FR) 2 VT~ A% v VT &21T
ST, W AF U THO BZY20 XL h &Y VR (85%, T T A T A7 RS I
HIR T30 pRET 22 L Ty F U7 & Tolz, MO LRV y FEIRAKICE
BT LHZLTWHLEDOL, 7—7 %0 BRWTT & h o ICRE LS 4217
STz, WIT, BT v T2 T a4TD7e -7 BZY20 £HIZ 2.3.1.3 1R LEETEIC L -
T LSCF ZE5Msz 5 Lic, BEfft oIy ra=7% A hEHWTT LI
U ZIZEE L, Pd o PRI KL DEEDOMIEDT-HIZ, LSCF ZEXUMilE L O
NI F Vo Tm%E 7 v FRERET — 7 T AX 7 LT, 0%, 27 & K
VNIRIE L THEBERES L0 b, 2312 IR T FETHBT v F 7 L BZY20
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%52 B JmIVEIRO R A ZJE L7z PCFC BMOFAMFIERL LU
N i amy X BRSOV )

L MREIZ Pd KEME LS LT,

232 BXILFRIE

23142316 12k > THERL=® L Z2 TV 2 F R/ Z—ICEE L., Fig.2-6 ([ZR-7
R A W CERUESIE 2 i L=, Pd KFEMIS KOV LSCF ZE5m o Eizix
EEEELTAS (P X— A b (FEHNARERXNSHE No.8104) # &4 L, Ptiiis
FOPt Ay v all ko TEREFIEEICHES Lz, T/ TR Z—i3aRildos
ABNEET NI FO_EE TR Z L TENTNOEMRT v o N—Z M L, il
EBRICERNC T AZBIE LTz, Flo. o WAL O W ADRAEE T2, 7
RNV —=ETNVIFTEEIH T A — ML To—U 7 &1To72, dHliZEREICE
NERFELZOL, WEMICT VT (Ar) A% 50scem THHFAT 5 2 & TE#H A
1ToTc. D%, FRHEE A 380°C/h IZRE L AT A — /L ORMFEDTZ9DIZ 760 °C
FTEAEZHB L, 2OLE TRV LVNORIAOREIZLDHAY —7 %85
T=HIT, 700 °C I[ZHIFE LT-HE 5T Ar H ADFEZ{E1E L7z, 760 °C T 40 4y [E%
FFL72Db | BRREEZ 180°C/h IZRE L, 700°C ~EAEBFIR LIz, HAY—2
DN L 2l LT D, Pd KFEMANZ NS Hy H A %, LSCF ZE &M HIZ (3
M O) A Z £ E 4 100 scem THERG U7z, T ADINRIZ=IRAIZ RS LT A A 20K
(ZiEIE S5 2 LTI, AKFRRENL 0.03 atm & L7z, BZY20 EFE OKFIDT-
D IR AT A DR 26 2 UL ERFF L 72D B | 700°C 1TV TLEL FITART 2 i
TIERWA =& AREER L O 2 S IEERIERNIE 21T o7, &KiiA v E—
K AMEINTRT v a TR ) A% > b (SI 1287, Solartron Analytical) & J& 3 2
BT 7AW (SI1260, Solartron Analytical) % #&¢ L T30 L7z, FIINT % A HETE
13 10-50mV & L. 10 MHz-0.1 Hz DAz w5 Lz, BHEETRIEIX S11287 & M
WTCIELR R &2 60 ORI L7z B B I35 2 & TIT o 7o, SEiiEkiE o
YIVEILEOEMIT, T — X kT Y 2 —/L (NI USB-6361, National Instruments) %
WT 2MHz O 7Y o7 b— N THRIE SNz, 7235, EIERNE % b5 ps 12

FEDORNITHE L E I kT 2 BEDONHAIZRZAEN B S D ZEMmA L LT
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2 % IWhEROYEE S8 LI PCFC B TS LU
=R F OB

DTN D 58, AMFIETIIE OB ABE A BIOERTHER RO T — Z fffr T
(TEEVTEWT R 2 D E ps DO T — 2 2R LT,

Electrode
BZY20 electrolyte

Alumina holder
Aluminaring

Zirconia cement

Pt mesh Pt wire

Sealed alumina tube

Heater
Integrated quartz component

Glass seal T T
Alumina

Thermocouple Gas (I) tubes Gas (Il

Fig. 2-6 The schematic diagrams of (a) the cell configuration and (b) the setup for

electrochemical measurements.
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2% IRNEROMELZE LT~ PCFC BMOFHE LR L
TRV —ZE N EE DR

2.4 BAEMRAT ORERE L OEBE
241 BEXIHELCET 5IBERE

BANZ, Fig.1-11 (b) (R & 9 kSt L (LT, Hy & FkL) B8 Loz
KM (LR 0% FrE L) LT I 2 b—y 3 Y ORSRO—FlZRT,
ELOLLEMEDES A 300 pm & L7z, 2, oA B IO O xftELE b

|Z Table 2-3 (278 L7238 ERF O T A RS &2 7% E LT,

2411 KFBERFRENL H¥FRENL) 1IT3T 5 EIGERTHIE
SNERE IR EE i = 10-100 mA/cm? FIINRF O & FREE 2 FIHIIREE & L. iw=0mA/cm?
ELTEBEAED /L OBESEDT I a2l —a U EEM L, ZHUXE T

WrHlE 2 L 7T T %o 2 2T\ Kong,1or v = 1.0 10 mol/em*sec & @ 7E L7,

ZHUCEY REH: oy ~ 069 Qem? (500°C) L7825,
= 50 mA/cm? TOE IR HE 2 #I R R . BITHENIE%Z 25 OCV (0 V) |

% F OV VEEDOBIERL % Fig. 2-7 (27T, Fig.2-7(c) £V . BAEEOBIERS
BT 3 DU EOREFIEFE AL L, | BEBEE & 2 BEBE B OfEfMRZRICE VERITIRZ
OCV &% 1< 725, Fig.2-7(a) BE D (¢) [T T XL oIz, —RA72EHERIH EL
fik> T, psec A—%—"T5E T35 1 BtFEH OFEF%Z IR loss (VIF) | 1 BB H OFEF#
OE/VEEL OCV & DZAENEMBEL (ne) LMV P D %,

EROER 2 52T D 7edIs, SRR T 5 EME T OBERILIKDOUR
FEF X OB & Fig. 2-8 12k LTz, F72. BABEMERMEIZ BT 2 & Bk D B
PR 5 L OVENL R E D45 Afi & Fig. 2-9 ("9, 22T, x=0MI217T / — K,
x=L{»AHY—KThHb, £72. Fig. 2-8 T 04 DIEEIIMOBRHIL L LT
fRD T/hE <, 10 0sites/unitcell A—4—ThH 2 Z LITER SNV, LIFLY, &
FER DR 2 #im T Do

1 BxFE B ofgfn (BEMEEOBESIKENIHE 5 23V 7 SISO BAL B DFFIH)

Fig.2-9 (a) £ V. EFFED Hy :f it /L TIXIEIE OHYy DAD BT FEA L T

106



622 RNEBROEELZE L= PCFC EMOFHETFER LW
TRV X BN DR

B, VY X 0y DRERLEDIREICHKT DIIVERIL0 & AR5 2 LR
SNie, F7-. Fig 2-8 (a) LV . FTAR/EME N ImLLEE O nm OREIKIZ Bk 7o R
HEdEB L OVEMARNER SN TEBY . Y — Rl (x> 150 pm) Tl L7 fEIRIC
BWT BB RIBEARIFET D,

Fig. 2-8 (a) & (b) £ V. 1 BXBER OFEFIRI CREME DU /)40 | 2 B S
REEFOBEBR EEB L OV 7 I E ITEFRED DL LRV 2 L0 R
Nz, —H T, ERIFICER I TN 07 s8I O BALAEIE, BREIRORE S
BCOMFET DE Iy RO TR S 7z, F72. Fig. 2-9 (a) & (b) 705, EFEHII
AL TUe OHY DOEMRIEAY, 1 B B OREFE % 2By B A R 7 & B
WTIHIZ 0 LD T &R TE 2D, UL EEHE X D L 1 BEREH OfFIXEME +

D)V 7 FEIIC B D BMAKDBELXIKENZ L 5K T v v VELIZHEERT 5,

2 BB B ORRFN (AR EARE FiEEE O SRR E AR - AL AE D)

Fig. 2-8 (b) & (c) DG | 2 B H OFEFNZ L - T, BB E R a7
BT 2 KB R 72 IR R AR X OB ABLS N S D, Fig.2-9(b) & (c)
HIX, i fF B AN BT ATHA L, FiElCR T 5 OHy OEMiE b 2l
IR N2 Z MR e, LEZBEE X 5 & 2 BeRE B OffITER _HE Off
HIZHKT S EF R 5,

T, 2 BePEH ORI O B 54T A Fig. 2-9 (d) (ZHE#R CRd s, dEAR/E
fRE R CTO OHYy DOBMPLEITIZRIC 0127250 TlE/e<, V& OEMFLH® &
FIRT 2 X ET D, ZHUE OHY & V§ ORBSGEDFRAZ R L TEY |
PNV NTREABRNPRKENG Y — FUITE Y RERERIEAT S, 2k, K
(2-21) 1Z31F % Nernst-Planck O A7 B FHINNE — I TH 2 JLBUZ kT 2 il D 5%
fFaRmEd 5,

LI AXM; RT 2

c'iiv1i—Cii zZiFcii ¥y
f,r'n.ass _ _Di< Lj+1 L _ l_MEJ’) (2-21) (ﬁ::ﬁ%)
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2% IRNEROMELZE LT~ PCFC BMOFHE LR L
TRV —ZE N EE DR

708, Fig. 2-8 (d) £V 2 Bt H OfFfMZICS . FRZH Y — RUICTEERT v L
DRFPFEFE L TWDLZ D EBHLALRNOTRAELTEY | W THEIING —
HOBLIKENC BT B F0E b REEICIE 0 TIERV, EETNEE, s ek
WTHFERT vy VOARIZHIEER Kb TS, T7bh 0%2¢/dx? 0 &
ROBMPFET HZ L Th D, ZHUIX (2-16) 127”7 Poisson FEERDNS | i
(IS 7 SR BN T b B FHESUE AL Y SLT2 720N 2 & AR 5,

3 BB DD (ERE £ ORE AL DOMRETH)

Fig. 2-9 (d)-() £ V. 3 B:fifH LB OfEf% OEME Tl HET 5 X 2 ITHFE
LTz OHy DFEME L VS OEMFEIR AT 0 1230 T, il L7z
F oIz, ZOMBEENIL OHy & V5 ORHRISDIAEZREL TEBY,, FEERIC,
Fig. 2-8 (d)-(f) TliX OHY DIEREDOHIK E VG ORREDWD NRFHIREAET D, 3 B
P& H DREFIZRIZIE A Y — FMAITTORE AR E < HE S, IREE AT, BRI AT,
BRI DOWT IS 2 DORFRED RIS 5, 4 BB B OfEfn ClIEmE
BRI > TRESMPZE L, 5 BB H OREMIC L > T OCV DIREETH %41

AR D, LG 3 BB B LI ORI XER BRI S - B
EIRIZOT 2 ERHIEDOIRE AR OEICHERT 5 L EFR 5,

B BT RIE T OYEREARAT D2 4

Fig.2-8 (d) <° Fig.2-9(d) 725075 X 912, Hy &Pt bz TRV L R
TEDIFENSL HUNL TG EIREE i & EME 0O OHy DA I 4 B
o ¢ IHE—ET B, Fio, 2 BEEHORMORIEFET D, ST HOD Y —
NMANZ 31T 2 AR DR E AR K L2 AT > & v L OZALITRD T/ E W,
Dz AT, FEHFMERTHIEICI T D IR loss 3 & OVEMIE T O FFAl~ 0§ B T AR T &
LHEEAD,

AREERITIZ L > TH LN VIR BEO ja OBEFEEERGEE ZNZEN Fig.
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F 2 RNERORE L ZE L= PCFC EMROFMTFEL IO
TRV XN R O R

2-10 (a) (b) (TR L7, 7Zpds, XFITIE, BIEOERIEILZEE 2. EIREREINE
60 sec REAS CHEWIAIE 2 F2hi L - E OfER bR Lz s, £, RO 7=oHI12, Eii
EHFEOEMETICIIT D OHy OEBICHRT DBEMRT Vo L7/ — Rl
FOH Y — FENZH T 5D OHy OFmiEHICH KT 2 EERE T O n“""de
nEHeo® bOFEOR L, SHBHERE T = 0 sec (CI51T DI K OB &

DIEERANT, UToRcE > THE L,

lyte charge Zjrl 7y
OHO E OHO j o (2-81)
OHy,j

2 2
Zouy F“Dowu, Comy,jr1 + Cony,j

O0Hy,j = 2-82
OHg,J RT 2 ( )
anode cathode _ pol charge pol charge

Nong, + MoHy, OH onOH 0 OH ~ X Jouy,n (2-83)

Fig. 2-10 (a) £ V. VR & Vlyfe TIFF—E L. [FEEIC Fig. 2-10 (b) 75 pa &
namede 4 peathode 4 \TIE 595, AL, Ha REFE /I 2 EHOERHELC
T OHy DOFHEGTHEER TS Z TN ENHEUNFHMICE 5 2 L2 BT 5,
BT, Fig. 2-10 (b) ORI iex = lomy VALV LD L & O MEHAR (ngR +
N6t 4 VS lox) THDZ LMD o DIHE (Ang/Digy) 1 &> TIEMEZ RO
AELVDNAREEEZI LD,
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02 RNEBROREL EE LT~ PCFC MO FiER LY
TRV — TN R DT

gFig.2-7(c) MHHEEE SN DA, BN & [FEE. OCV 2 b ELER O FIIN L E # Ik
BT 5 E TIZ 10 sec A —F — DR 2 ET 5, LaL, FEEROBEFRERHIEIZIH
T, ARV CHIRF L, Lo B ER A2 N 2 2 LITBERTIER WY, £z, RFFH
DEYEEFDFINNC X > TR OFENER CE R DR H 5, £ 2T, 8l
FEHRERFMEE 2, EItERE 60 sec FREEFIIN L 72 REA C ORI L OVEN /5 &
WIHRAE & U 7 SRR B 2B U 72 AT 2 SE0E L 7=, OFE R % Fig. 2-10 I20ffe 45
. EEAREED D OWERHRIE & FIEE, 12 & A LREREORWIIT N TH 5,
Z 2T, OHy DAREIZHIKT 2 IR loss TEHFIKAEL Y b 60 sec FRERFR TOH AR E
W ZAUEL 60 sec FREEIRE AR T L7 HOPREE AT DFEFIATE T L TWRNZ IR
T 5, 2413 TRADZNA v B —4 0 ZE 28 LT BAEARAT 7> & & RS T & 5 28,
BEREFEIING 60 sec RERIZIIT D307 1D OHy DOIREILEIE & O Py OE Tl
F—ETHD, — T, Fig.2-8(@) MB35 K DT, iew=50mA/ecm?> F TOEHFIKEIZ
BiFTD/L 7D OHy OWREITRFEOFEIR TR L OFFIRE LY b REV, ZOR
FEENEMRE T O OHY (REROELDIFK &7 b= \@ﬁ%;U%fwﬁﬁwﬁ
MEDIET D500 5,
—J7. OHy OFUEIHEICHRT 2 EERE T @R +nGin ) ITERRIE, 60sec O
TIREALEETR LN, ZAUT 60 sec FINKES CES _ERBOEKNTE T L,
DOERVEINEIE OHY ICHRTHRETH D Z 2R T 5, Lini> T, ERRIC
DT g DSELHEFEFFIINRE O LR RRRERNC 6 L T2 L LR\ & A7 D &5 e HIINRER]

DIRFIR KD BN D,
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Wet H,, electrode (1) | BZY20 | electrode (I1), wet H, @ 500 °C

Current interruption from steady state at 50 mA/em?

PCFC B OFH FiE8 L O
TRV X LR OB

Wet H,, electrode (1) | BZY20 | electrode (11), wet H, @ 500 °C

Current interruption from steady state at 50 mA/em?

OBfF------- e - -4 (18 I e |
v 4 v
Ve (t = 0 seC) Ve (£= 0 sec)
06 g 06
s S
s |, M s .
& o4l . g 04l
° ©
> >
3 3
(&} ° Q °
02 9 02
L] L
) v 2

W
0.0 —EN 0.0

0 2 4 6 8 10 12 14 0.0
Elapsed time (usec)

L©)]

Current interruption from steady state at 50 mA/ecm?

05 1.0 15
Elapsed time (msec)

Wet H,, electrode (1) | BZY20 | electrode (Il), wet H, @ 500 °C

[F: ] Sp—— R mmmmmmmmmmmoao oo
v 20 T T T
V.o, (= 0 sec) 3rd relaxation
“«—»
e 15 -
06 - >& 4th relaxatioril A
o D —
< e Err ]
o > °
g o4 % 5 1
S ]
°
© 02 @ 0 N N | ——
[ . 10° 107 100 107 10°
o Elapsed time (sec)
0.0 Ny ¢
— —
ﬁst relaxation| |2nd relaxation
L L L L
107 10% 10% 10 107 10° 107 10t 10°

Elapsed time (sec)

Fig. 2-7 The transient responses of cell voltage of H,-symmetric cell by the current

20

interruption method from the steady-state condition at DC 50 mA/cm?. Voltage relaxation in

() ps, (b) ms, and (c) a logarithmic scale of duration time. Electrolyte thickness was set as

300 pum. (komy,1 = koup,n = 1.0 x 10 mol/cm? sec)
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Fig. 2-9 The transient response of the current density of charge carriers and displacement

current density in Ho-symmetric cell by the current interruption method from the steady-

state condition at 50 mA/cm?. The relaxation order corresponds to Fig. 2-7 (a). Colored

dot lines show the profiles after the previous relaxation.
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Fig. 2-10 (a) The comparison between voltage drop due to OH{, conduction in the electrolyte
(Vé{fg) and apparent IR loss evaluated by the current interruption method (V/F) in the H,-
symmetric cell. (b) The comparison between voltage drop due to the electrode reaction
involving OHg (Ugﬁ%de + ng'ﬁtg"de) and apparent overpotential evaluated by the current
interruption method (7¢;) in the Ho-symmetric cell. The gradient of the dashed line in (b)

indicates the set value of the sum of polarization resistances of anode and cathode reactions

involving OHg.
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Fig. 2-11 The transient responses of cell voltage of O.-symmetric cell by the current
interruption method from the steady-state condition at DC 50 mA/cm?. Voltage relaxation in

(a) ps, (b) ms, and (c) a logarithmic scale of duration time. Electrolyte thickness was set as

300 pum. (kogz,1 = Kougp,n = 1.0 x 10 mol/cm? sec)
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Fig. 2-13 The transient response of the current density of charge carriers and

displacement current density in O,-symmetric cell by the current interruption method

from the steady-state condition at 50 mA/cm?. Colored dot lines show the profiles in the

previous relaxation.
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(a) H,-symmetric cell (t~ 1.0 x 107 sec)

4x10 pm

R;Dol «—>

0Hp,0

0.7 Qcm®  3uQem®  3pQem® 3 uQem?®
—Z : ] : ] : | OH, rail
T S

o’ H H H H - Displacement rail

—EE { } { } | } O, rail
0.7pQcm® 6 Qcm’ 6 Qcm’ 6 Qcm®

pol

R%p

(b) O,-symmetric cell (t~ 1.0 x 107 sec)

4 =10 pm
Rpo.'_ —
OH;,,0
0.7 Qcm* 3uQcm®  3upQem® 3 uQem?
— I ] : ] I | - OH, rail
I
o ‘ H l H l H l H l - Displacement rail
— — — =
— R — — — 0, rail
0.7uQcm*  2uQcm®  2pQcm® 2 uQcem’
pol
R%p

Fig. 2-14 Schematic diagrams of equivalent circuit models in the anode/electrolyte interface
region (x = 0-120 pm) in (a) Hz-symmetric cell and (b) O-symmetric cell after the 1st
relaxation (¢ ~ 1.0 x 107 sec). The oxygen vacancy (V§') rail is omitted to simplify the models.
The arrows indicate the current distributions as shown in Fig. 2-9 (b) and Fig. 2-13 (b). In the
Hz-symmetric cell, the charge flux of holes (Og)) is negligible because the concentration of Og,
is very low. On the other hand, in the O,-symmetric cell, Oy flows to compensate for the
charge flux of protons (OHg) due to the sufficient Op concentration and the reversible

electrode.
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O,-symmetric cell (500 °C) O,-symmetric cell (500 °C)
(a) IR loss (b) Overpotential
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I
Ve 160 | |7 O" + B ]
= Steady state = Steady state -
800 | m 60 sec 4 140- m B0sec PO
vE § Ta ’
¢ Steady state § S120F 1 & Steady state ]
< 600 k| © 60sec § E < 60sec
[S = 100 N
- ¢ £
3 9 5 80- i
o
o 400 & =
> 60 -
i © 1
|
200 % 40 - , ! i -
<@
- ] <
20 - . i
[¢] P o © o © @
o ©
L L 1 1 L Z L 1 Il L
0 0 R <
0 20 40 60 80 100 120 o] 20 40 60 80 100 120
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Fig. 2-15 (a) The comparison between voltage drop due to OH{ conduction in the electrolyte
(Véﬁtg) and apparent IR loss evaluated by the current interruption method (V/F) in the O,-
symmetric cell. (b) The comparison between voltage drop due to the electrode reaction
involving OHg (Tlgﬁ%de + ng'ﬁt{)wde) and apparent overpotential evaluated by the current
interruption method (7¢;) in the O,-symmetric cell. The gradient of the dashed line in (b)

indicates the set value of the sum of polarization resistances of anode and cathode reactions

involving OHg.

2413 BEXIHENMIHT D OCV FTORFEA B —&F v AJE

OCV (igxy =0mA/ecm?) ZFIHPMKEE L L, EHREN | mA/em?> ZHIM L7 & & D H,
KPRV L0y iR L OIBEIRE 2 AW T, 2214 IR TFECL-TA
B — U AR MVOBEMEFER LT, ZhuE, OCV FIZkiT 5 ZiikENE 1
mA/em? & L7z & EDAZA B —F U ZELB LTI Th 5, FoNIEHR
A ¥ =X A% Nyquist plot THE/R L72 b D% Fig. 2-16 1287, 728, A Ek
BEONEMES 21 LT 100 MHz-10mHz & L7=,

H, Xt ¥t /L (Fig. 2-16 (a) (b)) 38 LN O, kFRE /L (Fig. 2-16 (¢) (d)) DD

Nyquist plot T 2O ML fERE S 417z, Fig. 2-1 T L7z X o2, BENHER
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Hinksy) % BMEERHRSY (REL) | AR B0 M & BT S (REY) & 77
T, FRUCH - T, Fig. 2-16 b &ML E RS . REye OXSERER Lz,

H 5 e MBI 5 RES 132138 Qem? TH Y . O kEFREMCHT D RENY 13
023 Qem®> THh 2, OHy D7/ — FEUSHGTE B Y — FRISEFLOFIL

2X RO gory ~1:38Qem? LEE LI L EBEE 2D &L HoFiE /L CILIERE
BRI A A S L2 DIZK L, O & Bt/ TIXEMIEITZ 83 % FREE/NaTAfhi ¥
HIEWREENT, FEIC, O xFRE/CHIT 5 REE I it L oo
HNTRETHY . T OB e B W CEME T OHYy fmEI2IZ T 0
EEOFGNEND Z L E2RBET 5,

K MELOFEFNOREMT DT 12, OCV FEWHIRIES L, i, =+1 mA/em? & FIJIN
L7 & & OEME T OKBAAEAROIRE, EAL, BAVTED MM % Fig. 2-17 B L
Fig. 2-18 {2/~ L 7=, Fig. 2-17 3 X U\ Fig. 2-18 DK% Nyquist plot THF 507245

Milohar &4 mi, b L <IEHIMOBEFUT IS % ozt Lz,

EARAOMIT (EREEOBEIIKENE S S 7 BIRO B ABLDTAL)

Fig. 2-17 (a) 33 L OV Fig. 2-18 (a) £ V. @B O MM Y3 5 80Tk Hy %
PR & Ot/ & b, 77 RORESAMIZECE T, — 7 TERALAEN
R ESND Z DR SN, BV OBEFREE 54 (Fig. 2-17 (¢)) [ZEHT
L& HMUZZER Y720 230 7 iz OHY OEBEREGENSBAEL T0D, 2, O,
KRR L OB 34 (Fig. 2-18 (¢)) TiE OHY (ZMZ T 0y DEMFLHAHAE
LTWa, BlbEnn, @mERMOMIL (RES) 13, #ERHEEOBEKKENH KT
DB AR OTERIZ R U, ERE T OXBAHIKO(RER ORI 2 T 5 HUE
DELID Z L DRI ST,

LIEZ Y & EEA o FSNAR Y 3 D fEfnid, SEFEmErlE <o 1 B B ofEfn
(CABY T 5, AR O MR & RS HR 2 5 2 eI C o> EE Al A AR L i ~C D FE AT

IZEHTD L, Ho kL (Fig. 2-17 (¢), t~ 1.0 x 107 sec) TIXZENLETR N X ACAY
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THHDOIZK L, O % FtE/L (Fig. 2-18 (c), t~2.0 x 10% sec) TiX 0f DEEAFPied A3

KEHITH D, ZAVUTEFERHHIE T 1 BFEH OFEMZIZIT LVIREETH D,

AR O MG (B ERERELEOREAR - BAARLDIER)

Fig. 2-17 (b) ¥ X U Fig. 2-18 (b) £ v, AKJEFAN O P9I AE 29~ 2820 Tl Ha %F
PR b, Ot iit /b & &I B/ AR E S5 1 C 2R 72 R EE A il 3 L OV A
DI SN D, F£7-. Fig. 2-17(d) B LN Fig. 2-18 (d) 75, FIEITEDEIRE K
DB SNV FERDZNEFE L RD ZENHERIND, YL EXY | ARBERA O M
IMNIE R _HEOEKICHK L, WhWwd (AT o) EmEiE 2w 5,

AEJE AR o0 P A AR 2 3~ D AR A, B FEWTRIE T o 2 BB B ORI S
Do ZZTC. ERAEMOMINOKE RIS T D RFZNZ BV T, Ho it (1~ 1.0
sec) TIE/ VL7 1D OHy DIRESMICEITR SNV, —FT Ot/ (¢
~4.0 x 103 sec) TII/ VL7 BRIZHT=->T 0y & & HIT OHY DOIEEAFE DK S
NTWND, O FRE /IS IT 2 BIIERHIE D 2 B H OB 2k E 2 5 &
OHy /0y RAMEMEMEIZIH VT, BR_ER O & VT FORREDZEH
[FIRFICRAET D Z EAVRIR STz, T ORHED T2 O PR /T IS 1T 2 AR B
o> IO R B (10! Hz A — 4 —) (X Ho i #k /v o £ (10° Hz 4 — % —)
IZHART/hESL D (Thbb, BEMOETICLVKMEZET L) EB32 605,
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242 REREL (H/0: kL) BT 5BERE

ARIETIL, BMRE A SRR & LTk | BMRE | 225t (LT, H/Or L)
LTI ab—ya rOfRO—FlZ T, EfEDOESI1X300um & L, Table
2-3 VR LT BB O T AFAR A E L, x =0 2 KFEM, x=LHANRERMmME L
2o EBIT, komya = 5.0 x 109 mol/em’ sec, ko y = 1.0 x 10° mol/em? sec & L
oo TIUCKY OHY BT 2 KFMBHEHT ROY. | ~0.14 Qem? | ZE5UHHIEHT RYY,

~0.69 Qcm? (500 °C) L7025, F£7-, FHEET— NTOINTEIREBE i, Z#1EE L, &
fiEe— REBE L LT,

2421 Hy/0, BMTHRT 5 EHERTHIE
A. REET— FCOBFENAIE

igx =1+10-100 mA/ecm? FIIIRF D EFIREEZ MIWIRAE L L. iey =0mA/em? & LT2
BEAD H/O, BNV DBPEISED Y R 2 b—a v EE Lz, ZIUIRERTOE
TEAEIH E 24 L 7 it Tdo Do

fex =150 mA/em? TOEFIREBZPIHIRIE L L7z & & DR /VBEEDOBMEISE %
Fig. 2-19 {2779, Fig.2-19(c) £ V. B/VEBEOBEILEITITD R EH 4 SO0k
FBENTEAE L, 3 BtRE B OFEMBZIC B VEIEIXIEIE OCV L% L 22D, BRI
L LAk, Fig. 2-19 (@) BEOY (0) ITRT L IIT, psec A—F—T%TT 5 1 B
B B OFEFNZ BT O IR loss (VR | 1 BefE H OFEFIZ OE/VEE L OCV & DEE
FNT OWEE (ne) & L7

FAER DK Z B 5NN T D 72010, SRFBREIZ 31T 5 EME h DB D
BER X OB D% Fig. 2-20 (1237, 72, SEMERSCI T 545 EmH
RO BRFHEE L OEMEFROZ(L % Fig. 2-21 (289, 2 2T, Fig. 2-21 (e) (/R
T X912, OCV, THRbLBAMBERA 0mA/em? (2T HEANEITIE OHYy &
0y DOEBEMICEDPFET D L IIHFET HZ LICTHEE SN, ZHUFKRFEMmM &
ZEZHMAITT 0y DIRFEIZERNFET D720 AT DIMNVEIRPRK Th 5 35,
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1 BFE B 0fEfn (BRFHEEOETIKENICHE S ST HIRO B AR DZEAL)

Fig. 2-21 (a) £V, iz =+50 mA/cm?> TOEFHIFD Hy/O, BV TIXIZIE OHy DA
OEMPLIENFEAE L TE Y, OCV THERE SN IRAVEDN (0 OEMiRE) 1XiFE A
ETFAE LR\, Fig.2-20(a) & (e) @ 0y DIRESAMICHEBT D &, BEMA~DED
LA HUN L7 EFIREETIE OCV 2TV D 0f DL KFEMM TR
ELETT 5, ZhiEh Y — RBEEIC X > TELKBEO 0y ORENMETT 52
EDFRRE D 35,

Fig. 2-20 (b) L V. 1 BB H ORI L - TRESMAICEILITR 60— T,
PV T SEIR O BN AR K E < MFE S5, Fig.2-21(b) OEREESAGND, 7L
7 @D OHG DOEMEHITIRE AR DOFTET 57V 7 O ZEZHRM (x > 200 um) %
BRDNTIZE AL 0 &7 D, Lo CEMSHE L &R, 1 BB OfEfIT Ly
SEIRIZ B8 1 2 EATHIA DO BESIKENC KT 2 BAL AR O ZIZ R T 5,

T T 1 BB H ORI DK AR, 2% KR 00 S im 5 O BRI A A A B
T 5, KFEMMITIT OHy DOEMEHE & AHRET D K S ICEMERNSREE L, H X
A OEFEBHIECIST D 1 BEFEE OfEMEORE L F Ly, —J5, Z25AIT
X OHYy DOBEMFHEEZ ML T D L 91T 0y OBEMFTHEAREAEL T, O 5tV
OEFERTIEIC T 5 1 BEFER OfEMEOREBLEFE LY, DE V| B/ERER
R ORI BT, SR O BATHIROBRREE I K o THRIE S 4L, 0p DI )
RTE 1T E/NSI VIR T RS T OHY (& MEEAE OFEMZEE) (Fig.
2-14 (a)) . Of DN el E IR ER L IR PRSI Tk OHY /0y (R EEME
FEFNZEE) (Fig. 2-14 (b)) N8N D,

2 BeFE B R RS/ EARE FELE O RIRRRE - BALAELDZEAL)

Fig. 2-21 (¢) £ V. 2 BefEH OFEFIZIZKFMM D OHy D FEM Ff I TN B &
EBIZ0 LD UL XL COREFZEE) L A CTH D, —J7 TLEEAMm
TIX OHy & 0y OMFT2EMFHIT SNV 7 HE2EDTEFELTEY ., O 51t
L L EREOREMZEE 2R T, ZD72HIT, Fig. 2-20 (¢) DIEEES5AR Tl /K FE /B iR
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OHy DEM IR LD +4 mA/em? FRETHDH Z LITHE SN2V, DFED ., 2B
B B OFEFINC £ o T, KB/ EME FIEITED OHY 1XWV > 72 AMEKLTI=DL, fit
<HEMIZE > THUMEKT D (T7hbb, IRVERNEET D) Z &5, Uk
RESEZ D L. 2 BEBEE OREFN T3k B/ BRI SRR O 2k R - B AR
DEAITHR L TED . TROBLKIFEMOT / — FiEELEDOEITFH ST 5,

3 BtRE B ofEFo

(ESAB/ EREREIER IOV HO OHy & 0y OREABOEL)

Fig. 2-21 (d) £ V. 3 B H ORI & > TELMMO OHy & 0y DT 5
AR O R ITKRIE A L, OCV FTOEICITL 725, £7=, Fig.2-20(d) XY
2% SN B S & oSV 7SRO 7T OHy & 0f DIREABUI R E 7248

=
&

ERRSH, ZHUT O /L 2 Belig B Ol & RO FEN TH D, L7chi-
T, 3 BPE H OREFN 322 <A/ E A E S 53 KOV /v 7 SEIS OO i 757 O B AL D
BACIZHRT D EE A D, 12120, Ot /v &1TRR Y | Hy/O, B /L TILAK
ACIE 3 Bef B OFEFIRI% T OHY & 0f OEMEERO B KT 5 2 L IR
VETHD, ZHULH/O, BT OCV IZEB W CIRIVER N AT D201, 3 B
P& H OREFZIZI VT OHy & Oy DOEMILHILE HIT 02T b, BEHTE A
WEDETRDS /L7 T LOEM/EMRERE CTRAET L2 LarmrT 5,

4 BB B OfRF1 (BfFE LMD OHy & Vo DRESDEL)

Fig. 2-20 (e) X V. 4 B H OFEFIC X > T 04 DOEESAITITEI R SR
W— T, EICKEMRT OHY & VS DA DA RS, U CE
MRS S 2 LT 5, Table2-2 XV, 0y DOILEAREKIIMOA A L PHEBERHHA LD L
R&EL, Vg OIEHRE P b/ SV, PRI 0 & OHy DRSO

R4 3 EMEE OFEfN) L, OHY & V5 DRSNS DOELNEI TRAE (4 Bt

133



52 B ORAVEIR OB L B8 L7z PCFC BROF M Fiks LU
TR — BN RO

HofEf) +2LE52b5, ULXY, 4 BEROEMITEMREREKICDRED

OHy & V5 DRESMOEIICHKT D EF XD,
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Fig. 2-19 The transient responses of cell voltage of H»/O, cell by the current interruption
method from the steady-state condition at DC +50 mA/cm? (fuel cell mode). Voltage relaxation
in (a) ps, (b) ms, and (c) a logarithmic scale of duration time. Electrolyte thickness was set as

300 pm. (koyy,1 = 5.0 x 10 mol/cm?® sec, kopy v = 1.0 X 10" mol/cm? sec)
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H,/0, cell (500 °C) H,/0, cell (500 °C)
< |(a) Steady state, j, = +50 mA/cm?’ € l(d) After 3rd relaxation (t ~ 4.0 x 10 sec)|
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Electrolyte position from fuel side (um) Electrolyte position from fuel side (um)
' I(b)After 1st relaxation (t~ 1.0 x 107 sec)‘ &« ‘(e) After 4th relaxation (¢~ 4.0 x 10° sec)|
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& |(c) After 2nd relaxation (t~ 1.0 x 10* sec)|
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Fig. 2-21 The transient response of the current density of charge carriers and displacement
current density in H»/O, cell by the current interruption method from the steady-state
condition at +50 mA/cm? (fuel cell mode). The relaxation order corresponds to Fig. 2-19

(c). Colored dot lines show the profiles in the previous relaxation.

B. BEfft— K COBFERAIE
iex =-100--10 mA/cm? FIINKFOEFIRIEZ MIHMREE S L i,y =0mA/em? & L72
B D H)O, BV DBPEISEDY I 2 b— a3 U a2E Lz, ZIUXEMRRTOE
TEEH E 2 L 7 i Tdo Do
x =-50mA/em? TOEFIRBEZHIIRIEL Liz & & DR ABEEOWEINE %
Fig. 2-22 12/~ ¢, Fig.2-22 (c) £ V. B/ABEOBEESEICIL 4 DLl EOfEFTEE
DAFIE L, 2 B H ORI B VEFRITIZIZ OCV &% L 25, Eixifite/L &
[AAR. Fig.2-19(a) BEW () ITRT LT, psec A—F —TTT 5 1 EERD
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EFNOER A B 6T D701, BB T 2 EBMEF OBRHKDR
JE 3 X OV AT DAL % Fig. 2-23 129, £70, SFEMEREIZIS T & BT

D EM I L OENER O A Fig. 2-24 [2R T,

1 BFE B OfEfn (BRFHEAEOETIKENCHE 5 S 7 FEIRO B DB DfEH)

Fig. 2-24 (a) £ V. i =-50 mA/cm? TOEHFFED Hy/O, B/VTliX OHY 721 The
< 0y DOEMPEE (RIVEN) 2 ETDH T LB I, Fig.2-23() & () @
0y DIENAIZERT D & BRI A~DOEFENZFHN L7 EFIREETIZ OCV I
BRTL D 0y OREDKFEMEITELIIERT D, ZdZEcmsiior s

— RBEEEIZ Lo TEKURM O 0f OREVHERT L5 LBRKEE S b 35,

Fig. 2-23 (b) LY. 1 EBMEH OREFIC X » TERESMICEIIZR L2 —F T,
SV SR D ENL AR K E RIE S 415, Fig.2-24(b) OEREELMING, 7L
WD OHy BEV 0y OBEMARIEIL, REARDFIET 2 KEWA Z RN TIZ &
AE0 LD, LEEBEZ D L FEMTOEFEBHIIE & Rk 1 BRE B o
(3L 7 SEIR IS 38 1 B AR O BRIKENC & DB LICH KT B,

Z T, 1 BB B o N O K SERMAL, 28U 0 S O i B AT IS
T 5, ZEXMRMITIE OHy DOEMITH AT 5 L 912 0y OBALIENFAE L T
Y | FEMTOBFHEBHEE BT D 1 ERFEEOEMBORIE % LV, —J7 T,
KRR D FLH Tl OHy OEMIIE & AR 5 K D ICENERAEAEL TVD b
DD, EFHRHIAFEL Tz 0 OEMFEIZZEI LRV, D721 x>0.002 pm
D57 O] (x < 150 um) DJAVGEIRIZ 725 T OHY & 0y D&M
RS 2 L0t d, 20 & 91, BT OE F RSN E TR R T H
LHEGHOR & 72 0y DOBMFEISFEAE L COD DI, BFHERRE O /K E MM T o
FZEE S Hy MR E L0 Ho/O, BV OREMTOH D LR D LEZ B,
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B3 720, —H CRBBOFEFIL, ZEALEMOERE & B2, EHFIRE (1=0sec)
IZBWTHAL TV 0y DOEME & T D & 512 OHy DEAMIRIES AR A ZEA L
T 52 ENRER SN, £72, Fig.2-23(c) £ 0. KRFMHOFEE>H OE{bIL OHY
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WTE5 Tl 3 BePiE H O ICIZIE OCV LRI UEMEE TR T LTEY | Fig.2-23(d)
(RIS T H XM T OHY & 0y DORE RN HER S NS, LA
FRD L. 3 BME A OMRFNE I 2L KR/ B E ST 6E O IR A OZAbIZ Rk
HEE R D,

4 Btf& B A

kBB BERERIIES XUV 750 0Hy & 0 DREARDE(L)
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Wet H,, electrode (1) | BZY20 | electrode (I1), wet O, @ 500 °C

Current interruption from steady state at -50 mA/ecm? (EC mode)
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Fig. 2-22 The transient responses of cell voltage of H»/O, cell by the current interruption

method from the steady-state condition at DC -50 mA/cm? (electrolysis cell mode). Voltage

relaxation in (a) ps, (b) ms, and (c) a logarithmic scale of duration time. Electrolyte thickness

was set as 300 um. (kopy1 = 5.0 x 10 mol/em? sec, koyy y = 1.0 x 10 mol/cm? sec)
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Fig. 2-24 The transient response of the current density of charge carriers and displacement

current density in Ho/O; cell by the current interruption method from the steady-state

condition at -50 mA/cm? (electrolysis cell mode). The relaxation order corresponds to

Fig. 2-22 (c). Colored dot lines show the profiles in the previous relaxation.

C. Hy/O, B VI3 2 EHERTHI E T OMEREMRNT D24 M
ABAEATIC L > TR LN VIR BEW ng O i KFEMEZZNE I Fig

2-25(a) (b) TR, F7z, HERDO 7= DI, EIEFRFOEME T H OHy Dfs

HICHORT D EIERE T Voye & KSHE - 225U o0 F s o 12 K3 2 B FE R T o

fuel

air

fn Nowng T Moug

LU TR L, 2B H/O, BV TIIRBEE— R (in>0) TO VR

BEO ng #IEL L, BFE—F (ix<0) TO VR BLO g ZALLTT R Y

U7z, N T, Fig.2-25121%, BIEOFERFM LB E 2| EICEIREIIN% 60 sec ¥

SUCERTE 2 Eit LTS e O R bR L2, £72. Fig.2-10(b) & [AER, Fig.2-25
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(b) FOMWHRT oy = f”‘”ge MY D & E ORIFR (GE +nEHECY vs iey)
ERT,

Fig. 225 (b) |CR LIZEHIRIETO OHy O% 53 2 BRHBAEE nliS +ngh, 1
BHY D, BEE— FICBOT il +ngle MR LICrE L, ZdgEE— 1
T iox ~ fope 0° LHTED T LATFET B, — I THEAET— FTE lll + gl
AR Bl EE T, IRNVER (fc”‘”g") DERIZE ST gy ~ gﬁ?rge & ATt
W T2 L B 2 B D, Fig. 2-26 \CIZAEAEIE (V) 1CBT B o, fope 0%, fon 7o
DFIBIZRTN, OCV 2 BN/ T foo 9 OFIGSRMHKT 5, Fig.
2-20(a) & Fig.2-23 (a) DOH#EN G| BT — R TIIREET— NI TEREF O
05 DIRENEERANTEWVEREE & 720 IRALVER OIS TUVIRIBIZ /2 5 2 & 23R
EE2 N5, FEEC Fig. 2-25 (a) (TR Vé{f.e D i (R T HHEEIIHEBEE— R &L

HLEME— FT/hSL, BREFD 0y BEDOHFENPHELESND, Lo T,
BEE— K5 OCV ITfE ClE, IRNVEROIFEIZ L - T 0Hy DB5-3 2 BT
DREML VIINEZ L EZ BN D,

—JC, Fig.2:25(b) D ney WAFHTD & EHIRIET iy = fope 0 L7
HHEE— FIZBNTH, ngﬁ”mgg F—BLAVWZ ERERIN, 22
T, e T 1EEEOREMZOE/LVERELE OCV OELER L, ZHITER _E
J& & 7V — FUDOIRERAE AT LT 1 BB E OfEFf% (Fig. 2-20 (c) OEfR) DE
fRE MR O BN (Py — o (t~ 1.0 x 1077 sec)) &, OCV (Fig. 2-20 (e) DFEH}) 12
BT DIAIVETLOAFAEIZ L VLT D ERE T OBIZE (Py — Po (t ~ 4.0 X

0% sec)) DFELZEKT 5, Fig. 2-20 (c) () DHEMND, T DESFIT T
POWES L OB AROFIEOTOIZ, nh + il LEI—HEF, L0/
VME & 722, LTed- T, BITERTHIEIZ X > TEH LD BT OWRERE (ne) T
I% OHy DBAL-3 2 EMuEELE 2/ N il 5 Z &R S iz, RERIC, JETE
— RIZRT D BT OBEMIST (Anc;/Aieyx ~0.57 Qem?) 1T OHY D BE5-9° 2 B
Pl (~0.83 Qem?) LV H/hEW, BLEXY | EIGERHIEIC L > TH LD AT
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—J5C, Fig.2-25(a) £ Y. AT D R loss (ViR & OHy DI&EICHKT H%E
FERET (Vope) 3 BHCREE— FICBO CHBIR O —8% T 5, Ziud 1 B
HOREFNZ X > T/3v 7 10> OHy D FEMIE N AR DAL 2 sl & fry T
O&&ékbf%éooiD\I@ekae@%ﬁilﬁ LH OFRFIRIZ S VY
NDH Y — RANZEEAFT 5. IREARICER L7z 0HY) OYEFEIZHKT 223,
ZORBITIRHY N SN E PR STz, EERIC, BEE— R (i = 50-100
mA/em?) (2815 BT OBEMEEGT AV /Ai, ~12.6 Qem? (IR UEREFE TO
OHy DIEEICHET 57 ﬁg%ﬁA%ﬁﬂmx~U8QmZ&&H*ﬁTéoui
L0, BIGERRIEIC L > THOND AT OBEMEREN S, FCHEE— RIC
BT, OHy DIEIIHRT 2 EMEENZ AL D Z ENAREIE L E R D,

i RS L & FERIC, BT ORI Z 60 sec & L7z & & O IR loss & 7LD

%ﬁ%gﬁﬁﬁ%%ﬂ%hﬂg}%wmmKﬁ&f%bto%’n&”+S% CHEH
T5H L. Ot/ & RERICERIREE L 60 sec DRUCHTMIER N R L, B
Wit OFEFZEE 2O b HELR S AL D03, EIREIINE 60 sec IR CIXER HE ORI TE
THYP, T, BRESKRICHZ - T OHy OBMIEGHIT —ETIERWZ ERFREKNTH
%, 12720, OBt /L Lk, OCV IZE I DIRNEROEEBIZH RS & BRI
BRI F R 9 2 35513V & L EFRIED ERIC & > TR OEMHEFT (Ane;/Aiey)

DRAZERITUE L,

146



%2 B IRNEROEEL B8 Lz PCFC EMOFHEFIEL L O
TR LI ER DS

H,/0, cell (500 °C) H,/Q, cell (500 °C)
(a) IR loss (b) Overpotential
1500 T T T 100 T T
r Vlcylﬁ;, g n EZ‘-C 7 nga ”
®  Steady state g 80r  m Steady state .
100 | % 60 sec gg ] ® 60 sec "
[ Va g 80 7 ,l’ b
| | & Steady state o} > < Steady state y- <
< r| & 60sec r E 40F < 60sec u OO p
£ 500 - = -,. 5
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2 2 20t PR 1
= A Fuel cell mode =4 1 | 8
E o " o o ¢
[ i 5 2 “,5 Fuel cell mode
| Electrolysis 5 6 0 &0
| coll mode 55 @@©@?Q
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-500 é ] 20t ML R j
i éé L
gé 40 | Electrolysis i
-1000 L L L 1 L Il ce”\mOde ) I I
-100 -50 0 50 100 -100 -50 0 50 100
External current density, i,, / mAcm External current density, i,, / mAcm®

Fig. 2-25 (a) The comparison between voltage drop due to OH{, conduction in the electrolyte
(Véﬁ'{tg) and apparent IR loss evaluated by the current interruption method (VR) in H»/O»
cell. (b) The comparison between voltage drop due to the electrode reaction involving OHg
(ngﬁ%‘ie + ng‘ff{)’ Ode) and apparent overpotential evaluated by the current interruption method
(n¢p) in Ha/Os cell. The gradient of the dashed line in (b) indicates the set value of the sum of

polarization resistances of anode and cathode reactions involving OHg.
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Fig. 2-26 The relationships between cell voltage (V) and external current density (i.) at the

steady state conditions. The charge fluxes of protons (OHg) and holes (Og) are also shown.

2422 OCV FTORMHA v & —F v RABE LM LT £

OCV (ie=0mA/cm?) Z KRR S L, EIRE | mA/em? ZFIINL 72 & & D Hy/O,
A OBHEISEZANT, 2214 ITRTFELCL ST, U E—F U ZAANT FLOD
BHEITo>7c, ZHUE, OCV TITHIT 5 AUHEE | mA/em? & L7z & DA &
— X ANEEME LT T D, DR A B —H 2 A% Nyquist plot TF
R LTeb D% Fig. 2-27 (R, 7eds, JEEEUEIE 100 MHz-10 mHz & L7Z,

Fig. 2-27 £ U | Nyquist plot 2> 5 = >D MIAEFE S 41, < 10 mHz TIU->H DM
IMDIEIED R SN B RERNPE SNz, T t~10sec FEETHRT > o ¥ L DFE
MAFET LianZ & 2R L, EItERE TO® LV BEDEMICET HIFHE DS 10°
sec A —H—Tho/Z L LT 5, WOHOMIMNDKEEZT 4 v T 4 T rbhs
L2 EIRNEETCH LD, ER BT =2HOMIN (Ryy) ETHEHAINDEEZD
No, ZZTARITHZO LD RIBERRA B —F U AAXRT R VOt Tk
(R | Fig. 2-27 (TR T L OIS, BAMIENSIEE D &AM O ML (Rur) % B
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BHEHT (RS « PRI O ML (Rur) & ARE RO I (R O BIEEHT
(RPPY & L=, 7eds. REY Ol Fig. 2-27 IZft R L= SMEIKRICE > T7 1 v
TATTDHI T/, 74 vT 4 7L Z-view ZEH L, f= 50 kHz-63 mHz
D ZE 7 4 v T 4 VT E LTz,

T4 vT AL o TEBNE RY 13028Qem? TH V| BERSEME S LTHRE
L72 OHY DO/KFMHLPL (0.14 Qem?) & ZEXARIRDT (0.69 Qem?) DFIL D &/ S0y,
L7285 T Hy/O, B /UZxE T % OCV FCTORA B —4 2 AJE CILEMEHLE
WIS 5 2 & DRI S T,

F MBS T 2 BRI Z BRI 572012, OCV ZHIHNRIE L L, ix = +1
mA/em? ZFIIN L7z & & OEME P OREMAIKRORE, FHERT v v /L, BT
WROLyAR DI % Fig. 2-28 33 L O\ Fig. 2-29 (27~ L7=, Fig. 2-28 & Fig. 2-29 D44
[Z. Nyquist plot T H L7 4 FIHIOEEFUTAE Y 3 2 i K OVERNIRE A IR L7z,
F72. H/O, BV TIE OCV FTHIRNBIAFKAEL, REARPERINL TS

». Fig. 2-28 33 XL OV Fig. 2-29 121X OCV b OE b EZ R L T 5,

E AR OMIL (Rur) (BFRFHEEOEIIKENCSE D /L 7 BIROBAL ABLOTHR)
Fig. 2-28 (a) 33 LWV Fig.2-29 (a) £ V. @EERMOMIL (Rur) (YT H4EFIT
(X, 7SV T PORESANTEE T, —F CEMARIER IS Z LRSI
Too T OZFENIEMKFE L OEEEAOMIIOEM THEONIZLDOTHY | £5E
RO ERIKENC RS 2 B AR OEHRICH KT 26 DELELLND, T2
T, OHY & 0y DEMFHDEALEIL SV I NT—ETIER, I O BH
DAJELIE Fig. 2-20 (e) 1Z7RT OCV TP OHy & 0f DifEAid & FkE O A &R
LTEY., 77 NOBNALE O BHEIRORRE IR U2 H BT, BEREN
MM RAET D2 005D, DF U, Rurld OHY 721 T2 < 04 DIZEDOEE
EZTTMETHY . Hod e Ot L THRLNDEMERIE bR 2
CICHEETARER D D,
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Rup \ ARG I DARFNS Ko T, BB E SR C b\ DR E 72 k)
MR STz, ARFMMTIE OHy & AMLEIAKEAITH Y . Hy /FREITHT 5
A B ZAREICB T HER _E OIS T D, — 5T, 225
TIX 0y OEMICEN KA TH Y O BV T O EM/E AL ST ORE
B L [E—THD, Lizd-> T, H/O, B/LVDFHET — K TOBFHERHHE & [
Bk, B EAE ST OEFFBNIE OfE D 0f DIRE (REHEN) I
TIRET D Z EDRB ST,

H R DAL (Rwr) K FE R/ B E L DIRE AR - EMARDZEAL)
Fig. 2-29 (b) £ 0. HEMIIKOMIN (Rur) (kT DFEFICIE, KB/ E LR
T CENBERDPIER L. OHy DEMTED A DI EN R S D, — /T2
SRR B T R0/ N0 7 TR RS X VBT O A0 1E & A A I e
VY, L7232 T Ry /K FERRA O FER B ORI D REFNT KIS T %o Rur D
MO SR T, KEMEITIE 0y OEBEBMIFCEHESAFEELLWVIZEET D, Zh
IX Rvp DSKFRRIZ I D OHY OBMHKPIUAEY T2 Z & 2R3 5, EEIC
AT AV TICE S THLINIZ Rur DRE ST 015Qem?> Th Y | BERFMELE LT
RE L7T2 OHY D/KFRHEPL (0.14 Qem?) & 1FIE—HT 5,

BB D M (Rur) (MR EMRE S EEEDRE - B A DEAL)

Fig. 2-29 (¢) &V, KA O ML (Rur) (ZXFST 2880 Tl ze <t/ B E
TN Z, KRB ORETHERS L OV o OHY & 0y O BRI ZEAL
35, Rur COREFIE B2 0 | Z25MMITIX 0y OBHITEDHA 21T OHY D
BN L, F72 Fig. 2-28 (c) £V OHy DORUEB/RREEABNIERT 5 2 &
PR S AT, — 7 TR/ FEMRE ST 073 KOV L 7 N K BRI T OHG

DEMVRDWAD & 0f DEMVLIRDIERNIEAET D, T4 5 OBHEAEZEE)
I%. Fig. 2-29 (d) (TR THIREE (iex = +1 mA/cm? TOEFIRER) (Z1H D I@FE 2 RIR

LTEY ., H/O, ENVDOFEE— N TOBEFMEBRIEIZIT S 3 Bl H LR ORE
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23, Fig.2-26 643025 K 912, OCV L CIXRALVERDEZ WA TE 720, L
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H,/0, cell (500 °C)

T T
< (@) ° Rue | IAC 1 mAem?, OCV
E 5L ° 4
o F
c \ 9
= 100 MHz 10MHz_ °,
N I
-t 1MHz_ o 1kHz
= 100 kHz f.i}!%é.ﬁou 2

=10 kHz T

15 20
Re (Z) (Qcm?)
. . T T T
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S liookzs \‘ e
= z 10 HZ( 100 mhz
N 3 1kHz_ /4
= 100 Hz- mw"“ 10 mHz
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— RE}
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Re (Z) (Qcn?)

CPE, CPE,

Fig. 2-27 (a) The impedance spectrum and (b) the magnified figure which shows

apparent polarization resistance in H»/O, cell. The impedance spectra correspond to the

transient responses to the current loading of 1 mA/cm? under OCV conditions. The

frequency range to calculate these impedance spectra is 100 MHz to 10 mHz. The blue

solid line in (b) is the fitting result by Z-view with using an equivalent circuit model of

parallel resistor and constant phase element as shown in this figure. (kopy,1 = 5.0 %

10° mol/em” sec, koyy,y = 1.0 x 10 mol/cm” sec)
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243 BFHESRMEICIT 2 BABREGLOB/NHEROKRE

ZZEToOMEmN S, St LI L OMIEFIE TORMEE) & MERefFAT 0 24
MEE e L EREF O 0y 738 (RILEN) ORBUZ L > T OHy ORE53 2% EMk
RPN S5 2 & BB E 2o 7z, AREITIEL Aablievds L OWIE Tk
N TE NS LT OB, FEC T O 28 KMIRHIC X 2 i/ NG 4

EREIICHEm T D,

2431 E/NHEROFE BB L ORIEFE~DOKEFNE

Ho ®FRE V. O % FE LV, Hy/Or BT 2 BHERIHIE (C) B8 XL O A ~
E— & U AR (BIS) IC& - THBN D AT OBBIERGT (REY o) & BEREM
L UCRGE L7z OHy OEMHEST (RGE2™ + RGHNY) D% Fig. 2-30 (R, il
The = RO or prs/ (RO + REHECM) 3 1 0 & & | WS OBMIRGUL OHy D
B L, R BB OIS ATHETH D 2 L 2T, — T rhy, B %
EREFVXEBMRESIZ BRI L, 1 2 FEAVEE/DFHG S5, Al X Rgﬁ%de+
Rg‘ggode ERA S — O LT, £72, HJ/Or BAD RE 3FEEE—F (jo =
50-100 mA/cm?) TOMENTHERZ M L7z, 728, H/O, £/LTD OHy D/KFAMRIHT
(RG> Rf“e’) 1% 0.14 Qem? (ko 1 =5.0 109 mol/em®sec) TEE L, OHy O
ZESHBEBL (RGHECM 7> RGj) ORTFPEZ RN L7z, Eio, BPIIZEIRET O
FINKE# & 60 sec & L7c & & OBEHIBEMNHIE ORGSR bR L7127/,

i OHY (EMEEME & A7nt 5 Hy M /W T, BIEHEEHIIIE & 2371 >~
B U AREDELLEHNTY b 131158, $72bb, R OBk
HU RE o prs 1EELHREY RETRA 4+ REHIOY 1B LN, L7235 Ty Ho Bl /LT
B 2B KL FE FIEIC K » TIEMZRERBEIIONMA FIRE Th 5, FrIZ i
BRI 1T RGEE™ + REHIY OHIC L 53 BZEO/NS VRIS T TRETH D, —J7
T A = F U AR T RGE™ + RGN <0.4Qem? IZ35\ ) THEMMEHLZ
WRFHE S DA AR ST, ZHUTT 4 v T 4 U 7 OREICHKETH EEZD

%, RGRRA + REHECY =0.07 Qem?, 0.28 Qem? & FE L7z & & OEHA v & —5
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AR K )V% Fig. 2-31 \Rd,  OHYy OEMRKHION/ NS WIS, BT Y
T OARE B O M, EREESUAE S 2 SERMo I E BET D 2 &
WTE D, ZDREOIZT 4 v T 4 I LD HIMNO S BER ORRZEN R E 7R ) 7
<, F£72. OHy DOEMIEHTEALRD/N S W OIZFRZEDEIG PR T 2 Rtk & 5,

—J577C, OHy/0y IBAIREMBME & 725 Oy % Frt /L CTld, EIHEWHIE & 220t
AVE—FL L AMED ELLIZBOTH, b ~02 Lotz Tibb, Ot
JLCIE OHy DOEMEHIA 80 % R/ NGB L CLE D ZLBHLMNE o7k,
A B ARE T RGRY + RGHEOY DR & S8l NHBRIZK & 72 8
Brlbzewv, LL, BIGERREOSA1E RGR™ + RGN AKX WIE L/
Pl AR E 72D, ZhiE, 2412 THIRR72 L 91T, 1 BEfEH OfEmEIz L r
PUZIRTET D IR ABRUC X - CRAET 2BAZEICERT 5, RGRY + RGHIY O
RILFEMBFEL O KICENR D | Z ORI V7 FICREAT HIRE AR K E <
72 % T2\ i/ Nl =R N B T D

Ho/O, £ VD 788 1E RV & O PR L ORI OB 4 R L, RERY +
RGHhode | raioh RO+ RGN (AT B R E AafeAEE AR L, 70, BT
WECTH O BT OBBIRHUIR A v E—F  AMEDOZTN LY . OHp
DEMIBHUEVERG N D Z LB LN E o7, 2L OCV IZHRTHEE
— R CTOBRALZEIIEIC & > TRNERIC L 2 B/ NGl 2 T 5 2
LRI T HREREFT A D,

LIEZ Y PCFC DOKFMHSTIT Hy RFRE /T K o THEAERIZFHE T X %,
T, /Oy BV D AN OBRUEHT R}y, pys 705 OHy O/KFMEHT RIS %
LI Z & T, AT OZREMIEST R, ps & RAES 0 | Z2KHHEHT O/ NG
FaME L7, Fig 2-32 1 RG22 REG ms OREER (gl = R orais
RiL:) % O MFFE /A OFER & it TR Lic, H/Or BV OFRERICERT 5 &, A&
A E=F L APETEOTRO RGL Th g, ~02 L7220, O MFFE /L L
FEREORAERNPG LN, 2422 TR~ X 52, FEBEIRO ML (Rur) (37K
SR COWMNEROIH O 72012 RELE \IHFMET 55T, L OB
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i (Rpyg) W EBMERKORNBROMKICT O RS + R L3 —Hwd, &
DNSVEERT, Lieat> T, R (= Rg;;%-Rf“el) & F T 22 R B O 34
T, RSl ICHAT 80 % FRECH/INTANY 2 2 LA B H Lo T,

—J5 T, BIGENREICE T D rdf, BRGE &L BITHRL, WIho REEL I
BWTHRNA v E—F  ZRE LY REREEZ R LI, 37b5, OHy/0, RE
CEMEMRE 2 WG, A v E—Z C ZAHE XY $REE— FTOEFE
Wil & 0> J5 73 288/ NFEAR 2 ] U 72 25 SAB R DR 23 AT BE Tdo 5 2 & AR S iz,
22T, BIERTE T RGE < ROy T gl ~ 05 TIREE Lo,
Rﬁlﬂmé<&5:OMT\ﬁg}m@)K%T HRHZ 1T D225l T 0
DY PE N TR R ORI LIL-S3 %, 2L 7 PO 2RI R A3 5 I B A il A3
RS (Db F—EONMED 2 L1l d, Eio, 1 Bl B ORIk O EMRE
MO BALZE (Fig. 2-20 (c) FF OB 13/KFEMA OB EIL, 22Kl OB ELE, N
L H DR E RS mxﬁéﬁﬁ@&mmmw@ﬁ&kéRw‘<RW”®k%\
Z DENAETKFERA O EE L FEF OV IR loss IZ K> TURITRET DL ERD
N, TOTDIT 1, O REE. KIFER KD D LIRS ND,

UbZzELDDE, ROX D BFTRBIFELIND,

(1) #fi OHY (REMEFME & A7 2 Hy iR /LClE, EIGERTHIE & 2351 o~

B — 5 ZHEDWT AL E T b HRERH IE M K BRI HT2 -l T & 5,

(2) OHy/0} IRAAZENEEME 2 A2 O, iFrE L KLY Hy/O, BV Tk, TRt

B DRI X - T BIEWTHIE & &1 >~ v —& o ZUEDOWTFLz A

b BT W NI 5, £7o. KFBERHLDY Hy PRtV K- TIEfE
ZRH Stz SAE LT & & H/O, BV E V2 OCV FCORA v E—4
> APTE T, O 6t /L & (RIS FLEE |2 28 SR P & 3/ Rl 3~ 5 i/ R
AN U 72 A, BRI KRR ORI 72 o T, Ho/O, L& V2%
EE— R TOBEREWRIEI RO HILD,
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TR — IR O

Electrolyte thikness: 300 um Temperature: 500 °C
Fuel side: H,-3 % H,O Air side: O,-3 % H,0

1.2 T T T T T T T T T T
. I Overestimation
A
é‘- 1.0 & SN Y & & & &
%g‘j o J Underestimation
T osf 8 c o 1
o A <
£ 4 & a”
X osf A - o, ¢, A H,symmetric cell
"o o, ¢, A O,symmetric cell
w
5 A 0o, <&, A Hy-Opcell
8G 04 |
x A, . T
1|
8% .l .. . i EIS under OCV
& ﬁ é & Cl (60 sec)
o . . - . . Cl (steady state)
0.1 0.2 0.4 0.8 1 2 3 4

R 3 + R 1%/ Qem?

Fig. 2-30 The difference between the polarization resistance of proton and apparent

polarization resistance evaluated by both the current interruption method and AC impedance

spectroscopy. The fuel electrode resistance of proton in the H»-O» cell is fixed to 0.14 Qcm?

(kony,1 = 5.0 x 10% mol/cm? sec). CI (steady state) and CI (60 sec) indicate that external

current is interrupted after achieving the steady-state condition and loading current for 60

seconds, respectively.

jFig. 230 £ 0 . BHEVIIE 60 sec 5> HEWE L7550 L 55 R AR B30T L7 85T, 120k

aiff

D REEM + RGHnY ~OEAEMITEL LRV, —J7TH REE™ + RGEY 1251 %
TRl \IERBEL D, ZOMIMIE Fig 232 THREETH D, ZOEIE, ZZETH
F L TEZL DT, 60 sec Rl CHEK _HBEOMMNTE T L TRV LITHKT D,
k 2 OFERIZA— VIR tor ~ 0.5 (in 02-3 % H20) DIRERFEZFFS OHg/0p RE
EEMEMREZNNSGETHL ZEITHESNIZY, 2433 THRERT 225, /)
IR top ICRE KTFT 2.
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Im (Z) (Qcm?)

H

02 =

,-symmetric cell (500 °C)

anode cathode _— 2
® Rgh, tRoy ™ =055 Gem

anode cathode — 2
¢ R o * ROH;J =0.14 Ocm

T
@ AC 1 mA/cm?, OCV| 1

02} y
0.0 ‘
REs
- R pol I
14.8 15.0 15.2 15.4 15.6

Re (Z) (Qcm?)

15.8

IRIVETR OB A28 7~ PCFC MO FEL L O

=R LR EORA

R
S0
CPE,

Fig. 2-31 The impedance spectra which show apparent polarization resistances in H»-

symmetric cell. The impedance spectra correspond to the transient responses to the current

loading of 1 mA/cm? under OCV conditions. The frequency range to calculate these

impedance spectra is 100 MHz to 10 mHz. The red and blue solid lines are the fitting results

by Z-view with using an equivalent circuit model of parallel resistor and constant phase

element. (koyz,1 = Koug,n = 1.0 x 10 mol/cm® sec and 2.5 x 10 mol/cm” sec)
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Electrolyte thikness: 300 um Temperature: 500 °C
Fuel side: H,-3 % H,O Air side: 0,-3 % H,0

1.2 . . i . S
air fuel E air fuel Overestimation
R, < Ron ! Rob, > Rok,
1.0
. ‘ J Underestimation
’ff 08} : -~
. Lo oo, &, A Opsymmetric cell
5 06| o =i 1] 8.,<C, & HyOpcel
&0
g ¢ O <> O T
n o O o EIS under OCV
=i | ! |
o i CI (60 sec)
' Cl {steady state)
oof & 2 @ A A A
i 4 @ § § * O,-symmetric cell
REloeas =R El?lor cs /2
0.0 1 L 1 1 1 1
0.1 0.2 0.4 0.8 1 9 7 H2/Q2 cell
R / Qecm? R & oreis = R Bloress - RO,
0

Fig. 2-32 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by both the current interruption method and AC impedance
spectroscopy. The fuel electrode resistance of proton in the H»-Os cell is fixed to 0.14 Qcm?
(kony,1 = 5.0 x 10% mol/cm? sec). CI (steady state) and CI (60 sec) indicate that external

current is interrupted after achieving the steady-state condition and loading current for 60

seconds, respectively.
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%2 B IRNEROEEL B8 Lz PCFC EMOFHEFIEL L O
TR LI ER DS

2432 H/OENIRITHEMEREIOEE

2.43.1 £V, PCFC DO/KFEMHRFUT LB IEMEICFHMISND Z &R LN E o
Too FTo. ORIV 2 FIW 26 O 22 KR IRET ORI T 1 My v/ Nl 23 58
A D T EMHERE ST, LTehy o T LI CIIUKSE MRS IEREIZGFAR S v 7z LAl
TE LT & & D /O, BV & W BT OZELMESHLOEHEMEIC W Tk 5.
KA CHEMEORE SN 18l (052 28 Hat L, BREE X % 20 um (K
T PRI AL 2 L 2 AHE) & 100 um 35 X0V 300 pm (BEARE S FPR L 248
E) & LIl EO /0 EMIBT D ri, O REg. ~OWRIEMEE Fig 2-33 1277
B HH VR R B & O JEWTRNE & BITEIINE 60 sec A2 HMWT L7286 Dilze
FaEUEOR L, BMEE SN 300 um DA, EHFIREE & FIIN% 60 sec FF 5 Tt
FERNEIR D —J7T, 100 pm B L 20 pm TIRTIEE LWViEER LD, 2T,
B EE ORIV 7 T O 53T OFEFNC B3 2 RE AN AR S (TR AF T
L L ERET D,

ity O RGfe ~OWREMIER T2 & BREESI2h0b b T, BT 5
TR ST, FRCEMEIE S 100 pm & 300 pm DA, /NGRS KX
7RI R LN, — T, EAEE I 20 um O Hy/O, BV T, IREIIK (e
=100-150 mA/cm?) T B A7z BT O ZE KAREKHL O/ Nl R 3 b TR & <, &
D BT (= 200-250 mA/em?) TlI/ NI S s 2 s sz, =
ZCVEMEE S & 20pm b U< 100 pum REG. | ~0.14Qem? 35 £ Y REQ  ~0.69
Qem? & L7 & &0 1V Bk % Fig. 2-34 (2R, Fig. 2-30 (2R L7 BAREIE S 25 300
um DA G E 25 & BAFENHE I SRERR ISR DIRNETRESKE N
ERHEEEIND, DD, BREREIN 20 pm OHAIHREIRIK CRER D
WEBLEGRCTET, 92 i BEVISWEEZRTZENELLND, L
o T, WEEMRL A 7o BT OIS 3 TR K & 7o BLRE T O FIN
MUEL 2D, BRI —E OB loe ~ fope 00 & HREDEIHTO 1V bk
TEMREE 2D 2 LR E X D & IO LB COBMIESLO L 0 2
RIS (IS
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Electrolyte thikness: 20, 100, 300 um Temperature: 500 °C
Fuel side: H,-3 % H,O Air side: 0,-3 % H,0O

12 T L T T T T T T
1
; i Overestimation
R, <REL! REL >R
1.0 2 L
i g J Underestimation
1
1
-gé:;j 0.8 | : o o E
x : <& %
55 06| I 5 e 1l o, © 300 um (50-100 mA/cm?)
- o o © 5 O, ¢ 100 pm (50-100 mA/cm?)
e oo B O, & 20um (100-150 mA/em?)
S 04 % E o 1l =, % 20um (200-250 mA/cm?)
1
*
1
os ¢ T Cl (80 sec)
ol & 1 Cl(steady state)
1
o I
> 01 : TEeee e
: ' : ' RY =RY-RER

R 1 Qcm?
Fig. 2-33 The difference between the air electrode resistance of proton and apparent air

electrode resistance evaluated by the current interruption method. The fuel electrode resistance

of proton in the H>-O> cell is fixed to ~0.14 Qem® (koyy,1 = 5.0 x 10 mol/em® sec). CI
(steady state) and CI (60 sec) indicate that external current is interrupted after achieving the

steady-state condition and loading current for 60 seconds, respectively.

[Fig.2-43 (e) T RTERBER LY | BLEDORIZB W TEBIKIUT —E Tlde < BIREE D
WRICK > TIERTT % (Tafel 7RZE8i 2 R"d) ZEN—KTH D, LIcnn-> T, ol
tARIIFNER ORI & ble-> T2 B ot 2" Z &1/ b, F/o, HEERE
% 72 Ho/O BV TIRIRAVE IR DAFED T2 OITAREIRIR CTOFME AR ETHY . Zh
TEMEAC IR EE A Y 3 2 EREHIOFmAE LW L 2RmeT 5, T7hbb, i
OCV % & TARET CORMIL, IIVEIIC LD i < fope 7 1C K DM/

T EME OARERMECIE S & - TRl 3 2 /o it SR o Bt R 5 E b 2 5,
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(a) H,/O, cell (Electrolyte thickness: 20 pm)

1.5 T T T T T T
—0— Vg VS gy
14 o Vcell Vs chhli[:ge 7
e charge 1
13k Vear VS F57°°

N
)

Cell voltage, V., / V
o o

=g
©

08

07 1 1 1 I 1
-100  -50 0 50 100 150 200 250 300

External current density / mAcm?

(b) H,/O, cell (Electrolyte thickness: 100 um)

1.6 I T T T l
\ —0— Ve VS gy
— h:
14 N @ Vcell VS chl—?gge
9 -"._ e Vcell vsf corslarge
1.2 b % B
> -
5 % '.
> 10 : 3‘&% -
@ )
g %04
o 08 %% -
> o,
] %
)
© o6 %, .
)
Y
)
)
%
04 % -
%
)
%,
02 X 1 1 1 %a,
-50 0 50 100 150 200

External current density, /., / mAcm?

Fig. 2-34 The relationships between cell voltage (V..;) and external current density (i.x) at the
steady state conditions. The partial current densities of protons (OHg) and holes (Og,) are also

shown. Electrolyte thickness is set as (a) 20 um and (b) 100 pm.
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TRV — 2R EE DR

Wiz, BAEIE S % 300 um, 100 pm, 20 pm & L7z & & D Hy/Or BT HIT 5,
OCV FTORA > B —& v ZEIC L - TR B D BT OZ2 5 BHE L ORAZE R
% Fig. 235 1R Y, £72, RO = RGf ~0.14 Qem? & L7z & S OWHEA v e —4
Y AARY R V% Nyquist plot 122~ L72 6 D% Fig. 2-36 (278, Fig. 2-36 |Z/RT
L 51c, RE iAW LI OOMA A L, Im(2)> 0 f8o NI A 72
W2kl L, ZhiE, EBEORA VE—F U AITIZE W T Im (2)> 0 OfEkIT
EREENRNTZOTHD ™,

Fig. 235 £V, BREOE DL T, rfl, 130.1-03FETHY | RGE:
(X D REBREMITHER SN2 D 0T, LTedi-> T, 2431 LIAkk, BEE—F

BT 2 EIEWTHIEIZE RS & OCV FTOARA & — 4 o AR E TIHZE 5
Bz L0/ NG T 5 Z EnB b ot, 22T, BARERESH 100 pm 35
L T20 um T R & & bIT gl BRI 2EmAF L, 2431 THikA
ko, PRBEEOMIIE REE IS5 2 LA G, 728 21 Fig 236 105
LtRﬁ§ﬁR&§ﬁim%&&éoﬁgzﬂw)kmgz%@)®w@#%
RGi.  DHERITEEA B O FIIMOBRICIRA 0 | AR rgff, BNBDT 5, 1272
L. BAEE S8 300 pm DA, Fig. 2-31 (b) 76 b0 5 X ) \EME T OYERE
Sy AT OFEFNZ IR 2 B L AREEA O [0 & EEE A AR o2 0WGE 0355,
DEE, MIDT 4 v T 4 V7K DBED 1 WEENTLES, Z0kD
(2, PREESYAR OFEFNC B HHEM 2N X 0 Vv, BAPEE S8 20 um 35 KT8 100 um
DE/ED rJr, LA LERERS RNEEZ bR,
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Electrolyte thikness: 20, 100, 300 um Temperature: 500 °C
Fuel side: H,-3 % H,O Air side: 0,-3 % H,0O
1.2 : - ‘ —

+— | —>

) | ) Overestimation
fuel fuel
R&k <Rok, ' R > R ok, I

1.0
J Underestimation

o
o
T

air

air
R Clor EIS IR OHg,
o
[s2)

A 300 pm
A 100 um
04 A 20pum
. SR
0.2+ A 2 A A EIS under OCV
A A A
: A A
0.0 L . ‘ L e H,/O, cell
0.1 0.2 0.4 0.8 1 2 fuel

air - pol
i 2 RCIorE\S - RCI orEIS ~ ROH;J
R Gk, / Qcm

Fig. 2-35 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by the AC impedance spectroscopy under OCV condition. The
fuel electrode resistance of proton in the H»-O; cell is fixed to ~0.14 Qcm? (kony,1 = 5.0 %
10 mol/cm? sec). CI (steady state) and CI (60 sec) indicate that external current is interrupted

after achieving the steady-state condition and loading current for 60 seconds, respectively.

m FEERRIZIB W TR I T Im (2) >0 ([CHIMRABND Z LBV | “inductive loop (7
TwWIEL—T7) LREEN S, SOFC 20 CIXEME OB HERMOARICINZ ., A
FRAEOW ARG & LTI SN D 2 LRZ WA, ZOFEMIZH &2 T 5457, A%
DFERTIE, IRGBEEEMRE L FHWZEEITBN T, 7L 7 OB SAG OREFINC X

o THRJE B TRHEEM L — T AT D ATREME S b L 7o Tz,
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H,/O, cell (500 °C)

(a) Electrolyte thickness: 300 um|

— a s ® 0 AC 1 mA/em?, OCV
NE -0.05 L o o] “e y
g v ° o / TkHz o
g & 10 mHz
— 10 kHz
N 100ﬂ%‘ 100Hz 1HZ/
= z 100 mHz
E 10 Hz g
0.00 R;_:o:‘
g UEIS >
11.25 11.30 11.35 11.40 11.45
Re (2) (Qcm?)
(b) Electrolyte thickness: 100 ym|
T T T T T
@ 9 LI AC 1 mA/em?Z, OCV
=005l ° . ° 10kHz ? e 4
& M 1 kHz Q 10 Hz
= ° )
< ﬁ 100 Hz ™% 1 Hz
E 100 kHz 10 mHz /100 mHz
= 0.00 pol
4— REIS —
375 3.80 3.85 3.90 3.95
Re (Z) (Qecm?)
|(c) Electrolyte thickness: 20 pm|
° e e AC 1 mA/cm?, OCV
o™ @
£-005| @ ¢ -
S s o° 10kHz 1 kHz %
= 1 MHz :.o“ \\\o% 100 Hz
N __tookHy 10mHz 10Hz
e - 100 mHZ >~ ¥/ 1hH
£ 0.0
RPOL A4
€= “Ers . » L
0.75 0.80 0.85 0.90 0.95
Re (Z) (Qcm?)

Fig. 2-36 The impedance spectra of H»/O; cells with various electrolyte thickness. The
impedance spectra correspond to the transient responses to the current loading of 1 mA/cm?
under OCV conditions. The frequency range to calculate these impedance spectra is

100 MHz to 10 mHz. (kouy,1 = kong,ny = 5.0 X 10 mol/cm? sec)

166



622 RNEBROEELZE L= PCFC EMOFHETFER LW
TRV X BN DR

2433 MBMRAFHEK T TD 0, MBOEE

ARIETIE, IMRRRAEFRIE TSR 5 0y i (toy) 2SZEXUMBHRHLO /Nl ==
252 DB E R LTz, O/ HELEB X OH/O BV EHNTHELNLD RNTO
ZESMRHRPL DRRFESR & Fig. 2-37 (1R d, 22 C, EMEESIZ300um & L, R{);‘fl
= R ~0.14Qem? & L7z, F7-, (3 Table 2-1 (2R BRAL G O V- EEL Ko
LS EDHZ L THA DEEE LT, Fig. 2-37 O FENZITERE L7z Ko 25K
A= TR L, EBNCIER Kol D 003 % H0 R TD toy & LT,

Fig. 237 1T L 91T, toy, PIEFIZE T rffl, 12 110ES<, Tabb, &
fRE 250 OHy AmBMEIZIT-D <2 DT, O xi#itk /b, Hy/Or BV DI FIZH0 T
TR 22 28 ST ORI A FTRE & 72 50 ZAUTEME F OIRIVE T B OB I H 3k
TLHLEEXOND, T2, WTNRD to, IZBWTH, O &/ & V-
Wil 36 X O A > B —4 2 ZHE & Hof/O, BV Z 2 OCV 28T 5 A
YE—H U ARETIE, BER—O 1, LiroTo, —JiT H/Or BV E VTS
EE— FCOBTEBRIE CO 187, BESHA v & — & v ABRE I T/ EE(f
Ze K& N L 72 22 A0 WA S D R A[ETH D Z LRI S Tz,

VLD D, B2 PCFC OZEKHBMEIOIEIRIZIL, Hy0: BV Z2
T FEFEE— N COBPHEWHNE D WO 2 FE FIEE LT bid, LasLaen
B to, >0.5 TIRZERHHE % 80 % LI EB/GEIIL TLES ZLh b, to, O/h
SWRE COBMMEREDOFMA b o L bl LI-EHEEExbND,
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Electrolyte thikness: 300 um Temperature: 500 °C

Fuel side: H,-3 % H,O Air side: O,-3 % H,0
Transport number of hole in 0,-3 % H,0O

0.013 0.040 0.12 030 0.57 081
12 T T T T T T

0

0.8

06 -

| 3 2

0.4

air — air air
raif = Relorms ! Rom

fuel — pair - 2
ool R 6 = R o = 0.14 Qem 4

107 10 10° 0% 10° 102 10" 100
K, / atm®®

Fig. 2-37 The difference between the air electrode resistance of proton and apparent air
electrode resistance evaluated by both the current interruption method and AC impedance
spectroscopy. The fuel and air electrode resistances of protons are fixed to ~0.14 Qcm? (kony,1
= konyn =5.0 % 10" mol/cm? sec)). CI (steady state) and CI (60 sec) indicate that external

current is interrupted after achieving the steady-state condition and loading current for 60

seconds, respectively.
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244 KRR EMRERDTINX —BHNRIKT 2RNEROLE

PCEC | Z2 K TR D53 R SOS D33 AT 5 72 D IS Ml D 7K SR T A O i | 25
LTWSEEX b, FiKEREFEE LTSNS, —H T, 2421 THRR
Rz k9T, EBFE— FTIERET— RICHARTRNERES 2K T 5729
CEBMDROETABESND, L LN D, AT CIX AT EREE, &L
<IIHBET— FTOHAFEMA (FC condition) & FW RN EH S TRV,
OHy DOEMHEHLZEA L-BMET— K TOH AFEPL (EC condition) (ZF51) 5
FHIA4y TV 397, KEITIE, 2.2 THM LSBT FHEIC L Y . OHy /0y IRA
(RGP EAE 2 L8 0BT — RICBIT 2 = /X —EHROR A % E
M L7ofE R 2R~ %, #)5/NT A —H 213 Table 2-1 35 X OF Table 2-2 127~ L7 fE
ZRER L, JEEIX500°C & Uiz, F£72. 2 2Tk OHY DO/KFEMHLHT, 255 MHGT
EHIZ0.14Qem?> T—EL L, SHIT, KEMSFFUELEZME L, EREDOIE

L 20um & L7z,

2441 TRNVEX—EHBEHRO T ZAFEKA~DEFME

Table 2-3 {27~ FC & L < % EC condition & L7z & Z OEME— RO R /LF—
B RO BB FERFNES Fig. 2-38 12”3, 22T, BRRICEBIT 5= R /L ¥ —%)
FIE— IS, KERGERD T # ©—B b DA S B AP BT (By =
1.28 Vat 500 °C) & B/VEILEDL Ey/ Ve 2L > TFEIND BP LiL, Zihux
FIUIN U728 23N T HoO OEMEIS & LTHEG LIZHAETH Y. OHy/0p
IR REMEBMRE CIE—MARILVEN (0 OEMIIE) & 72572 OITHIED M
ThD, ZORMIEITIZ, HINL72AMNBERIS S U TEBRICEMBUSIZ 75 L2 Eif
DUTCHDT 7T T =% (Eraraa = fope [ lex) PHOHND 2, Fig. 2-38 1213
Eu/ Veens Etas 8L OREDNHR (Eow = Etwaa X En/ Veen) R U712, £T2, 242 &
[k, BRI OSNTEREE AL LT,

Fig. 2-38 £ ¥ . FC condition |2}~ TC, EC condition @ Ega 23& W KE W2 &R

fileid &7, FC condition |28 % Ewa lZHE BT 5, Eu/ Veen 23 11ZIHWNT &y
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5. EoullX Eprad E1ZEAEHELVMEL 72D, 22T, Efd 1T iex <-80 mA/cm? TIE
DIEET D, ZAUE, -80 mA/cm? < e < 0 mA/em? Tl fC’“”ge NIEDETHY . IE
ROBMPEITL TRV L2 ERT D0 EuaalE i DD (ERM~DHIINE

TROHR) (2t U TRANTE R T 20 Z RT3, ie <-200 mA/em?® TIXUZIE—E &
725, ZAUE, Fig. 2-26 HHELEIILD L 912, BB (i« <0 mA/em?) TIElEiL
BIOFIE NIRRT 2 Z LIRS, —J7. EC condition Ti& OCV i />
5 Enna PWIEDMEZEY . EEROEMPBAMT D Z LPMHERTE 5, T, EF
IRF 0D 77 A G5 S0 TIL 22 SN S @ IR OB 7 A 2 4535 72912, Table 2-1 127
TSN Ko TZEGHRMA O 0y RENFEERHZLEX TS <20 OCV iTfF
TORNVERMER SN Z EDRFERTH D, Fo. En/ Ve (EHTDE, BE
FEL D HEMEFON AFHRLCRERMEEID Z ERHEGEEEN D, THUL, BAFRF
DI AFFHRNZ B W CTEME MG DO KR EED NS Rololzwic, o (2-54)
DA F—IE (Nernst #25E /1) O L > TOCV METF LIZZ L icHEkT 5,

eq

v RTl PH, L RTl COHOL
n= -

ce 2F pu,o F OHO

+® (2-54) 48
Thebb, ERREOD T AT TIEHIIR Ve 23 B KRR BB FIEETH D |
PRI A2 5 5 LENTREEE IAD H Z ENHEE SN D %, FEERIC, B
RE D H AT D Eo (T AKTOSFRETH Y, (KEIRI CTHIVT LI &
WEBMREEG LN D RN D D, 7272 L, IKER COEM TR H =0 oK
FROLEREN/NS < EMANRRERMTERVWI LICHETOLERD D,
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FC condition | Fuel side: H,-3 % H,0, air side: 0,-3 % H,0
EC condition | Fuel side: Ar-1 % H,-3 % H,0, air side: Ar-11 % O,-47 % H,0O

1.6 T T T T T T T T

<> EH/VceH
1.4 L& i u Efarad ’,OH /I
| OOOQ A Total efficiency (Ey g * En / Vi)
12L <><><><> 4 O, ¢, A ECcondition
o Lo & O, <, A FCcondtion
S, 10Ff 000000000 20000066
g _ OQOOQQOOOOOX E,: Thermoneutral voltage
20 1.28 V at 500 °C
i'.I(:;) 0.8 | AAAAA T
i A Al
0.6 L oOO0og A, | Vge (in FC condition) = 1.10 V
7 DDDDDEEﬁﬁﬂﬁ Ve (in EC condition) = 0.87 V
04 LT PPN
| A
02b0 !Ag!gmummmmmmiimmmmﬂ
&
0.0 P | . 1 . 1 . 1 .
0 -100 -200 -300 -400 -500

External current density (mA/cm?)

Fig. 2-38 Faradaic efficiencies of electrolysis cell mode. The value of K, in oxidation reaction
in Table 2-1 was used for this simulation. Electrolyte thickness was set as 20 pm. (kogy 1 =

koug,n = 5.0 x 10° mol/ecm* sec.)

nEu/Ven>1 D& E | Ve 1 FEEGREMELE & B VEBE LD PRITALE L. KO HITNR
B &0 D, BRMEMELED D RBITHRA SN ZBER T RLF— T —RICBIR L L
THHSNDD, ZOWRBIED T2 DICBMR RPN KB D ERT AN F—ICHET D, —
T Enl Ve <1 TIHARKDAERDREEE L 720, RENZHEA SN ERT R F—0
TRCBGER L 2D, PREEDTRVREIEOEBUIIL, En/ Vea> 1 &l 12354
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2442 TRNVEX—EEHRD 0 BB~DOERFME

Table 2-1 IZ/RL72 Koy ZE{LEH 2 Z LT, BMEORERHED EC condition |12
B DT RNF—BHNRICE 2 D ELRET L2, Ku=64%102atm™?, 6.4 x
10* atm™? & L7z & & OFEMEF O = RV —EHNHE % Fig. 2-39 1277, & Ko lds
INMERALIRIAR (02-3 % H0) (ZH1T % 0 Wik (to) MENEN 0.57 B LT0.12
(Rab3 I TN RPN

Fig.2-39 LV | BEMED to, ORI L > TERAF—BHNE (Eow) O 1
MR SNT0 Epwrad\CHEHT 5 & toy DIRBIC £ o T L, RRICIKAER (-
100 mA/cm? < iex <0 mA/cm?) T 0.9 FREE LM TEV, T bbb, HIINL 24N E
MOFE A EVBMREATZ ion, & L TN, BRRIUSICHFGT S, RIC Eu/ Vea
IZHEHT DL, K OEALIZKT LT OCV IZIZE A EB L LN 2 Enh, IKEDR
WISV MEZ R T, SOOIty AVNSWEE . OCV 6 KV E i
P (-150 mA/cm?< i < 0 mA/cm?) TR /L X —ZEHABHERN 100 % %82 5 EfEH ]
BEL 2D, —HTT, to, WWINSWEEIE, IWNERED/ NS WIZOICEERT OR
BN K E L, BFEWOHEKRIZ K 5T En/ Ve DEIIAR T 2 2MF BTz,
ZDTEDIT B (TEMBEIROERIZON TR T 5,

Fig. 2-40 | iex =-200 mA/em?® & L72 & & D Eu/ Ve Epuraa 1 £ Eioa D toy KT
MZ2R LT, P D Ega & & HITR LTZEREIT i = -200 mA/cm? (21T 5 Ve TH
%o Enaa\ZK BT DL IBRLFHAK TIZBT D to, PETICE-T1ITED
&L toy <0.12°T 0.9 BLELHBD THWMENGONTZ, $72DD5 to, DIRTICX
> TIRAEF O ADIH S, FIUIN L7 BF 72T EBMROSA R Z 5 2 & 23R &
iz, =T EulVenld toy, & & BIRT L, IMNERECE TICE SEERET O
BOWRNRRENTZ, LML, toy PETIZHT D En/ Ve DR LD b
Etuad DERFEPRENTZDIZ, Eow T tor DIRTFL L HITHRT D, BT to <
0.12 TIL 100 % (IEWEMNENERT D Z b @R RKEREMR O FEBLIZ

(IHE OHY i & H/p ¥ 2 BME DM NBBLELFZD %
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EC condition | Fuel side: Ar-1 % H,-3 % H,0, air side: Ar-11 % O,-47 % H,0O

1.6 T T T

<> E / VceH
14 _8 0 Efarad = fcha;r)ge/“
| 8800 A Total efficiency (e % Ey ! Vean)
AA
1oL A2<><0><><><><><> O, O, A K,=64x102 (atm?)
‘A<><><> CCoo o 0, &, A K,=64x10"{atm™?)
- ol AAAOO - <><><><><><><>
% pOED0O0oogy ﬁ <><><><><>O<> E,;: Thermoneutral voltage
2 sl . Ay o0 1,28 V at 500 °C
B A A‘A EE 0o
oA Aa AL, "Bog,
o6f . oonopg Aa Aa, Voo (Ko = 6.4 x 102) = 0.87 V
= DDDDDﬁﬁﬁﬂ AL Voo (K, =64x10% =089V
04} Shuay .
A Transport number of hole in 0,-3 % H,0
o2blo to: (Ko = 6.4 % 10?) = 0.57
I for (K5 = 6.4 x 10%) =012
00 L 1 L 1 1 1 1 1 1
0 -100 -200 -300 -400 -500

External current density (mA/cm?)

Fig. 2-39 Faradaic efficiencies of electrolysis cell mode. kony1 = konpn =5.0 % 10°¢

mol/cm? sec. Electrolyte thickness was set as 20 um.

o Fig. 2-40 X OHy D/KFEMILHT, EXMIETIE & H1Z 0.14 Qem? &/ S VWEIZRE LT
CLICHETONEND D, BRIRHIOHEKITELER FOMKIZERE L. Ea/ Ve DK
TORK LD, Liedo> T, # OHy (mEMEEME OEMIC L > TEWEMRSIER LG

BHIZiE, 500 °C & 9 RIE T b ABEVERE ITE N T BRATEI SR [ R TH D,

173



%2 2 MNERONE%E EE LT PCFC BEMOFHETER L O
TRV —ZE N EE DR

EC condition | Fuel side: Ar-1 % H,-3 % H,0, air side: Ar-11 % 0,-47 % H,0O

Transport number of hole in O,-3 % H,O
0.013 0040 012 030 057 0.81

< EH / Vcell
Efarad fcharge / f

12L < 1 A Total efficiency (Eag X Eq/ Vo)

14 1 =-200 mA/cm? .

o < 1 Eu: Thermoneutral voltage
o & % . - 128V at 500 °C

08} .
125V 124y

Efficiency

121V A
06| 1
116V

\ A
0.4 110V ), T

0.2 1.02V |

0.0 FEPETITY BT B AT T B S ST B TTTT B AT T B A e
10° 10° 0% 10° 102 107 10° 10

K, ! atm®®

Fig. 2-40 Faradaic efficiency of electrolysis cell mode at iex =-200 mA/cm? in Ho/O; cell against

various K. values. kopy 1 = komuyy = 5.0 % 10° mol/em® sec. Electrolyte thickness is 20 pum.

Label values indicate the cell voltage at iex = -200 mA/cm?.

25 RBHERBLOEE
251 EFENTHIERE

Pd|BZY20 | Pd /K FE et #k /L, LSCF | BZY20 | LSCF Ze5 i #tz /L. Pd|BZY20
| LSCF #& &R & /L O #E i Wil 46 2R & € 4124 Fig. 2-41 (a) (b) . Fig. 2-42 (a) (b)
Fig. 2-43 (a)-(d) &9, TX_XTORMIBWT, EROERTEHZ O IR/ EERFE T
& HEHRAIRRESC IR B IERR A SRS S T, T 0 ZFHO BRI RIS, T
IR &Ptz X 5 EEZE (IR loss, VIR =i, x RE) B X OVEMGETEIT (overpotential,
Ner) \CHET 2, EREEEOEMEL, LLTORITRTHEH=REE T + v T«
Y7 %ATH Z & TIRIloss & EMIBELEDOU D 5T 21To720, 74w T 47 Ft=

2-40 ps OFEIK 1T - 7=,
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t t
n =1o + 1M1 exp (— T_1) + 1, exp (— g) (2-84)
ARFZE Tl (2-84) % =0 sec ~FMFT 25 Z & TIR loss F K OB M &1 D7y Bt

ZATole, TZT, A (2-84) ORHEHEHE BV p, MEBHE 1B L0 nld, &
K. BRSISOFBRRICHIEG LI2"F A—2 Th b, LinL, BIERITHER S, b
BEOEETERVEME TSN T, BREISICH RS 5 EERE T OB ERE
O BRI ORI Bk 2 BELNERE TS 2 LN TPHESND, LR
-7T, OHy/04 IRABEWEME LR\ E, 74 v T o7k FGonizX
(2-84) DRHFFEIEB X R EHIEO WL 2 B A 5 = L3R TH 5,
BB T (AT o) BMIBELE (ng) 3L O IR loss (VIR & HINEFLE
JEIox L TF ey b Lzh D% Fig. 2-41 (¢) (d) . Fig. 2-42 (¢) (d) . Fig. 2-43 (c) (d)
TR, e WWERTDE, WTROEBAIZEN TS 0-100 mA/em? F2EE DFEEIC 5
N T ER BRI O FL O SRR IR 2343 S L7, Z ORI B\ TRERHE I —E &
REL G T 4 T 4 > 7 %475 2 & T, BIRERTHIEIC L > THLNRD RHTO
BAHEHT RO/ ST 2 FMH Ui, E7-. BEMATOREHA 5, Pd|BZY20| LSCF £ /b
DEME— FICB W TRNEROEER L VEETHD 2 LR TRENTZTZD, #
EE— FBLOEME— FENZNTRMNT OEBIEH % RO 7=, B, BT —
FToR»FoEmEs RETSTEO gxEE— FTo AT o B
DIHLSCE Q) 12 b T 77 % /NSVMETH 1 | SRS ORE B O F M DR S U7,
T OB & I EIR OB OV T 253 I2Talgim 3 2.

R

IR loss (2% H3 5 &, LSCF|BZY20 | LSCF Z2& st #rt /L3 L OV Pd | BZY20 | Pd
IRBRBRIFRE AT TL IE L7 B B D #EIH N CELHRME D B ikt 2315
BTz RO Z oA o IRIEFLE AW CEMEOREREZH T 5 &
K FEM R LTI 18 mS/em Tdh o572, Haneral 1700 °C, Hx-5 % H,0 HFHSK F

D BZY20 OEAERIL 20 mS/cm FRETHDHZ L2 ME L TR Y . AKEMmME L
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THEHAZ IR loss WEME R O A A AREICHKRT 5 Z LR E T o —J5,

225 PR L D IR 50 D HE M SN 7AREHIT 17 mS/em Th Y | KFEM it
JVERSRRETH -7, 700 °C D 0r-3 % H,0 HIAK FIZH W\ T BZY20 BAFE + T
1T OHy IZINA T 0 AMEET 5728, ZERMR PR /L OIRESRIT, KRBTt
NTHELBND OHy DAHDIEERI Y & RESRDHITTTHL, ZOHKE LT,

LSCF ZZ5%A D 1000 °C TOHEFHRFIC Co X° Fe 73 BZY20 BAFE HICHLE L, (ZiEH
DX T 2Bl RE 2 Hivd %2, F£7-, Pd | BZY20 | LSCF BV O&ESfMEE— K
RIS IREPUL, BEE— BT 2 IR EHICHRT 44 % hEVETH -T2,
AL, HEE— NI TEME— FTIEEMET O 0y mEENREhoTe
L ERRT S, FEE— FTO IR BHOHEH L7 BMEOEESRIT 16 mS/em

& 720 BZY20 FEfRE D OHy &R L TRYRETH -T2,
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(a) Relaxation of voltage in short period time
Gas (1), Pd (1) | BZY20 (~200 um) | Pd (II), gas (1) @ 700 °C
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({b) Relaxatiol

% %8 L7~ PCFC B OGN FiERL L

=R LR EORA

n of voltage with duration of time

Gas (1), Pd (1) | BZY20 (~200 pm) | Pd (11}, gas (II) @ 700 °C

Gas (1), (I1): Hy- 3 % H,0 Gas (1), (II): Hy 3 % H,0
T T T T T T T
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Fig. 2-41 Typical results of current interruption measurement on the Pd | BZY20 | Pd

symmetrical cell at 700 °C in H»-3 % H»O. Voltage relaxation in (a) ps and (b) ms scale of

duration time. Solid lines show the fitted relaxation curve. (c) Overpotential of a single

electrode and (d) IR loss.
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(a) Relaxation of voltage in short period time (b) Relaxation of voltage with duration of time
Gas (1), LSCF (1) | BZY20 (~500 pm) | LSCF (Il), gas (I) @ 700 °C Gas (1), LSCF (1) | BZY20 | LSCF (lI), gas (Il) @ 700 °C
Gas (I), (I1): 05- 3 % H,0 Gas (1), (I1): O 3 % H,0
T T T 7 T T T
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Fig. 2-42 Typical results of current interruption measurement on the LSCF | BZY20 | LSCF
symmetrical cell at 700 °C in O-3 % H»O. Voltage relaxation in (a) ps and (b) ms scale of
duration time. Solid lines show the fitted relaxation curve. (c) Overpotential of a single

electrode and (d) IR loss.
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(a) Relaxation of voltage in short period time
(Fuel cell mode)

(b) Relaxation of voltage with duration of time
(Fuel cell mode)

Gas (1), Pd | BZY20 (~500 pm) | LSCF, gas (Il) @ 700 °C Gas (1), Pd | BZY20 (~500 pm) | LSCF, gas (ll) @ 700 °C

v ©as () Hy- 3% H,0, gas (Il 0,:3 % H,0 Voo Gas (I): Hy- 3% H,0, gas (I): 0,-3 % H,0
Oc\ T T T T T
10 ] 10p
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Fig. 2-43 Typical results of current interruption measurement on the Pd | BZY20 | LSCF
electrolyte-supported cell at 700 °C. Voltage relaxation in fuel cell mode in (a) ps and (b) ms
scale of duration time. Voltage relaxation in electrolysis cell mode in (c) ps and (d) ms scale
of duration time. Solid lines show the fitted relaxation curve. (e) Overpotential of Pd fuel

electrode and LSCEF air electrode and (f) IR loss.
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Fig. 2-44 Impedance spectra of (a) Pd | BZY20 | Pd symmetric cell , (b) LSCF | BZY20 | LSCF

symmetric cell, and (c¢) Pd | BZY20 | LSCF electrolyte-supported cell at 700 °C. Dots are the

experimental data and solid lines are the fitting results by using (a) R-(RQ)-(RQ) circuit and

(c) R-(RQ)-(RQ)-(RQ) circuit. The supplied gases for Pd fuel electrode and LSCF air electrode

are H»-3 % H>0 and O»-3 % H»O, respectively.
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Fig. 2-45 Polarization resistances evaluated with both gas-symmetrical cells and H»/O; cell at

700 °C by current interruption method and AC impedance spectroscopy.
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Fig. 2-46 LSCEF air electrode resistances evaluated with both gas-symmetrical cells and H»/O,

cell at 700 °C by current interruption method and AC impedance spectroscopy.
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Fig. 2-47 Impedance spectra of BZY20 (~2 mm) in various atmospheres and temperatures.

The method of cell fabrication for AC impedance spectroscopy is shown in 5.2.4.

(a) T~ 700 °C. Gas composition was set as H>-5 % H,O.

(b) T~ 400 °C. Gas composition was set as H»-5 % H»O.

(c) T~ 700 °C. Gas composition was set as Ar-19 % O,-5 % H,O.

(d) T~ 400 °C. Gas composition was set as Ar-19 % 0,-5 % H,O.
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53 % 1500 °C 1281 5 Ba0-Zr0»-Y-03-NiO #e VU 51 5% O AH - fi

#3IE 1500 °C I2331F B Ba0-Zr0:-Y203-NiO ¥ DU 5T 5% D FH

31 HE
3.1.1 BZY-NiO KR H/BZY EEARE DILEERFIC X 58 _HO LR

IRBFERL O E RGBSR R T2 IR Fe y 7OUENEETH S,
Steele and Heinzel /%, 100 mS/cm LA T OARE SR Z IR T A A L ARER 2 BIE S
D, WELIC X 2 BRI ORBALETH D LML L AR TER L
77 n b AREMERR L TEH D 20 % Y-doped BaZrO; (Ba(ZrosYo2)Oss, BZY20) 1%
400-700 °C TOHMRAFEIZIHR TIZH T DA MEHF D 10 mS/em BRETH D 2
L7elo> T, e b AREY T X v 7 BREER (PCFC) OEME & LT BZY20 %
S D IITEE LA LETH D,

BZY20 JBEEMRE L, = v 7L (Ni) KEMEAAEGDETHEHIND Z S
V8 NI IAMEEREIC R, A4 (P ITRB SN D ERBMBICHRTRIETH
B Z &b, PCFC OkFEMmE LTEE LWMEITH D, —F T, KEHEBKATH
% NiO OFEMZIE=R (1.4-1.8 x 10°/K)° 23 BZY20 (1.01 x 105/ K)® L8725 = &
5. NiO /KFEMBATER A & BZY20 EAFE O BMMRBEAS R TIE, FRIEOERICEI KRR
DZENBNVORBESL Y 7 v 7 5| ST MRS 2, ZORMBEE RS 5720

. NiO % BZY20 & #6 S 7o KFEMmZ IR L U, ERE & OBIZRE O£ 2K
P S HTIRAE T BZY20 EIREME & ILBERE T 0 FiEN LM S b, Fig 1-15 12
R LT K 91T, BERSTE TIE BZY20 EFE 4 A 7 U — U EIIEIZ K - T BZY20-NiO
AIBARD EICAT 542 2 & THRL 2B L 1400 °C LA Lo THPERES 5 2 &

THEMEOBEAL L H#EZRRFICIT 5, b7t/ OB I T 22500 2 1)
B L7zob | KFEMD NIO Z Ni IETT 2 2 & TRADRENRT D, ZOETLHIC
BT NIO ILARFEIE 2 P e 238 D Ni ISETT SN D728, KBMMOPNEIZ IR
(R7) BIERL S, KFEM - EFE R E~OKEOILHENRAIRE L 7205 Y, ZALED
A EM TR, BN - FEARE - SUHEO ARSI B DN KT 2 7 o |2 d ki EE DK
bR D M,
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53 1500 °C 12817 5 Ba0-Zr0»-Y-03-NiO # VU 51 5% O AH F-fi

L L2y b, EBERE TRRIZISUWCKSERRD Ni 23 BZY20 BARZEICIER T2 2 &
DT BT S e 28, JEHL L7 Ni 13 BZY20 OBERSEEhAIE L CHRES 5 — 7
T, Yerich ZREFHOARITINZ . ZHITHED BZY20 260 Y OIRHDJER & 720 |
EIEE DA T AMREROIKTIZEED D ATREMEDS & 2 411214719 K¢ (T BaY,NiOs £ PCFC
DOENEBRBE TdH 2 PRI ONNEAKFEF S F T Ba(OH),, Y205, Ni (Z0fiEd 52 &
Mo, ' NAVDY Ty rRTAV =7 DR ERD 5252, AT, BZY ~® Ni D
WIEA A ANREROA A VRO T2 &, BAMROEK T 25 & 23 raetk
N5 12, Lo X 91z, LEERREIZIS1T 5 BZY20 ERFE ~D Ni OILHUL, &k

EfET DMETH D,

B2 Ni OFEHIC X 2 EIFEOARLIT, PCFC OEMERE F COREMEEZE LT
IEDLENTRIND, Ll PCFC BT 2 HEATIIE D £ < I HY )% o/
PERBIC DA H L TR Y | e O BMENT ORI T 2 E#IT R0, £ 2
TAMFZETIZ, NIO & A2 BZY OMASEM:. BTk K Y R—7ROfEH%E
HEJE Lz, £D72Dis, —RAJZRILEERFIRE TH 5 1500 °C (281 % BaO-ZrO»x-
Y20;-NiO # MU st R IRREX 2 S S BRIC L > THPICH B Lz, £, 'MZ
B2 B A 5.2 5 L PRI D BaYoNiOs FHOE K23 B8 C& 5 BZY O %
SN L, 2N A T729 BZY & NiO & OIRAREERT 2 Z & TRUGHEZFE
fili L7=,

P, & NI OREIERIT 1.7-1.8x 105 /K Thb 2, L7-28-TNIO & [FEE,

4 Ni ZKFEHR & BZY20 EfFE O BB AR OIER L NETH 5,
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3 #1500 °C I12381T 5 Ba0-Zr0,-Y-05-NiO #0471 5 O FH iy

32 EBRFE
3.2.1  BaO0-Zr0:2-Y203-NiO #EM TR 12 H-SU iz BZY-NiO _AH E#5 gk D H#E
yics

NiO & “HF i35 BZY OS2 B ) FICRETT 51285729 . BaO-ZrO,-
Y,0:-NiO U T RICEH FN D28 o2 B L O =t 2 DIREEXN 2 5% (2 L=, 1500
°C B XN 1600 °C I1Z81F % BaO-Zr0»-Y,05-NiO VU 5T R D5y R IRREX % Fig. 3-1

12779, BaO-Y,20;-NiO # =% 23 L O BaO-Zr0»-Y,0s # =% 213 1600 °C OFH

. - —

SEHBAMR & . BaO-ZrO, #& . 7t% 2, BaO-Y,0s # Jt% 2. BaO-NiO #f 5% 2,
Zr0s-Y,0s3 #E —J05% 2, Y,05-NiO #E _J0% 72OV Tid 1500 °C (236517 2 FH -y BR
EENETNR LTS, BZY-NIO HEHE A 0 SED LRGET D &, £ ORI
O = AR PR K OWUFR RIS & b L <IERIEA T 5, Licdo T, RIFFET
X BZY & NiO % & T = FH P EIEds L ONUAH Atk A2 B H 20235 2 & TLBZY-
NiO “HR MR OFAED G MAHE T D, “AEMREER O FET UL, AR
LIDERDY R—=TREFALDT D,

ARFFETIL Fig. 3-1 £ 0 PAE S 72 BZY B L ONNIO % & T 3-4 A1 Al pEi PN 12
PIRHRR 2 FEoaBH A (ERL U | S SRR A 1T o 7o, SRR O [A) 8 113 R X AREHT (X-
ray diffraction, XRD) %, FHHOMETITITEF e —T~A 707 F 74 %
(Electron Probe MicroAnalyser, EPMA) % F\U 7232y B 6 X #2538 (Wavelength

Dispersive X-ray Spectroscopy, WDS) ZHH L7z, EBRFIEDOFEM A2 REITR T,
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3 #1500 °C I231T 5 BaO-Zr0,-Y-05-NiO #0471 5% O FH iy

Liquid\

Cubic-Zro, |
(c-Zr0,) \ :

b

5,

.

v~ YO,

Zroz - \Cubic-Zroz (c-Zr0,)
Fig. 3-1 The available information about the BaO-ZrO,-Y,03-NiO system at 1500 °C and 1600
°C. The red side and blue side show the phase diagram of the BaO-Y>03-NiO system and the
Ba0O-Zr0,-Y,0s system at 1600 °C, respectively. Phase information from the binary phase
diagrams at 1500 °C are also given on each ridgeline. It is noted that BaY,NiO:s is involved in
the equilibrium region of Y203 and liquid phase at 1600 °C, and is stable in a solid-state at

1500 °C in the ambient atmosphere.

3.22 HEERIZEIT REIOMEE (EHRIGE)

ABHIEFAOSIEIZ X O AER U7z, HRIFEEHIIREE N Y & 2 (BaCOs) (99.9 %, Fil
SRR R, Bb Y v 3 =7 A (Zr0y) (97.031 %, B Y —kkRath), kA v
N U DA (Y205)(99.9 %, 5l T3 SA0), BR{b= > 7 /L (1) (NiO) (99.9 %, i
JEMBERE S AL & Uiz, REOOHTRER LI Va2 =7 AZiE 2wt% @ HfO,
WEFENTW e, HEE Ze SALFPIIEE DTN o Zr S RRRICIR DB 5 LAE L,
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3 #1500 °C I12381T 5 Ba0-Zr0,-Y-05-NiO #0471 5 O FH iy

AREERTIL Zr0, & HIO; OXEDNINE Y 2 AGREE O FFERI AR L Al L THE
L7,

FREOFRE A Table 3-1 (R IALABFARK & 72D K H TN ENE R (BiHER
ERTE AUX220) TRV E-72, ZORAEMRZELE 5 mm L 10mm DA > K
U 7 RZEY V=T (yttria-stabilized zirconia, YSZ) H—/L (FiXE&th=v 1 h—
il YTZ® AR—/L) & & HIT 100 mL KU E=LAZRIC AN, 2-F a8 — L&z
TR=NVINVE 24 BT o 72, R I VTR = IVEE (7T AU RSt
fOAV-1) ZHW =, F0%, AT UL AR S NEHWT YSZ R—LZ2BE L,
-7 ) =V EREMRE T AT Z A 2B L ThrL . r—4 ) —T KL —H
— (FREA g A3 N-2NWB) 2\ C 70 °C THJERZET 5 2 & T 2-7
mX ) =V EBRE LT, SHIC, MRPICE-ET D 2-7 0N — L EFERSE DI
D, EONTRE R EZ T T AMO = —IZB L, Ry hAF—F— (T AU R
K&t DP-1S) 2 H W TRAH 130°C TR S 72, 5577k K & B8 19
mm DX A AZHNT=a— 7L A (X —2— 2T AR EHHE NT-
100H) T 9.8 MPa DJESJZ 7T, ~ L MRIC—HIEA Lz, £D%, <Ly MR
B2 7 V) (ALOs) HDIEIC AL, BRFEZ W T KRR T, 1200-1300 °C T
10 FEEERFFT 2 2 & TIRBEZ AT o 72, ZEIR2>5 1000 °C £ TlE 250 °C/h, 1000 °C LA
F1X200°C/h OFE - BRIEEEEICRE Lz, Pl L%, dzvra=
THASE T L, BE2-7 1N ) — L& IIZ T 24 R DR — /L IV Es KO A 1T
ST BONTZREMREZFE L TV a=THHIIB L, ZNFhOHmREED L
TD—&72D XA U F—iK (DIC RS NCB-166) %12 T 20 57 MRS
L7, £0%, AT VAROSD W (BE 150 um) 1Z0F 5 2 & TIERLZ T -
Too EAE1l mm DX A AL L, BRI AR A 392 MPa OJEF T T 10 5y [ELLELR
F95Z TRV y MR- ZITo 72, 26 a2 T I AT PICRERE, KR
FRPHA T T 600°C T 10 RFEIRFF T2 2 & TS U X —iR&BRE Lz, 5 - BRI
WEFEDB 5 300°C/h ITRRE LTz, TDH, £y bifla~ 7 %7 (MgO)
R— MIFEE, KKAEAK T, 1500 °C T 10 BFfRFFT 2 2 & TEUWLEE 21T\, 7
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3 #1500 °C I231T 5 BaO-Zr0,-Y-05-NiO #0471 5% O FH iy

DO H L CEIRICEHT 5 2 & THIRE COMREAER L, ok, FiE - &
BRI E B HH 1300 °C TORBERF & F— DR THRE LT, o~y k
O R EILE IR TO BaO OEGRIC K > COEEFR AL L2 ATEEEN & 5720,
KRR A B LTz, Z0t%, v 7B AN TREHT TRAF LT,

Table 3-1 Nominal compositions of samples for the equilibration experiment. BNL01-04
samples were prepared to reveal the maximum of the Y doping level in barium zirconate for

avoiding reaction with NiO to form BaY,NiOs.

Nominal composition (mol%)

Sample name XBao Xzro, Xyo, s XNio
Y-rich 39.9 29.4 18.4 12.3
Ba-rich 47.0 32.8 8.2 11.9
Zr-rich 16.7 58.9 22 22.2
ZrY-rich 16.6 25.9 354 22.1
BNLO1 45.0 36.0 4.0 15.0
BNLO02 45.0 34.0 6.0 15.0
BNLO3 45.0 32.0 8.0 15.0
BNLO04 45.0 30.0 10.0 15.0

3.23 BZY & NiO ORSHERBRICB T 2B OER (EHKIGE)

ARERRTIL, El525R & R8T BZY (BaZri.Y.0s5) & NiO OIREFEZERLL .
FOERBR 21T > 72, BaZrooY0.10s5 (BZY10) & BaZrosY020s5 (BZY20) & Pl 32ER
& RRRIZEFA BOSTE TYERL U 72, P 3E8R & (Rl — o3 & 38 kL & L. BRIk
MRIC2 D K OICHEL, 2713 — LB XN YSZ R—/L & & HITR U FERICA
T 48 REILL EAR— L IV BAT o 1o, HlRBIAS HNIRBH R 2 7 L X ) 5 21F
IZAFL, REFHA T, 1000 °C T 10 FfffRFs 42 2 & TRBEZIT - 72, BVLPRE
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3 #1500 °C I12381T 5 Ba0-Zr0,-Y-05-NiO #0471 5 O FH iy

DBRICHFWR2-T 1R — V&M, 24 FEHIPL EAR— VIV EIT o 70, Wik, 15
LA EHY R ZEA 19 mm OF A AEHWT=a2— h 7 L AT 9.8 MPa DJE
NPT Ny MROBREFZFR LT, £y FalBtE2 7L I 5 21T I AfL,
KIEPHEU T, 1300 °C T 10 BfffRFFT 2 2 & THAET o 72, BVLEE O >
RlBtE v a=TAskicB L, Bkl CTHEONZRERICHE 2-7 18—
Nz, 100 REFIFREEAR — /L L L &AT 5 2 & T BZY A K% 1537-, BZY sk &
& NIiO ZHET40:60 L7205 K OITHFEL, HU2-7u/N ) — L& T 24
R—IL I NVEITOIRA LTz, 2 2 TBZYI10 & NiO OiEA#EHE BZY10NiO, BZY20
& NiO DIRE#EZ BZY20NIO & ZhEhmb T 5, Wl b ioil i R 2
&L TV a=THAHIB L, EoO—EHE&IZRD LA X —iRERNL,
20 5L EIRAB L ORAT U L ASB W L BRI 21T 12, BL - K&l
£ 1lmm DX A X% T 392MPa T 10 70 flfeFFd 25 2 & Tl L, <L v b
WaRBt 2 ER U7, oo by FalB 2 7L I AT PIsRE KRR,
600 °C T 10 BFpHIPRFF 975 Z & TS =ik ARE LT, BWUEE O~ L v Ml
Z RRFWR T, 1500 °C T 10 BFHfrFF 25 2 & TREL 24T HEiRICAm T2
Z L CMIRE TORMREER BRE L72, BZY10NiO, BZY20NiO OFMLHEE Cik, <L v
RaE S 0 BaO DGR ZBL <7212, 24 BZY10, BZY20 0 1300 °C A Hk)
ROHFIZHED | TV I T AP PICRE TELBEZIT o 72, fF DT~ Ly FaEHT,
D2 RS TeoICRKm 2 MpE L, o 7 A AN TRET TRFE LT,

324  REHPOHEFEER L OFHMERR ST

AR OF DOFEIZIE X BRIETE (X-ray diffraction, XRD) (2 CTiTo 72, X FRIET
4L 21T Panalytical ! X’pert PRO (X #RJF: CuKa) % Vo, |IBEHHZ O v K
AR OV a =T S CH BEE L BT O A2 R L CHlEICHE L,
HEICBWTEEL 45kV, BER 40mA OFEE Lz, HF5H7- XRD ¥ —v
(2%t L CTICDDPDF — R ERRG LEDED Z & THEBAMEDRIE 21T > 7,

FARLER AT 36 £ O R AAHT Cld, BB SH O Ly kB A2 UL a =7 ek
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3 #1500 °C I231T 5 BaO-Zr0,-Y-05-NiO #0471 5% O FH iy

T L, BN 2 AW e, B 28RO L, 2-7"'m X — vz Fn Tl
WMEZIT>TbOZMEH L, WrimZz2 o8 Lo, BIEIZIIAUAR R F LT Ao
K7 v 7 AREE . I ISR T v e 77 o v hv— RN,
KRB EZ =R a—FEE (AT 74— ARAEHH CADE-E) ZfEH L T
=R EHKEL, BIEEROEEREZHMR LI, ZOREETFTr—T~A /07T
5 A % (Electron Probe MicroAnalyzer., EPMA) % i\ CHLfkELZS. MO 217 -
72. EPMA (213 JEOL # JXA-8530F Zfii J L. MR/ HTICIZIE R/ B EO X #5y

#r (Wavelength Dispersive X-ray Spectrometry, WDS) % H 7,

3.3 EBRRER
331 PEEBRIC X BERER DOIER
3.3.1.1 BZY-NiO VAghHIZ AL $ 5 BIFERE

Wy RN AERL U 72308k 1500 °C BVLERTZ OF R XRD /34 — > % Fig. 3-2 I
7, NiO BLOEIFHTH 5 BaYaNiOs, Y20;, &5 BaNiOx FHICH KT 5 B —7
DPEIET 5 2 0=25-30° B XN 2 0=36-38° DOtk ALK L2 b D& K F D7 LiAA
TR L7z, TXTORBHIBWT, BZY #H5 L OV NIO FHIZH KT S [EH e — 27 23
fAELT=, F7=, BZY. NiO VA ORIFHIZHK T2 —2 bR SN2 L b,
BZY & NiO Z &1 3-4 A GO L B BN D,

FAREL O AR XRD /X% — I B AR HEE S LT EIFE % Table 3-2 (27”9, RIfH
& LT, BaYaNiOs, #7576k BaNiOy, Y205, HiRb ZrOs. SLJ5 8 ZrOs 3RS S iz,
Z® 9B, BaNiO, 8 K OHAEHE Zr0, 1% 1500 °C (2B W TV T REE R TH
%, Ba-rich #B}S K UV BNLO1-04 3B CARAMHEE S 4172 BaNiO2 1 1200 °C B T
RNLETH Y . BaO-NiO RIEABIZ@AET 2 2, 1500 °C BULEEH% 0O Ba-rich 70D 52
KRB E% Fig. 3-3 1T T 2, XLy Ml & it T 7288 C MgO A8 — b BICRE
OFEIRNAER LTz 2 & D3MfEss Sz, ZHUE 1500 °C VL2 Ba-rich 3N IZIR

FADSMERL L, MgO AR — MIRELIZZ E AR LTS, LN -> T, Bk XRD /¥
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H— U INOAFAEDHERE S 4172 BaNiO, FHIZ. 1500 °C 70 & FERIC A L2 BRICEUEN
THERE L 72 BaO-NiO RIEAHICH KT 2 LB bND, —T7. Zrrich B TRIMHE L
THER S AU HRH ZrO, FHIE 1500 °C TIXARZLETZH, ZHUE 1500 °C THL LT
EF f ZeO, S SR IR AR R I LA BB 92 Z L TAM LIEME L B2 biLd %,
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®: BaZrO, (PDF# 00-006-0399)
m: BaY,NiO, (PDF# 00-041-0463)

¥:Y,0, (PDF#00-041-1105)

@ NiO (PDF# 00-047-1049)

A:0-BaNiO, (PDF# 01-072-0403)
«:m-ZrO, (PDF# 00-037-1484)
b : c-ZrO, (PDF# 01-089-9069)

Fig. 3-2 Powder XRD patterns of samples heat-treated at 1500 °C and quenched to room
temperature in the ambient atmosphere to freeze the phases. (a) “Y-rich” sample (b) “Ba-rich”

sample (c) “Zr-rich” sample (d) “ZrY-rich” sample (¢) BNLO1 sample (f) BNL02 sample (g)

BNLO3 sample (h) BNL04 sample.
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Sample MgO boat
(b) v

Fig. 3-3 Optical images of “Ba-rich” sample heat-treated at 1500 °C and quenched to room
temperature. (a) Sample pellet placed on MgO boat during the heat-treatment. (b) Black spots

are formed on the MgO boat where the pellet touched.
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53 % 1500 °C 1281 5 Ba0-Zr0»-Y-03-NiO #e VU 51 5% O AH - fi

3312 NiO LEFRD BZY DY F—7'%K

B ABHETIEN 69D WDS s IZ K » TH a7z 4506k BZY OAHAHRL % Table
3-2 12”7, BZY & NiO 2/ 2 FilFH & L C BaYoNiOs FH2MERR S Au72 Yorich #0kHE &
W' Ba-rich #EFCIX, BZY H# O Y =73 (Y/(Zr+Y)) DZENLEN12% BL N 14%
Tholz, ZHIIELBZY & NiO B IEAFT DL EOHERRDY F—T7H)3 12-14 % Th
LT EETFELTVD, SV 14% LD HBREVWY F—73#0D BZY % NiO
& HEBERE L 7235812 BaYoNiOs ICRE SN DREIFENARK L, BZY FD Y R—7FH0
KT RS 5, —5 T, Zrrich ik & ZrY-rich 3UEHZF1F 5 BZY fHD
Y R=7RIZNEN 0% BLD3% ThoTo, Zrrich 7S L O ZrY-rich 30 C
AR U7 BIFEIE ZrOs-Y 0: B e RICE T A TH U SHOHEMEI T E N E AL T
fm ZrOx FH (Zr0O2:YO15=90.0:10.0) . 1E 5 &k ZrO M (ZrO2:YO15=96.7:3.3) . Zr D[H
R UT=NL 76 Y203 M (ZrO2:YOus = 23.5:76.5) Td 5 Z & 75 WDS S8 s b5
bz,

Y-rich #0E}, Ba-rich 0B}, Zrrich 38k, ZrY-rich 3B O TUFEHZ B W THER S vz
FREHRAMR 5. BZY & NiO 25 ZrOo M L <IE Zr OREAE L7z Y05 0 &Pl L7
EEXBZY DY R—7RIHEA/NE < (0-3%) . BaY NiOsHHE P L7 &Y K
— 7T R Z W (12-14%) ZEBRH LN E o7,

3.3.1.3 1500°C T BZY BELUNIO L £FET HHE~D Y OBRE

Han et al. 13 1600 °C (23T BaO-Y,0:-NiO # — 708 CERT 2 WARIC Y M7
THZELEHRELTEY, ZIULBZY fHO Y R—7FOK T 45| & 2 3 rTaEEs
&5 O, AR TIE BNLOL 3EHZ I W THER L 72 A O FEFH AL A WDS A HTic &
S TIHDH I E T, 1500 °CIZBWTHIRFHIC Y DT 5 Z L #6202 Lz, Fig
3-4 |2 BNLO1 3B O Wi O S 1153 O WDS Je i s a3, Bk
XRD /3% — 75 BNLO1 30Tt BZY, NiO A IEF L Tz L& 2 b,
WDS M4 HE 75 Fig. 3-4 (a) T OIREAOFEIEA BZY, BAOTE)Y NiO, ik

THA IR O Ch 5 Z & /R STz, Fig.3-4(a) H1 x TRLTZA
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DAL WDS BTSSR LY BaO: ZrO,: YO 5: NiO=54.3:15.0: 9.7 : 21.0 (mol%)
Thofe, LML, KHAOEHEE 2 BN D8RO ERIE [ um? XY H/h& < Fig
3-4 (¢) \Z/RT Zr DR NHEFHIZ BZY BNFELTWD Z ERHERIN D,
FONTHFD WDS O REEIT B X Z 1um THDH Z EnD, x TR LS OFARITIR
FHE BZY HHOZHMHEGATME THD LEZEZBND, Wk, WIE~D Zr OURHE
MTEDIZE/ASVETHIE, 1500 °C 12V TARK LIRS T 25 Y Ok
O/ Nl ZRET H 2 ENTED, LI - T, BZY 26O Y i O ATHetE: % & im
T LD OREERD D & RAHOMAKIE BaO : YOi5 : NiO = 56.8 : 8.4 : 34.8
(mol%) EHEE 41D, WRITIRIA~D Y IEEITHR KRN THE LZ 8mol% THYH ., Z
AU BZY FHO Y B (~3.5 mol%) LV HRE\V, ZOHELX, Fig. 3-4 (d) (R T
WAH DRI I T D Y OILHEDATOMMEN, BZY HOEK L L ThT 0N bE
WZ EIZ—ET 5, BLEX Y | BZY-NIO :BERERFIC 35 1T 2 FH DR BZY F1D Y
R—7HDOIR T ORI 7225 2 EMRRBE T,

|

(a) BSE image

"r v — - -.
. -
Composition / mol%
‘ ‘ BaO 54.3
‘ ZrQ 15.0
YQ.,.s 9.7
l NiO 21.0 )
= » .
M 3“m'j

Fig. 3-4 (a) A BSE image of the cross-section of BNLOI heat-treated at 1500 °C, and
distribution of (b) Ba, (c) Zr, (d) Y, and (¢) Ni by WDS elemental mapping analysis. BNLO1
was heat-treated at 1500 °C and quenched to room temperature. In addition to BZY and NiO
phase, another phase that involved barium, yttrium, and nickel (the region bounded by dot-
line) was observed. From the XRD pattern, this phase is considered the liquid phase. The cross

symbol indicates a location for WDS point analysis.
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3.3.1.4 BaY:NiOs DAERZEBETE 5 BZY DB KXY F—7ROFHf

FAEEDN S, BZY/BaY,NiOs/liquid phase/NiO PUAR A fiElk & BZY/liquid/NiO =4 F
st T A OBMRICH D5, W 2 AT BZY-NIO HAFHEIZEIFI T 5 BaYaNiOs 23 E
FRLZRWRRD Y R—7"3%, Jedd “FEO IR OBEREH o5 LT
HEENFRETH D, TOBEREWLINIT 572912 BNLO1-04 72 /ERL L 7=,

BNLO1-04 B O AR XRD /3% — % Fig. 3-2 12, ZOFERDOERBHEE S

BIFH & WDS s I £ 0 15 Hii- BZY FE# % Table 3-2 12779, PUREID
FTRTTBZY BLONIO (22, &7 BaNiOy fHOFFEDMHEE Sz, 3.3.1.1 T
A7z X9 IZ, BaNiO M1 1500 °C TOHRIAD R 27”295, F£72. BNLO3 7k}
3 £ OV BNLO4 50T BaY,NiOs fl O fFERHERE STz,

Fig. 3-5 {2 BNLO1-04 5UEFES KO Ba-rich iUEHOF K XRD /X7 — U B H17z
BaY NiOs fH D5 — &' — 7 (i {& O A% 8 & WDS S HTHE R0 45 5 L7z BZY fHD
Y F—=7ROMEZRT, FEEOCH I, BZY HHHROH — ' — 27 O L
D& L7z, BNLO1 kR X OV BNLO2 #EHC15 D7z BaY,aNiOs FHH Sk D55 —
E— 7 LEOHIBEIT ANy 7 7T 0 ROME L OZENITE AL ERNTZDIT
BaYoNiOs (FARK L TW W Z g sn, T72bb, Mk T BZY/liquid
phase/NiO —FH Vi 235 Hiiz & 5 %2 5, —J7C, BNLO3, BNL04 #k}is L OY Ba-rich
AREHZ I 1T 5 BaYoNiOs FH R D H — &' — 7 (L8 O FE xR 1T 58 < . Liz3 -
T2 OFENTIL BZY/BaY2NiOs/liquid phase/NiO PUAH #2315 Sz & & 2 5,
FEIZ BNLO2 38k & BNLO3 B CIiX BZY D Y R—7"3R(TIF & A EZEDHER S
2o T=dDIZxE L, BaYoNiOs FHE RO B — 7 S ICIF R E REN ROz, 202
& DB BNLO2 #UBF & BNLO3 3B D EJHH AL O [H IZ BZY/BaY2NiOs/liquid phase/NiO
VUAH i A & BZY/liquid phase/NiO MR OB R NHFIET H B X bivd,
ZOBERCHEITDH BZY FHO Y F—=7FRITBLZ 12 mol% 7ZEHEInd, LLEX
D, 12mol% LAFDY R—7F0 BZY THAUL NIO & P EMNFAETHD Z &
DAFEREIOVHAGNE o7, SV, 12mol% KV b RENVY F—T7 %%
FFO BZY I NIO & "M TE 3, BIEAERT 2 2 LA HERE S LT,
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~ 007 E—
®) Equilibrium phase 1
N 0.06 - (from WDS mapping) N 5
3 005 ® BZY,Liauid Nio BNLO4
2 Y9 = BZY, Liquid, NiO, BaY,NiO; :
= 004t BNLO3 i
—_ ) s i
Q 003 ]
zZ ]
s 0.02 F N
= BNLO1 BNLOZ\ Ba-rich |
= 001+ \ 5 ]
= oA ]

~ 000 L e ey
6 8 10 12 14 16

Y doping level in BZY phase, Y/(Zr+Y) (mol%)
Fig. 3-5 The relationship between the Y doping level in the BZY phase and peak intensity of
BaY,NiOs in the BNLO1-04 and “Ba-rich” samples. The vertical axis shows the relative
intensity of the (112) diffraction peak of BaY>NiOs based on the (110) diffraction peak of BZY.
When evaluating the peak intensities, the background was subtracted. Purple circles show the
BNLO1 and BNLO2 samples while orange squares show the BNL03, BNL04, and “Ba-rich”
samples. Twice the standard deviation is adopted for error bars. From the results of BNLO1-

04 samples, the Y doping level of BZY in the “Ba-rich” sample is considered as ~12 mol%.

3.3.1.5 1500 °C I8V} 5 BaO-Zr0,-Y;0;-NiO $# VU TR EF /IR HER]

3.3.1.1-3.3.1.4 XV 1500 °C {Z351F % BaO-Zr0,-Y,05-NiO #E 01 7T R D & 45 IR a2
Fig.3-6 D X 512 bic, 22T, FEMNIGR AR T IEMEARDEE IZFET D BZY
EARTEIR T 1600 °C 1281) 5 Ba0-Zr0:-Y,0; # — o RINRER 2SR LT- Z LT
B 5 2, AR CIE, LA R T = FEEE O PUAR VA aednk & —FiSE O — A iy e ik 2
B Sz L,
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BZY/BaY,NiOs/Y,03/NiO PUAA VY {4 (Fig. 3-6 (g) {Z/~k$ Y-rich WA & a4 &
Pt = SEXDYIMNTTELN)

BZY/BaY,NiOs/liquid phase/NiO PUFHPU A {4 (Fig. 3-6 (d) (27”9 Ba-rich PUI{A & iy
& ST A O IR )
BZY/t-ZrOs/c-ZrO»/NiO VUFA Y i & (Fig. 3-6 (¢) CTr~d" Zr-rich VUK & 4 STz
OO P E)

BZY/liquid phase/NiO —AH =¥ (Fig. 3-6 (¢) T/~¢ Ba-rich —FHIZ = AT & M
S SNTERBD =ATF)

BZY/Zr-doped Y,03/NiO —#H =4 (Fig. 3-6 () T/~ ZrY-rich —FH#% = A &

finds SR ED =4 TF)

FEVU T RIT IV TIUAR M & —F8 M 132 v 2 AU DU AR U i i & et =4 =M TE TR
S5, Fig.3-6 TOEAHOALFHITE LSRR TR LTEBY . £ TES ORI Table
3-31ZR LTz, BZY. SCT7dh ZrOy FH. RJ7dh ZrOo 8. Zr DRV L7z Y205 FH DAEAL
I3 WDS SRR A2 B L=, —F. Y.0sfH. BaY2NiOs#H, NiO Tl WDS /i
SINTRE R & BRSO 2 BN R oo le 2 L h | B ZSRA L
72 AR DA T Ba-rich =40 =47 & Ba-rich PUFH Y [ {4 C 72 2 FIREMED & 5 23,
AL Cldigam D B LD 7212 BNLOL 3B HHEE SN fli & TR CHE—Th 5
EARE LTz,
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_NiO

(b) BZY12

(Ba-rich tie-triangle)
(Ba-rich tetrahedron)
(Y-rich tetrahedron)

Liquid
&«

{ \\BaO [BZY7 (Ba-rich tie-triangle) |

N

\'BaY,Nio, BZY3 (ZrY-rich tie-triangle)

BZYO0 (Zr-rich tetrahedron) |

BZY(ss)
at 1600 °C

ZrO,

c-
t-Zr0, Zr-doped Y,0, YO,;

(c) _wio (d) nio

- Liquid Liquid
BaY,NiO,
BZY7-12 BZY12
Ba-rich tie-triangles Ba-rich tetrahedron
BZY7-12 / Liquid / NiO BZY12/BaY,NiO,/ Liquid / NiO
NiO NiO

(f) (9)

BZY3 BZY12 BaY,NiO,
t-ZrO, o— ¢-Zr0, Zr-doped Y,0,
Y.0,
Zr-rich tetrahedron ZrY-rich tie-triangle Y-rich tetrahedron
BZY0/t-ZrO,/ ¢-ZrO,/ NiO BZY3/ Zr-doped Y,0,/ NiO BZY12/BaY,NiO,/Y,0,/NiO

Fig. 3-6 (a) Partial phase diagram of BaO-ZrO,-Y,0;-NiO quaternary system at 1500 °C.
Molar ratio is graphed on coordinate axes. (b) Magnified figure around the BZY vertices in
(a). (c) Ba-rich tie-triangles (BZY7-12 / Liquid / NiO 3 phase equilibrium region). (d) Ba-rich
tetrahedron (BZY12 / BaY,NiOs / Liquid / NiO 4 phase equilibrium region). (e) Zr-rich
tetrahedron (BZYO0/t-ZrO, / c-ZrO, / NiO 4 phase equilibrium region). (f) ZrY-rich tie-triangle
(BZY3 / Zr-doped Y203 / NiO 3 phase equilibrium region). (g) Y-rich tetrahedron (BZY12 /

BaY:NiOs / Y203 / NiO 4 phase equilibrium region).
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Table 3-3 The compositions of each vertex in each phase equilibrium region in the phase

diagram of BaO-ZrO,-Y,03-NiO quaternary system at 1500 °C (Fig. 3-6).

Composition of each phase

Equilibrium region ~ Equilibrated phase  xps0  Xzro, Xvo,; Xnio
Y-rich tetrahedron BZY 50.0 429 59 1.3
BaY:2NiOs 25.0 0.0 50.0 25.0
Y20s3 0.0 0.0 100.0 0.0
NiO 0.0 0.0 0.0 100.0
Ba-rich tetrahedron =~ BZY 50.0 41.6 6.8 1.6
BaY2NiOs 25.0 0.0 50.0 25.0
Liquid phase 56.8 0.0 8.4 34.8
NiO 0.0 0.0 0.0 100.0
Zr-rich tetrahedron BZY 49.3 49.0 0.0 1.7
Cubic ZrO» 0.8 94.0 3.2 2.0
Tetragonal ZrO, 0.7 87.2 9.6 2.5
NiO 0.0 0.0 0.0 100.0
ZrY-rich tie-triangle BZY 49.0 48.1 1.3 1.7
Zr-doped Y203 2.0 22.6 73.7 1.6
NiO 0.0 0.0 0.0 100.0
Ba-rich tie-triangles BZY 49.7 45.3 34 1.6
49.7 427 5.8 1.8
Liquid phase 56.8 0.0 8.4 34.8
NiO 0.0 0.0 0.0 100.0
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LI EOFE#RIFR L D . 1500 °C 128V T BZY-NIiO & HEEfE T 2 BRICERK L 9 5
RIFEFE OHERI AN FTRE Td> 5, BZY DAHAK & A B EIFEFE D BIfR % Fig. 3-7 12~ T, BZY-
NiO HBEAERFIC AR L 2 2 RIFERE L BZY fpk, BRI Y R—7"FR I LU Ba @
W/ RERREIC KR & <KFT D, 3314 THRRZZE DI, Y F—=7TFEN 12% %
HZ % X957 BZY & NiO Z ik L 7235813, Fig. 3-7 OO HEK TR L5
(2 BaYoNiOs 23ElIfH & L TART 5, £72. Ba 23iEFI7Z2 BZY & NiO & HbEfs L7-%
A& Fig. 3-7 H OB O TR L 9O ICRIFE & UL TRIOAERN TS, — 5T
Ba DK L72 BZY O IZHE AOFEIKR T/RT X 9120 AT 5 AR H 5,
L7223 T, BZY-NIO AR M3 pGA7 L 9 5 BZY DA% Fig. 3-7 F OFEHROE
TR ES, Y R—=71812% LLFH2 Ba lXiFIT2<, 1% LFTOXELRTH
LD EDARIGENSHL N IroT, 2O X D72 BZY DALY, NiO & D3

Tt NI BIAH D AERL S DR T X 5 & F R D,
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110 ——
—_ When Bais excess in BZY,
§ [ liquid phase is formed.
2 105 [[2-phase equilibrium of
£ | BZY and NiO is achievable.
S - \ O O
m I Y-rich tetrahedron
£ 100 AT T Y 8
> | femahedron |§reYt::::gle‘
-';— When Y contentin BZY exceeds
N g5l 12 %, BaY,NiO, is formed.
g - When Ba is deficientin BZY,
[ | Y,0, is formed. |
900 2 4 6 8 10 12 14

Y/ (Zr+Y)in BZY (mol%)
Fig. 3-7 BZY compositions in each equilibrium and the map of secondary phases expected to
form when BZY is contacted with NiO. Labels explain which secondary phase forms when a
certain composition of BZY contacts with NiO. The red shaded area shows the range of the

compositions of BZY that avoid the formation of secondary phases during co-sintering with

NiO.

3.3.2 1500 °C 28T 5 10,20 mol% Y-doped BaZrOs3 & NiO D )iHE

AHFFE CTHE L2# 0 RRE L vV . 1500 °C (23T 20 % Y-doped BaZrO;
(BaZrosY02035, BZY20) (X NiO & Vi L 72— 5 T, 10 mol% Y-doped BaZrO;
(BaZr5Y0.10s.5, BZY10) (X NiO & “AB 95 LR I D, O TROZ Y4
DO 5 1212, BZY10-60 wt% NiO 35 & UV BZY20-60 wt% NiO JRARE 2 ERLL |
ZHEH BZY10NIO, BZY20NIO &4 L7z, BZY & NiO DX, —fii 72 PCFC
TR SN EEKEBOME AR L2 DTH D,

1500 °C EVLERT% D BZY 10NiO 30EHS & OYBZY20NIO 5UEF O} oK XRD /3% — %

Fig. 3-8 {277, MiaEHII T BZY MHE LU NIO tHIZHR T 2 v — 27 235 5
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AL, BZY & NiO OILTEN D B A7, BZY10NIO Tl BaY,NiOs < Y205 &\
S o RFIC B3 2 BT B — 7 13fER S ey 7o, —J7 T, BZY20NIO #RkHZH
W, 2 0=32.5° {32 BaYoNiOs FHICHIRT 2 B — 7 SRR S u7z, @ 21T 1500
°C {23V T BZY20 X NiO & HH 5T & ¥, Fig.3-7 TOHELE & —ET D /RS
biviz,

Fig.3-9 (2 WDS JtHE oA ok Rz ~7 . Fig.3-9 (a) {2779 BZY10NIO &k DIt
FH3A TIL BZY #H & NiO MBI KIS D “HFHAOFEIRD HAMFEAET H DITKF L, Fig.
3-9(b) (27T BZY20NIO 3B} ClL Ba, Y. Ni &3 A7TZH = Ok (K, il CH
ATEREIR) AAELE L. B3R XRD 784 — > &[RRI BaYNiOs AR2NAERE L7z & HEZR &
Nz, WDS sUHTHESIZ X 0 554072 1500 °C BVLERT: D450 0 BZY FHOHE
Jif % Table 3-4 {2777, BaY2NiOs 23EIFH & L CTARL L 72 BZY20NIO #UEHZ T,
BZY #HDO Y F—7#(X 12 mol% TH YV, 33.1.4 TOHLEL —HT RN G LN
72o ZAUZ. BZY20NIO 5UEC BZY/BaYaNiOs/NiO —FH P3G B L7z 2 & & E ik
L. UToRX (3-1) TRTRIGSEICHEV Y, BaYaNiOs DAERKIZ &> T BZY20 726 Y
R—=7NMETF LI Z L Z2RET 5,

@®: BaZrO, (PDF#00-006-0399) 4: NiO (PDF#00-047-1049)

:BaY,NiO; (PDF# 00-041-0463) (b)
h BZY10NiO
—— * ——
3 ¢ . :
o JL ¢ | = BZY10NiO
> b A . f\ /‘\_ =
‘» . ) ‘©»
c BZY20NiO | <€ ,
2 o BZY20NiO
E i =
- Jeree I N W A s
20 30 40 50 60 28 29 30 31 32 33
20/ degree 20/ degree

Fig. 3-8 Powder XRD patterns of the BZY10NiO and BZY20NiO samples after heat-treated
at 1500 °C and quenched to room temperature.
(a) Wide range view (20° <2 < 65°) (b) Narrow range view (28° <2 #<33°)
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BaZrg goYo.2003_s + @NiO — BBa;_,ZroggYo.12Ni, O3_g + yBaY,NiOg (3-1)

Fig. 3-10 (Z1% BZY10NiO #UEHI I 1T 5 H 72 2 BIZ2HEF T WDS St R &
T, W ONALE L Fig. 3-10 (a) (2o~ L7z, BZY10NIO s UBI Ot Y A 1T 7 1 —
T8% 100 um & L7 EOATIC L o TR L. # OfEIX Y/(Zr+Y) ~ 9.5 mol% T -
72, —J5. Table3-4 IZ/”9 &L 912 BZYIONIO ik D BZY #HO Y R—7"2[L 9.2+
0.6% THY, BEOFHYIRELD bOITMNT/AIV, ZOEIY 25 ATZEIMH
DR D A HEME & RWE$ %, Fig. 3-10 12 BZY10NIO X BHETE © WDS A b 5%
7~ , Fig. 3-10 (b) (2R T X 912, WDS s HTfE R13 Ba @I fEK (BaO > 50 mol%)
T Y REFRICOMAT 5 2 LM S T-, — T, Fig.3-10(c) £V, PR
THEFR S VTS RAH OREEIFE T 5 BaNiO, ~D o ldfER S vz oz, T,
BZY10NiO #EHZI W THIMH & LT BaO-Y205-NiO SRIEFHIFARR L TWRNT & &
RIET %, BEHO 1600 °C I2351F 5 Ba0-Zr0,-Y20; i = Jo-RIRAER] 22 &k 2 5
&, Fig. 3-10 (b) TH:H A7 Ba BRI~ D 7377 1% BaO-Zr0,-Y203 RITEH £ 5K
FAAY BZY10NiO #REHZIB W TAR L, ZD7®IZ BZY O Y JRE AL D
LOTNMET L LIS,

Pk, mBAEFEEMNE T T A~ N oHE (Inductively Coupled Plasma Atomic
Emission Spectroscopy, ICP-AES) 2 & > Tl S 4172 BZY 10NiO #UEH D) Y R
1L Y/N(Zr+Y) ~ 103+ 0.1 mol% ToH o7z, AL, WDSIZ X - TRkl Sz Y e

X 1 mol% FREE/NSWVA[REVE A2/ RIBT 5,
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BZY10NiO|

e ee—— L a—

' (a) BSE image

BZY20NiO|

" () BSE image |

Fig. 3-9 (a) BSE image of the cross-section of the BZY 10NiO samples, and distribution of (b)
Ba, (¢) Zr, (d) Y, and (e) Ni. (f) BSE image of the cross-section of the BZY20NiO samples,
and distribution of (g) Ba, (h) Zr, (i) Y, and (j) Ni by EPMA-WDS elemental mapping analysis.
The region bounded by dot-line in (f)-(j) corresponds to the BaY>NiOs secondary phase. Both
samples were heat-treated at 1500 °C for 10 hours and quenched to room temperature in the

ambient atmosphere to freeze the phases.

Table 3-4 The composition of the BZY phase in the BZY 10NiO and BZY20NiO samples.

Sample name Y/(Zr+Y) (mol%) Ba/(Zr+Y) (mol%)

BZYIONiIO  9.2+0.6 96.8 £ 1.8

BZY20NiO 123+0.6 96.3+4.7

218



53 #1500 °C 12381F % Ba0-Zr0,-Y-05-NiO U 5t 5% O FH -1

(b) BaO

A, N NHX30
"/ \ Average composition’ \

\_/\ / analyzed by WDS ’

NN AR H—H—K—X10
I WANVAVAVAVAVAVAVAVAY
ZrO, 0 10 20 30 40 50 60 70 80 90 100 YO,
YO,/ mol%

(c) NiO

100
0

Average composition
analyzed by WDS

,\10

VAR VAR VS VAR VAL VA VS VA VR VA W

ZrO, 0 10 20 30 40 50 60 70 80 90 100 BaO
BaO / mol%

Fig. 3-10 (a) Positions for EPMA-WDS point analysis and the results plotted on (b) BaO-

Zr0»-YOi 5 ternary system and (c¢) NiO-ZrO,-BaO ternary system. The sample was heat-

treated at 1500 °C quenched to room temperature in the ambient atmosphere to freeze the

phases. The average composition was analyzed with 100 um probe diameter at some region in

the BZY 10NiO sample.
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3.4 B
34.1 BZY10-NiO ZH M % £33 % B 2 DR ad

Fig. 3-6 £ ¥ 1500 °C (25 T BZY10-NiO AR VM O s Sr o HEE S =28, 3.3.2
TR~ X 512 BZY10 & NiO OiRAEFE (BZY10NIO kL) (23T BaO-ZrO,-
Y,05 RICE N DN DT CTER LTz, 512, BULEE O BZY10NIO &k
® BZY #H Tl Table 3-4 (278 KL 912 Ba 2 E ML (Ba/(Zr+Y) = 100 %) LV &K
HL7-f (96.8+1.8) Tdh o7, Hanetal. 1d Ni DFEEL7= BZY O AL -HIZE
WT, 3 (3-2) 128D RIBRSIC X - T Ni B FA NI RN EZ LR L, 2D
FHO Ba B F A OR\EMN G E 2 SHRFUCRT T2 2 & Z2#dE Lo ¥, bt~
Ba {@#T 13/RPTHI 7 Ba RIKLAE 2 A7 H L | BaO-ZrO,-Y20; RIKFHD AL DIFIA & 5
AREMED N B B

4 NiO + 6.84 Ba}, + 0.84 05 + 0, — 4 Ni;™ + 6.84 Vi, + 0.84 V5 + 6.84 Ba0  (3-2)

HTRBROFE R D BZY10 ORIN~D Ni OEIRIRZ 1 mol% ERET S L. 1.71
mol% Ba O/KHH L7z BZY10 Z i[9 2% Z & T, NiO & OIFERERFICIRAR 2 & T\
72D EIEDER A ERET D Z ENARETZ E B A D,

ZDOXEHIZBa DXE LT BZY10 OEMAIC LY BIFHDOAERR D720y NiO & O e lE#E
D AFEMED R S 7208, — 5 T, AN ER L7222 12X > T BZY10 O #EREE
PEMUE SR WRTENAE T 5, 1600 °C IZBWTH BZY10 1L+ bEfs S g,
T INRL &AL RBLDIRIE L 7o S A B — Z VR A 9 21030, BZY IR FHEHT AR N
FUZHARTRE W= OIZ, BB DB A T — 2 U2 Ff - 72 BZY10 D5
FEIx, TSk Lz —#fk 2 FF> BZY20 OIEED 1/10 FREE & D T/h &
W, L7235 T, PCFC OEMEMELE LT BZY10 i H3 5 Z L ITMERREOEK I
B0, ERomrbENTHD EIEE R0,
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342 NiO & 3tBEkS Uiz BZY20 BFE DL & B2 v MERITFEORE

AHFFE & HBEAEIRE 12V C BZY20 & NiO BSEJJZMICIAFE L 2 a0 2 &R
B OMNETeodz, Zhud, JATAFZEICE VT BZY20 B & NiO KFEMRS R % 3
Feft LIERL L 72 PCFC OBXULFERER R 2 BT 5 9 A THERHER TH L, T
bbb, A (3-1) TR Lk 91T, HBERER OEMEITRIFEOAERKIZ KX - T BZY20
DRLENGENT D ENPHREINDNLTH D, EBRIZ, Haneral 1TEE#RO HbE
fEEZ B L7z BZY20 EMREE/NIO KFEM SR L OEME DOIFERN . Ak
BZY20 DAREE L R TI10FETH D Z & 2R L TV D 12 [ZBEROK T DR
KX, AEFFETHO L2572 BZY O Y F—7ROK T2, BZY FH~® Ni
DEIRICE DB LEZ NS, LIZ-> T, BEHho BZY BME % V72 Nio K
SRR L OB YERR L, Ni OIEHIS & 0 959k U7 SR E O PERE &2 fek L 72
HOREEHREIND, W, Y F—7 RO TR Ni L D22y BZY20 HifE
DMEH T & X PCFC OEReIXm B9 2 2 EnIfF s D, LV EMERETIERD
SOFC LY b Zffi7e PCFC % 8L T 5121, BZY20 EME & NiO KFEME H -

PCFC % JLBERSELISN TR 2 FIEOBENEE TH D,

3.5 /NE
ARFETIL, BZY BE & NiO KFEMROILHERERFIZEIE O ARL L 72 Sk O fig

ZHRE LT, 1500 °C 1281 % BaO-Zr0,-Y205-NiO #E U TR H5 1T D A S2bk %
1To7c, ZDOFEH., BZY/BaY,NiOs/Y20:/NiO, BZY/BaY:NiOs/liquid phase/NiO,
BZY /tetragonal-ZrO»/cubic-ZrO»/NiO @ —=FEFA D VUAH -5 & BZY/liquid phase/NiO 35 &
OV BZY/Zr-doped Y203/NiO @ —FEFED =M OFIERH B Lo T, Z ORER
25, 1500 °C (281 % BaO-Zr0,-Y,05-NiO VU 5T 58 D HEB /IR REX] & VERK L 72,
NiO & 345945 BZY DI KDY R—7RIT Y/(Zr+Y)~12mol% TH V., kb 7o
k ARE RO TZ 20 % Y-doped BaZrOs; (BZY20) 13563 D kb Tk Nio & #4

TNHFHNTIAFE L 272N 2 LR ST,
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BZY & NiO OM:ERERFIZ AR 2 BIFERIIEH 9% BZY Oflak., 772 bY R
— 7B L O Ba it - KERITIKGFET D, BIFHOERZL < NIO L3FEL 9 5 BZY
OAEFUXY F—=7F0 12mol% £V &/hE< | Ba@R D720 1% AKiitid> Ba X
BRTHD Z ENHEREINT-, FEBIZ, 10 mol% Y-doped BaZrO; (BZY10) & NiO @
IRAFEHZIB W T, 1500 °C BVLEEH T4 BZY & NiO & T A O B OLEIED R
Sz, —J5. BZY20 & NiO OIREFETIX 1500 °C TOEKLE |2 BaY,NiOs 23
RIFHE LCAERT D Z L3R INTz, ZORERNG, BEfFO BZY20 ERE &
NiO /K FEMBSFRFAR 2 HopEfs L CIERI S L7z PCFC 124\ T, Ni JEBIC & o CREME
DPEREN AL L TV L AIREME B S D, BIFH DA AL D RHEEC 1T BZY 10 OfEH]
DR TH H—J7, BZY20 IZH~T BZY10 OREREMER X OMRER IS W &
MHERMEIZEBNTAHM LITE ARV, WU, L0 &PEREN > Afi 72 PCFC D3
BUZIE BZY20 FEMEL & NiO /K% AV /= PCFC % HLBEfETELIAN CIERLS 5 Fik
DPAFENAAI R T 5,
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FAE 1600 °C 12T 5 BaO-ZrO:-Y :0: e = o R BRI O HHAE

41 k&S
411 1600 °C (28T 5 Y-doped BaZrOs DHHE R &I

B 1 ECTHRZL DI, MM AN A MR CTH D Y-doped BaZrO;
(BaZri.Y O35, BZY) 1% 400-700 °C DINREFHSK F T e h AZEEZHBBL L, 71 b
MEEE T Iy 7 APREVER (PCFC) O®EMEMENE L THIFFSLD Y5 BZY OFL
FARPUTRINEPTO 10 FRRERE W LD BZY OENT- 7 1 b ARENE 215 H
T HT2OITIE 1 pm L EORIR TH— 72O 2SN B F Ly 367, JeATRFZEIC B8V T
BZY OMHMIAERRDOTEAIT Y F—7RIULKFT D2 EARBEN TR Y . ZiUdfAAM
FiIZ 31T D BZY OARRBIZH R T 2 FIREMED & 5 34,

L, Y R—=7FN Y/(Zr+Y)=10-20 mol % (ZF\\ T BZY NEAHTLENE H
PNTOWT, AT EM CTEADHERH D, ZNE TIZ DD V—T7708, —
A 22 BEREIRE T 5 1600 °C (Z31F 5 BaO-ZrO>-Y,0s it — e RIRHER A2 s L T
W5 89 Z % Fig. 4-1 2779, Fig.4-1(a) (239 X 512, Imashukuetal. 13 BaZrOs
(ss) &9 % BZY BTN A, BIOSI G 20 7 2 5 A SRR 2 Rk 2 )
L BZY424 (ss) L4 L7=, —J5CFig. 4-1(b) (2779 KL 912, Oyamaeral. % BZ(I)
& BZ() O DI HE L7z BZY BEAARTER A S LT\ D, 72 & 203, PR
20 mol% Y-doped BaZrOs; (BaZros0Y 0200290, BZY20) Dk %5 2% & Fig. 4-1(a) O
IRFEX TIX BZY OHEAHTH Y | Fig. 4-1 (b) OIRRE TITAAR D E2 2 D BZY
MM IAFT 5, Imashuku er al. 13 1500 °C LL FOIEE T 15 mol% Y-doped BaZrO;
(BaZrossY0.150285, BZY15) 73 ZHFHIZ/3HE L TV 2 rIREMEZFRHE L TV 2 DTN &,
Table 4-1 127”9 & 912 BZY OFPREEDOHRE 1T L <FAEL, 1ZEF—DOREIZIB
TH BZY Oftdb & LA T G R b D 0820, BZY OFR KRB 72 830
TERTEIC BT 2 R e RN Bk 2 AR b 5, E 7z, BZY LML 5

% Ba3Y409 X° BZY424, “minor phase” DfHA%IE BaO-Zr0,-Y,0; & =t RITIA < 5347

[T

LTHEY, —HIXEEHE LTS, LN T, BZY HAEOMRERZ MG T 5 -9
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(ZIE X ARET S & — AN A THRFLRR AT IS & > T BaO-ZrOx- Y205 #iE =0 R DAk %
IR IR DO F A BILR 2 B 2N T D BN H D, LI LR B, BT D % <X
BZY DIEEIZE R LTERY , £ ORI X BT/ Z — 2 DB THER ST
LT EMB, BEEICROFMRERIITE L TV LORERTH 5,

KR D F 72 2 “FR¥HD BZY HHOILAFIR, BERSIF D BZY ORLAR % [HE 2 "hE
PN D, Han et al. 13, HHAAFLEL T 10 mol% Y-doped BaZrO; (BaZros0Y0.1002.95,
BZY20) ®#EFZ 1600 °C T 100 R LL BBERE L 725810, YIRE S RIRO R 5 =
O BZY FHHOMAFZHE LT D 2, £/, AL T BZY15 O#EE 1600
°C T 24 BFRIBERE L7288, ~1 pm RO HLKKIZ LT ~100 nm K DB INKLD
TRYREDITHEDENRKENI & BHERINTVD 3, ZbORERIE, ZDl25
Bt L7z BZY [EFIRTEEDY BZY B CRUINKL & HIRRLDTRAE L 7oA & — & Uil
T HIRKTHL Z L 2R L TWD, L7eh > T, BZY #BtOMEHk DT
i A T = A e S 5 72012 BZY O BARRL OB P2 A LB & 5 2 D,

1600 °C (21T %5 BZY OHAHGE A RET 72012, AHFZETIX BaO-ZrO,-Y,0s
fit = I RAIRREIX OFR 4y ) 22 PR AL & 5205 L 7=, N2 "C., 1800 °C THERS L7z BZY10 H
FRUEHZAERL L, 1300-1600 °C TF =—/L§"% Z & T BZY [EE AL OBk O 17
TEFTREME 2 fam L 720
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4 1600 °C IZ31T 5 BaO-Zr0»-Y,0s #E = o RN EEX O i A

(a) Imashuku et al. (2010). (b) Oyama et al. (2011).
BaO BaO
0
10 X100

BaZzrO, (ss) 20 90 BZY424

@)
N 2 A7
90 90
100 10 100 Y/ = SN
zZro, 0 YO, 20, Yt 0YO,,
0/10 20/30 40 50 60 70 80 90100 0/ 10 20/30 40 50 60 70 80 90100
0, 0,
z10,(t) 2r0,(c) YOus/Mmol% Y,0, (c) 210, () zr0,(c) YOus/mol% Y,0, (c)

Fig. 4-1 The phase diagram of the BaO-ZrO,-Y,Os3 system at 1600 °C reported by (a)

Imashuku et al.® and (b) Oyama et al.®
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4 % 1600 °C IZ351) 5 BaO-Zr0x-Y05 5 = 7 RIRIE o 7 P A

4.2 EBRFE
421  BIBMEBROIER

BaO-Zr0,-Y,0s # =707 DO RN R OVERUZIZ B SOSIE & U < (T AHRR RS i
BEAEN L7z ™, Fig. 4-2 \CBOERTFIEZ R, £72, 3B B ACC/ER
F15% Table 4-2 3 LU Table 4-3 12779, BZY. BasYsOo, 3 X NIND =Jt/bEW
ORI RATR 2 FHA T 5 72 D12, ARAFIE TIE Fig. 4-3 13T X 9 1IZaE o B AZ/ LR &
IR A S ¥, B OFEMARFRFIRAZRE LV EHT 5,

4211 BRI & 2 RiERERROER

[EAESOGTE Tl IR RS Y w7 A (BaCOs) (99.9 %, FOtAiEEpRA ),
b La =19 L (Zr0y) (97.031 %, Y —kkA&th), b1 v F U 74 (Y205)
(99.9 %, 5L F TS & Uiz, RO OIRERNOBLY L a =7 AZiE
2 wt% O HfO BNEEN T, HF L Zr SALERMEE DI 20 Zr L RIERICIES
9 LRE L, KFEBRTIE 210, & HIO, OB NN E Y 2 AR F2E i 72 &
BT LT &R LT, BRLo HFEJRE % Table 4-2 35 JLOF Table 4-3 12~ d H AR &
25 LI ENENEFRE (HEREFTR AUX220) TV Bt 7z, ZORAGHMR
ZESSmm . 10 mm O YSZ A—/ FAESth=vh h—M YTZ® F—1) L&
H12 100 mL AR Y E=AVEGRICAIL, 2-7'mx ) — L ZIZ THR—/V I V% 24 I
1To72e A=V I UZIFIAR =V INVEE (7T AU SR AV-1) 2 W=, £+
D%, ATV ADEDLNEHNT YSZ A—ZFREL, 2-7' v/ ") — L ERE
WREF AT Z 2B L Thb, u—F Y —T R L—4 (R LSk A
#1:58 N-2NWB) % T 70 °C TRUTEHIET H 2 LT 2-7aN ) — v EfRELE,
SHIZ, BRFUITHERET D 2-7a X)) — LV EARIE LD, HBonlzilEnRs
HIZABDOE =D —IZB L. Ky NAZ T — (T AU RS DP-1S) # T
130°C THESE72, HBONHEMREZER 1I9mm OX A 22N T=a2—
T A (EX == X7 ARASAHESL NT-100H) T 9.8 MPa DE % 2T,
Ny MRIC—HRT Lz, 20%, 30y FaRELEZ T VI AT PICEE, EX
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4 #1600 °C (281 5 BaO-Zr0,-Y,0s 5 =t R IR BEX O H A

W% IO CREZFAS T, 1000 °C C 10 R fRFFT 2 2 & TIBEZ 1T 72, F-RER
WHEEE 250 °C/h IZRRGE L7 P IR I L7c# BB 2 v a =T gk Thifk L.
FHE 2-7 8% ) — &N 2T 24 B O R — /L VB XL ORI ZFTV, 9.8 MPa DJE
TR L, 2%, KRFHS T T 1300 °C T 10 RERRFFS 2 2 & T
HORBEZIT o7z, =iRA 5 1000 °C F TiE 250 °C/h, 1000 °C LA Ei% 200 °C/h @
FR - BRIREEE ICRRE LTz, SO OB, N Ly FalEHE UL o =7 gk T
L, 0%, 22703 — &Mz, B 24 RO R —/L IV KO A 1T
o7z, HIEMEK T BaO OFIE /NI WEREHZI DWW TIX, T OFR—/V IV OERTNZEE
FEEhA & U CE-LER (IT) (CuO) (99.3 %, T H 74 7 A7 XE4h) & 02 wt% iR
L7- 225

4212 FHERBRBREREIREIC K 2 AT AR O rERL

=B TH D BZYA24 HPFEET 200 E I D EH LT 5720, JefThE
JET BZY424 FHAHERD S VAR OERTFNAIC 22 0 FHBRME SRS HLEHEIC L - T
REPRZ R U728, AFIETIE, BERA T L— Ave QWTERD D T4
DR % & T KRR A IR E R LI E T 5, £ 0%, B LMz iR s ¥ 5
Z LT, BEMRSE & U CRAMED BV R A ERT 5 Z L BN ARETH 5, =
OWIRIT—MANTE) =MD & < BORHEREAN K & W T &5 b AR T I
THZENHIRIEND,

ARIFIETITHZE R 2 Ba(NOs)2 (99.9 %, FOECHESRE T3S, iRy L ==L
TOKFR (97.0 Y%, FROGHIEE TR AL), fEIRA > B U T L n KFI (99.9 %, F1
AR T 2RS4 & Lz, fHEE Y L o =0 Kt ~2 wt% @ HfO, 23 & £
TS Z ERYMREOMENGH/ELILTND 2, FATHIE L AR, AMFZETH
HIO, IZETH Y . HHEERIRICEEZ G2 b D & Brlp LTz, Bl &30
K BFEREICRD X OITHEL, ERENMA 4 2 KIS & TR« 1F
U7, VRS L - WRRHLK IR O h F A4 IR IR B A A 7 T X~ FOes s bk
B (CATATA «F /777 7 av—HFSH SPS3520UV) #f/H L., &ET
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5% 4 7 1600 °C IZ31F 5 BaO-ZrO»-Y20s it — o R IR AE X D F i A&

LS 7T X< R (ICP-AES) 1EIC X > THIE L=, TD%., K0 F 4 R
DR ERD X AAT Y =2 VWTIRAE L, ST F U REORN
0.08 mol/L FRIEIZ72 D K 5 ITHiA A K THIRT 5 2 & TIRA MBS H D Eg i
KIBEEER LTz, CREE— D —ICB L, AX—F—Z2 VT LR L%, &
BEHEA T L — ) AV A7 I (Sono-Tek 06-05108) & XU 2 & —7 7 (Iwaki Glass
il PST-103) % MW TIRAHIBE KA 2 IR 2R TICEE U, BRI ISR <72,
ZOH% ELNTHRREZTH L TBW T 7o o b L—IZ A, E2EHRER
fi R Lk X4 FDU-2100) % AT 25Pa UL T OEZEFRPHAL T Tt
ST, ELZEHRE R OBUBHELEE 1. FURHYARNIZ 78 LA A 72BN A IV CHRIE
U7z, BB ENERT OIREE D -40 °C I CT—EIZ72 > TV AL 40 °C 12
FLZER A DIRE 2 3 E L, BVEXF OIREN -40°C FHED D EH-9 2 L EIREDR
BEOREL V@RV TERVIDICHRLAICHIES Y, —HIEENT TRKR
12 25°C £THIRL, TDth, BEZEGEHEN HEY L 723U AR % 8

B AN, ERIFZ VT 500 °C (28T 100 Pa LU ORERFAS T
T 10 FEHI OBVLER A 1TV, RHEE AL & BV bR LTz,

422 BEELE (CEHEER)

42.1.1 BE O 4212 TERSHATEREMREZ R LTIV a =7 kB L
FNENOMAREEO LD — L7325 L 91234 ¥ —§k (DIC #HA&11H8 NCB-
166) &Nz T 20 pRA LIz, 2Dk, AT L AROSD W (HEE 150 pum) (2

D ETERL A T o7, B IImm DX A AEMHA L, EhiKZ 392 MPa O
JEAFT10 3L, ERFFT 2 2 & TR Ly MRIC -8l 21T 72, Zhba7T L
LT YICRERE, KRKEBE FIZT 600 °C T 10 FFfRFFT 5 2 &L T v &4 —
WA bRE Uiz, AR - BERIEBFRZE S 5 1 200-300 °C / h IZFE L7z, 7243, Table
4-3 |29 BZY10-1800 #EH D2 B 22mm DX A A&AEH L, —#pkFEREDET)
% 200 MPa & L7z,

AR TIL, A —7 2 BEX (opensintering) & Hl&HHEX (embedded sintering) >
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4 1600 °C IZ31T 5 BaO-Zr0»-Y,0s #E = o RN EEX O i A

FEHD FIEIC X > C BaO I & D 72 HBRBE COBLEL & Efi U 7=, A —7 VB & Tl
BZY10-1800 s UEt D7 YSZ <L M, £ALSORETIE MgO R— ML v |k
B SR THER 24T o 7o, HROBEE T, XLy Mk & [F—#Ek D 1300 °C Ak
B ARIZHLD THERE 21T > 72,

BZY10-1800 skt 2R & | ~ L v FalBHE EREDOFiEE AW TRAGRHAK ik
T 1600 °C T 24 FFRILL EORFF T2 2 & THERE 21TV, HIRIZEWm T2 2 & THRE
TOMIRIEZ B L7, BEXRFORED =12, BZY10-1800 il A K& FRHR T
T 1800 °C THERE AT oD B, N TR SN, Fbhlc~L v FlEHZ DWW
T, BERE D BaO oy OHUGRCH DR B 2 PEbR T 2 7 O IR m O EE 21T > 72,
Z D%, KNI TN, KA TRIE LT,

4.2.3  1300-1600 °C |Z38F 5 7 =— VLB

1800 °C TOREREIZ L 1 HLaRAYY)— 72K D BZY 10 Z157=D 5 BZY10-1800 7k
1321 O BaO HORFEE A UIFR L, #2 2 K& SI2HHlI Lz, £, 1300°C THAKL
L7z BZY10 By RITHE A 2 B oD | RAUFRPAS T2V T 1300-1600 °C T 100 FREfEPRET
THIETT == VETV, RiRICAHT 5 2 & TYIRE TOMREA A Lz, 7
==V OREHIRE A FEME L, o 7 AVEIC AN TRERH CRAFE LT,

424 FAEPOHERE, HBBIE,. MRS

BULER% OFEO VAT 4.2.1.2 & [AERIZ ICP-AES 5% HIVWCHIE L7, =i
BRBONLy MBI Z UV a =T ISR TSI E . BOITi T O— A Mk L
THEOLNIZMERZREIH Uiz, £5E O EF AL % Table 4-2, Table 4-3 33 L OF Fig.
4-3 |27,

AR O ORIEIZIE X BRIETEE (X-ray diffraction, XRD) (2 CTiT- 72, X HRIEIHT
HE18 |21 Panalytical ¢ X pert PRO (X #Ji: CuKa) 35 &Y X’pert PRO Alpha-1 (X ##
Ji: CuKau) % W7o, ICP-AES JIE & [FIERIC, & Do EIRBMBE DO~ L > Ml
VN a=T R THEE BN O—# 2 L CHIEICHE L7z, midEE
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4 1600 °C (281 5 BaO-Zr0,-Y-0s #t — T R IR EEX O F 4

IZBWCEEBIE 45kV, BEF 40mA ORT L Lz, H517- XRD /¥ — %)
LTCICDDPDF 71— REWL LAEDE D Z & TAEBORIEZIT 72,

FRRLEC AT K OO HR A odr Tk, B % o~ L v Mtz Vv a =7 38k
TR U A4S DI A 2 F T, ABRA T IR A 2 BHIE B U 7= D B Ik 4 iF
PE U To 3Bk 2 W e, B ICIFAAR R M T ZARASHB R T 1 v 7 ZRE % | ©F
BRI 1IN A St S v v ST s v b — R R AW, KRR —R L a—
HAEE (A AU T 3 — AR EHHL CADE-E) i L Th—R U 22K5 L B
M OEENEZHE L, 20287 a—7~A 2707+ (Electron Probe
MicroAnalyzer, EPMA) % AV CHEARBIZE. MR 2T 21T - 72, EPMA (213 JEOL #¢
JXA-8530F 24 L, AR HTIZIZ R /3 B HOE X #2047 (Wavelength Dispersive

X-ray Spectrometry, WDS) % 7=,

----- { Solid state reaction (SSR}*! ] l Nitrate freeze-drying (NFD)*2 }
[BaCO,| [ zr0, | [ Y.0, | i [Ba(NO,), ag. I ZrO(NO,), ag. || YI(N03), aq. |
L I |
+ +
| Ball-milling | i | Freeze-drying |
l Pressing i
[ Calcination (1000 °C)| | Calcination (500 °C) |
| Ball-milling | !
[ Pressing — | Mixed oxide powder |
[Calcination (1300 °C)] | Pressing
Sintering*?
02 wt% CuO , (1600-1800 °C)
| Ball-milling —r— |
XRD, ICP,
Dense pellet ! ‘
‘ lp - }_> EPMA analysis
Cutting
Low-temperature
*1 See section 4.2.1.1 annealing**
*2 See section4.2.1.2 (1300-1600 °C)
*3 See section 4.2.2 l
*4 See section 4.2.3
| Annealed piece }—>XRD’ ICP,

EPMA analysis

Fig. 4-2 The flowchart for the sample preparation in this work.
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%4 7 1600 °C IZ81T 5 BaO-ZrO»-Y20s #it — o R IR AR D P A&

100

210, ¢ 10 20 30 40 50 60 70 80 90 100 YO
YO, ,/ mol%
Fig. 4-3 Compositions of the samples after heat-treatment measured by ICP-AES. Samples
shown by gray squares () were prepared by conventional solid-state reaction (SSR), whereas
samples shown by black squares (ll) were prepared by nitrate freeze-drying method (NFD).

Details of the samples are shown in Table 4-2.

4.3 EBREE

AIFFEDOFEF D BB S 72, 1600 °C IZ351F % BaO-Zr0,-Y0s #iE =t DE ik

RE[ % Fig. 4-4 |Z- 3, BZY EAMRREIEI X 1 O 7R O ek CRIFNAIIC R L, “BaZrOs”
Efnd Uiz, BRI EHmmT 5725, 1600 °C I3\ T BZY BERIAMEEL T Y/(Zr+Y) ~ 40
mol% F THETH D —F, 1600°C K VKR TIIHHEL TWoEE2HND, Mk
T, BZY UMM O =i b B MR O FER R STz, O D1E BasYs00 T
bV AWIETIZ BasYsOg ~D Zr DEENRHI SN E 2D | Z OEERIT ZiAZrtY)
TERINDE/MREET ~47 mol% Tho7o, &5 —HHIE Fig. 4-4 FOIRVE TR

KR Y HTHD o Y *ﬁ /4 Han et al. @i&% L7z (Bao,ngo‘15)(Zro,63Y0,37)O3_5 @;ﬁﬂﬁk P FEO
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% 4 % 1600 °C I[Z351F 5 BaO-Z10,-Y20s #E — e R KB O A

“minor phase” & [fl—Cd» 5 1819, “minor phase” 1% BZY A8 & [FARICL i~ 0 7 2 4
A FRREEIZHKRT D XRD N F — U BTN Y Zet A R 2T T < Batt Ao
MY XELT D Z ERREHETH D,

B R OFEMIIRIE L VAT 5,

BaO

100
Zro, o

YO, .,/ mol%

Fig. 4-4 Partial phase diagram of the BaO-ZrO»-Y»0s system at 1600 °C proposed in this work.
Open triangles (A) show the compositions of BZY detected in this work. It is noted that the

boundary of the BZY solid solution is just a schematic representation.

43.1 Ba3Y400~D Zr DEYE
(xvors > 0.4 % BAEAHAICRK DRUEL A-E DFER)
Fig.4-1 £V | xvois>0.4 OFEIK T BZY 8 & V9 5 =sefb &I oW T, JEATiF
FEOMITERDOERN G D, £ 2T BZY & MD Y-rich 8 & OFH P BEILR 2 A3
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%4 7 1600 °C IZ81T 5 BaO-ZrO»-Y20s #it — o R IR AR D P A&

D720IT, xyors > 0.40 ZHLRIZFFOREl A-E 2 /ERLL 72,

1600 °C T DOEULERE DA GBI OF R XRD /3% — % Fig. 4-5 1, Wrifi®> WDS 41
MG A Fig. 4-6 12777, Fig. 4-5 L0 B A-E O3~ TORELT BasY400 HHIC
BT DEHTE— 7 BHER S 72, XRD /34 — 5 BasY400 F & O HAFAHEE &
AL7-F8% Table 4-4 |27 ¥, T XTORPTE—7Z7 X BasY400, Y,0; 8 L Uf Ba(OH), #H
IZHSR L, SE a7 A A MEIZHRT DET E— 7 3R S o Tz, 2
IXSEATHFE T X0 7 A A R & LT S iz BZY424 <° BZ(I) FHDMFAE
LRWNWZ &Rt 5 89,

Fig.4-5 1 0, 3k A-E N Bay Y400 fHIC KT 2 BT B — 27 OAE X, Kilklo
HHAFARIC L > THOT BT 5 2 L PR STz, 23T BasYs0 DR 1E
O EERT D, MNZ T, Table4-4 |2 WDS AAHTHRE S B 15 572 Bas Y400 AH
DOFFLALZ T2, B A-E O CTHRDZRE TN D bz, Fig.4-7 12531 k9
12, BREIOMAR XRD /¥ — bR S 417 BasY40o DA HEFREL O iR FR 1T
Ba; Y400 fH D Zr & (Zr/(Zr+Y) (mol%)) (ZIFIEFRIEITEAL LTz, L7228 5 T BasY40o

D Y Zrt N EHAT B AHEMEDV RIS S T,
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% 4 % 1600 °C I[Z351F 5 BaO-Z10,-Y20s #E — e R KB O A

v Y,0, (ICDD PDF# 00-041-1105)
» Ba,Y,0, (ICDD PDF# 00-038-1377)
+ BazrO, (ICDD PDF# 00-006-0399)

X-ray source: CuKa

Intensity (a. u.)

=
338

[(@) A (Ba:ZrY = 37:0:63) |

e

\‘(b) B (Ba:Zr.Y = 38:0:62) |

\‘(c) C (Ba:ZrY = 33:4:63)]

(Ba:ZrY = 27:8:65) |

@D

(e E

(Ba:ZrY = 37.21:43) |

| 410
|
(3114)

Bl ] e (i

ML L E

29 30 42 43 44 52 53 54 61 62 63 8485868788
2 6/ degree

Fig. 4-5 Powder XRD patterns of sample (a) A, (b) B, (c¢) C, (d) D, and (¢) E collected with
CuKoa radiation. All samples were heat-treated at 1600 °C for 24 hours and then quenched to
room temperature in the ambient atmosphere to freeze the phases. Cation ratios shown in this
figure were the compositions of the samples after heat-treatment measured by ICP-AES. Filled
symbols indicate diffraction patterns of ¥ (Y,0s3, ICDD PDF# 00-041-1105), M (BasY4O,,

ICDD PDF# 00-038-1377), and 4 (BaZrO;, ICDD PDF# 00-006-0399). It is noted that

diffraction peaks due to CuKa; and CuKa, are observed.
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4 1600 °C IZ31T 5 BaO-Zr0»-Y,0s #E = o RN EEX O i A

[ A C(Ba:zrY=33:4:63) |
1< D(Ba:ZrY=27:8:65) || .
|V E(Ba:ZriY =37:21:43) | ;[\

100 ., S O
£ I¥] i L ) Vi i i i oL 20
ZI'OZ 0 10 20 30 40 50 60 70 80 90 100 YO1-5
YO, ./ mol%

Fig. 4-6 The results of EPMA-WDS point analysis in sample C (A), D (<), and E (V) plotted
on the BaO-ZrO»,-Y»0; system. These samples were heat-treated at 1600 °C for 24 hours and
then quenched to room temperature in the ambient atmosphere to freeze the phases. Filled
symbols show the compositions of the samples after heat-treatment measured by ICP-AES. A

red region indicates Ba3;Y4Oo solid solution proposed in this work.

Table 4-4 Detected phases with Ba3;Y4O9 by powder XRD patterns and the composition of

BasY 409 phase measured by EPMA-WDS.

Detected phases in addition to  Ba;Y4Oo phase / mol% (WDS)

Sample Ba3;Y4O9 (XRD) BaO 710, YO
A Y20s3 41.0 - 59.0
B Y203, Ba(OH): 37.5 - 62.5
C Y203 38.6 2.8 58.6
D Y203 39.7 9.8 50.5
E Y203 41.6 22.6 35.8
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% 4 % 1600 °C I[Z351F 5 BaO-Z10,-Y20s #E — e R KB O A

4.00
3.90
3.80

3.70 F

3.04
3.02
3.00

2.98
1.76

1.74
1.72
1.70
1.52
1.51

d-spacing (A)

1.50
1.36

1.35F

1.34

1.33
1.15

Fig. 4-7 The relationship between the d-spacing and the Zr content in the Ba;Y4Oo phase of
samples B-E and K represented as filled symbols. Dashed lines show fitting results with linear

approximation. To validate that arrowed peaks in Fig. 4-10 belong to Ba;Y4Os or not, the peak
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432 BZY & BasY4Oo O _FEFHEEIROHERE
(xzr02/(xzr02 + xvO15) < 0.4 % BAEARRIZFFOREL F-H OFER)

Fig. 4-1 12789 X 912, ATHFZEICE VT BasY400 ~D Zr DEFIZEE ST
720, & 2T BZY & BasY40o DA BR A AT 2 72012 BUBF-H 2 /FR L 7=,

1600 °C ZLELE D& 0EO# R XRD /8% — > % Fig. 4-8 (2, WDS S0 R %
Fig. 4-9 2”9, F£72, WDS SHrE R BRI & 7= 540 (L5 % Table 4-5
(R, AEHF & GIZRW T, WDS Rt 2 & BZY, BasY4Oo. Ba-rich tHOD I
TERHEER SN — 7, R XRD /34— Tl Ba-rich fHOFEITHERR S e hvo
Too 22T, BZY FRICHCR T 2 EHT B — 7 (ER R 572012, REF & GOMT
BZY FHOMAL, FFZY R—7RIERNMFAET 5 2 L HEZE SN D, EFRIC, WDS
MOPRRN A BN BZY HOMEA RS Z &6, B F & G T
BZY/Ba;Y40¢/Ba-rich phase —FH 2353 H 7= DI TIERWE B 2 b, BasYsOs
I3 HoO X° CO, & BT F5 PR CALE T 2 7212, Ba-rich FHITEEIOZMFED L <
[TRETZPR T TOMRE R BasYaOo FHN 3R LA L7 WREMEA B 5 5, 3K H
2B\ T, ZAF iEiEZ VT WDS &m0 41T 5 72 BasY400 #HD BaO, ZrOs,
YOus 5 DB EIREDEFD 95 % BRETH-7-DIZx L, Ba-rich #HTIE ~85 %
EARVMECHE I &A1, 24U Ba-rich FRICITKFE LR FE &\ o IO TER OIF/E %2 7R
BT HfERTHD, L7zi> T, AMFFETIE Ba-rich $17° BasY40o 102> & D53 iR A ik
W& Bz Lle, 77206, REHF & GIZHBWT, 1600 °C Tl BZY-BasY40o _FHF
WRELNTEY, ZOBO BZY DO Y R—7RIIZNEH Y/(Zr+Y) ~ 32 mol%.
41 mol% &EHEZREN D, LLEX V. 32-41 mol% Y-doped BaZrOs & BasY40o A3 A
452 EBHLMNERoT,
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% 4 % 1600 °C I[Z351F 5 BaO-Z10,-Y20s #E — e R KB O A

1 BazrO, 2 BayY.0, 3 Y,0,

X-ray source: CuKo
EEE |

! [ F Bazrv=503317)

HHRE! [(b) G (Ba:Zr:Y = 48:24:29) |

2

"2 [(0)H(BaZrY =43:15:42) |
i
2

Intensity (a.u.)

{2 (d)D (BazZrY=27:865)
i 3 Lo

% 50 52 53 54 61 67 63 8485865788
2 8/degree
Fig. 4-8 Powder XRD patterns of the samples (a) F, (b) G, (c) H, and (d) D collected with
CuKa radiation. All samples were heat-treated at 1600 °C for 24 hours and then quenched to
room temperature in the ambient atmosphere to freeze the phases. Cation ratios shown in this
figure were the compositions of the samples after heat-treatment measured by ICP-AES.
Numbers indicate diffraction patterns of 1 (BaZrOs), 2 (Ba;Y40y), and 3 (Y203). It is noted
that diffraction peaks due to CuKa; and CuKoa, are observed. To identify the diffraction peaks

due to Zr-substituted BaszY 4O, the pattern of sample D is also shown in this figure.
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4 #1600 °C (2B 5 BaO-ZrO,-Y,0s # =04

(a) F (Ba:Zr:Y = 50:33:17) BaO
E Nominal composition 0
W Average composition (ICP) 100
O Point analysis (WDS) 10

0
ZrO, ¢ 10 20 30 40 50 60 70 80 90 100 YOis

YO,/ mol%
(b) G (Ba:Zr:Y = 48:24:29) BaO
€ Nominal composition 0
& Average composition (ICP) 100

<& Point analysis (WDS)

0
ZrO, ¢ 10 20 30 40 50 60 70 80 90 100 YOis
YO,/ mol%

(c) H (Ba:ZrY = 43:15:42) BaO®
A Nominal composition

A Average composition (ICP)
A Paint analysis (WDS)

< g # A

Nominal compaosition / ‘
80 —
Average composition

. . _ SN
ZrO, ¢ 10 20 30 40 50 60 70 80 90 100 YO,
YO,/ mol%

Red regions indicate Ba3Y 4Oy solid solution proposed in this work.

REEX D

Wi

A

Fig. 4-9 The results of EPMA-WDS point analysis in the samples (a) F, (b) G, and (c) H. All
samples were heat-treated at 1600 °C for 24 hours and then quenched to room temperature in
the ambient atmosphere to freeze the phases. Gray and black symbols show the nominal

compositions and the average compositions of the sample measured by ICP-AES, respectively.
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Table 4-5 The phase composition of sample F, G, H, and D measured by EPMA-WDS. Because
a mass fraction of (BaO+ZrO,+YO:s) in a Ba-rich phase calculated by ZAF correction was
~85 % while that in Ba3Y4O9 was ~95 % in sample H, the Ba-rich phase may contain the other

elements such as hydrogen or carbon.

Phase composition (mol%)
BaZrOs Baz;Y 40y Ba-rich phase

Sample BaO ZrO, YO;s BaO ZrO, YO;s BaO ZrO, YOis

F 51.1 33.0 158 460 197 343 592 298 11.0
G 521 282 197 42,6 11.6 46.1  Undetected

H Undetected 422 128 450 803 52 14.5
D - 39.7 9.8 505 -

433 BZY. Ba3Y4Oo, y DO EHTEFH
(xzro2/(xzr02 + xvO15) > 0.4 % HEEREFRIZ R OFEL I-L DFER)

FeATHFZE L 0 . Ba /K4 L7= BZY 1% “minor phase” & 4 SAL7ZBID N 7 i<
T AIA NHEHHT B B, Z 2T BZY, BaY40¢, “minor phase” [ OFH - RELR &
FHAET D72 DITEHE L 2 /ER L7,

1600 °C BVLEL#E DB D)K. XRD /X4 — > % Fig. 4-10 |2, WDS f s 5R
% Fig.4-11 |27, T 2T, Fig.4-10 DK XRD /3% — 1% CuKoy DA% FH Tl
EINTZHOTHY, BT —27 O45FRIE Cuko ICHKT 25D TIERNZ LT

BT 5, £72, WDS 50T Ko THE LN - KM O L % Table 4-6 | Z7~9, Fig.
4-10 £ v | 3B} -L T BasY40o, Y205 58 L ONLH b 7 A 7 A MEIZH KT 2 [E1r
v — 7 SR STz, Fig. 4-10 FOREITRI B E— 7 3 ERN/ NS <, £, il
FICHCRT DT e — 2 CEETHDICHRERNETH 72, 2T, Zhb%
Ba;Y4Oo FHICHI T AT — 27 L E L CHRH LzmEiEZ . 38 L 0 BasY40,
FHO Zr JBE L L HIZ Fig. 47127 vy b LIz, 75 &, TOMBIXEE A-E TES
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%4 7 1600 °C IZ81T 5 BaO-ZrO»-Y20s #it — o R IR AR D P A&

ATz BasY40o ~0 Zr [EEIZ K 5 i IR O Z AL O —F L, ARE D 22 D e
Sz,

Fig. 4-11 £V, WDS S0HFERIE “minor phase” [Z1%2 T BZY. Ba;Ys0o. Y203
FHDAAZIZS3A L TH Y, 1600 °C (23T “minor phase” 75 Z 1L 5 OFH & Wi+ 5
AREMEAVRIR STz, 2T, a & B OBEICIATIIZE T L LTREHI ST D =
EMB, ARBFFETIX “minor phase” % y fHE Mm% LIE LT,

Fig. 4-10 X V| 3B -L T Y03 DIFENHERS Siz— ¢, R Tk BZY, v
FA. BasY4Oo. Y203 DWFHNILAFEL TV D, MAENS, =0 R THRAET DHITHKT
SHETH DD, MHOHFIC MR ERBEZ bND, TIT, —KH
(2 BEAEBOSTE I e TRE R A Be B E D T L 0 W SIS ET 2 LB A b
DI, ARBFFECIEERE L CHER SN Y05 O A A FAF E L, 3k K H o
Y 0; fHZ RO & #7e LT, L7zdi-> T, BB 25 BZY/BasY4Oo/y phase —FH -
fi7, #EHL 2> 5 BasY4Ooly phase/Y20s AR EHFOIFAENIH S E 2o T,
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1 BazZrO, 2BaY,0, 3Y,0, 4yphase
X-ray source: CuKa,

o - . ‘ . — — O RARARaRE
A 1 i J i SRV TSy
‘ / a) | (Ba:Zr.Y = 46:40:14
ols ;\\4 it f\‘\:} (? ||\4 5 ﬁ,‘ [(a) I ( )|
Vi Y Vi / .“u '
,.Eﬁi./':“ N [ _/’)1 \{m\“u R 1 e .,_.._,v”"j1 M| ,MM”,I
f @fl A ‘ b) J (Ba:ZrY = 44:32:24
—_ @ (@ @ l“ @ @ /@ @ @ [ @@ )
LI AN AR H A
(d imii it i 1 i ] “_,/‘2; i ‘,,_/w’\"_"': ] ,_,,,,x‘""; N il Hrpsipisni
> 2| 2 f(‘ - , 'm , | ‘J; [(c) K (Ba:Zr:Y = 41:26:33)
‘n i 2 ' ihiiia 2
S /3\ /f \A\ ’"J \‘«- A w/mwj ﬁl‘“"”“ u"ﬁmj\\ zmm mﬁw g
2 AN 4 [y o ] H e et 1A WA
= T = 57
= |, ﬂl,‘ﬁ‘. [?:; i & li ol @ 4 [(@L(BaZrY=3427:39)]
A L; ‘\\ W it ) l PR ' / Y } 3 3
J | A - gl Mﬂ“‘"w‘ S | N i s M
SLEPF) LIt ol
R 2 2 _ _
hoa : /\\ . H 2 i: , |(e) E (Ba:Zry = 37:21:43)
A ah 2 N 2 3
3 4 v \ IESEY \f“‘\ IM ) s m 3
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2 6/degree

Fig. 4-10 Powder XRD patterns of the samples (a) I, (b) J, (¢) K, (d) L, and (e) E collected
with CuKa, radiation. All samples were heat-treated at 1600 °C for 24 or more hours and then
quenched to room temperature in the ambient atmosphere to freeze the phases. Cation ratios
were the compositions of the samples after heat-treatment measured by ICP-AES. Numbers
indicate diffraction patterns of 1 (BaZrOs), 2 (BasY4Oy), 3 (Y203), and 4 (y phase). It is noted
that the splits of diffraction peaks are not due to CuKa,. Arrows show seemingly unknown

peaks which indicate the existence of Ba3;Y4Oo (see Fig. 4-7).
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% 4 1600 °C ([Z351F 5 BaO-ZrO>-Y,0s #i =0 RIRAEX O F i A

(a) | (Ba:Zr:Y = 46:40:14) BaO (b) J (Ba:Zr:Y = 44:32:24) BaO

@ Nominal composition 0 B Nominal composition 0

® Average composition (ICP) W Average composition (ICP) 100
QO Point analysis (WDS) i O Point analysis (WDS) Lo 90

100
Zr0, 0 YO, ZrO, 0 YO,
0 10 20 30 40 50 60 70 80 980 100 ; 0 10 20 30 40 50 60 70 B8O 80 100 ’
YO,./mol% YO, ./ mol%
(c) K (Ba:Zr'Y = 41:26:33) BaO (d) L (Ba:Zr:Y = 34:27:39) BaQ
€ Nominal composition 0 A Nominal composition
¥ Average composition (ICP) 100 A Average composition (ICP)
< Point analysis (WDS) A Point analysis (WDS)
g Q
5 o
> E)
o
A B0 0 %
. Rl /A 40
minor phase iy <2
(Han et al.) e 7Y
")
% o 2N 1
100 . 100
Zro, 0 YO, Zro, - 0 YO,
0 10 20 30 40 50 60 70 80 90 100 : 0 10 20 30 40 50 60 70 80 90 100 :
YO, ./ mol% YO,/ mol%

Fig. 4-11 Results of WDS analysis in the samples (a) I, (b) J, (¢) K, and (d) L. All samples
were heat-treated at 1600 °C for more than 24 hours and then quenched to room temperature
in the ambient atmosphere to freeze the phases. Gray and black symbols show the nominal
compositions and the average compositions of the samples measured by ICP-AES,

respectively. Red regions indicate Ba3;Y 4Oy solid solution.
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Table 4-6 The phase composition of the samples I-L. measured by WDS point analysis.

Phase composition / mol%
BaZrOs v phase (minor phase) Ba3Y4Oy

Sample BaO ZrO, YO;5s BaO ZrO, YO;5 BaO ZrO, YOis

I 496 414 9.0 437 30.6 25.8  Undetected

J 50.0 389 I11.1 - 443 294 263
K 51.8 334 148 - 433 239 328
L - 449 337 214 420 27.6 304
E - - 416 226 358

434 1600 °C 23T %5 BLY EHEEEBRO2BEOR EDORE

1600 °C (28T % BZY [EEATEIRO DBt AL 5N 5720, BZY slEO
FAERCZET O Y R —7 '35 L OBVENR E ~DIRFE A RE Lc, T07eols, b
A &2 ¥R L 7= 5-20 mol% Y-doped BaZrO; (BZY5-20 + 0.2 wt% CuO) RS L
B % 7o 5t CEVILEE 21T > 72 10 mol% Y-doped BaZrO; (BZY10) skt 1ERL L 7=,

1600 °C EVLEET% D BZY5-20 + 0.2 wt% CuO FEDO )R XRD /¥ — % Fig. 4-12
(A) 12, BE& 225 CEULER L 72 BZY10 DKy K XRD /3% — > % Fig. 4-12 (B) 1%
T o, BEOTOIC, REARFEBOEE O —IREF% % Fig. 4-13 3 L Fig.
4-14 12777, Fig.4-12(A) £V, BZY10+0.2 wt% CuO i REHZ DA, T _XTOEPr e’
— 7 OEANCEN R 67, Iz T, Fig.4-12(B) N (a) BL (b) 75, BEREED
Fl 2 VRN L7220 BZY 10 3EHZ BT, 1600 °C CTOLRRFIE & 24 BERE 5 100 FERH]
IHIE LT, etk 222, 123, 330, 420 OEIPFHRNS AT OFET HHERNE LN
2o BZY OFERMEEDFRMEMET L, SN DRSS ESMICE Lz e T
UL, 85 222 OEFRIIDHET —AROH L2 HITTTH D, Lich-T, 20O
i BVIRRPE DAL F TR T & 3%, @ 212 1600 °C T BZY 10 5k % i F VL ER
L72& LTH BZY OFMIFSE OIS, ZHEON T n 7 A0 A MABRETFT S
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Z L ERY %, —J5 T, Fig.4-12 (B) (c) 127779 K 912 1800 °C T 10 FEHEVLEL L
72 BZY10 B CIISZ T 7 20 A MEOHEMER GOz, U EX Y| BZY BEiE
IR B A AFAET D O ThIUE, Z4U% 1800 °C LV HKIE T BZY10 Ok
MR DJAANLET D LB X HILD,

1600 °C T? BZY BRI O3B 2 T3 5728, 1800°C TOEYLIRIZ L v
FAAMS S 4072 BZY10 #0EHE 1600 °C T 100 B 7 =—/L L, H|EICAMT52 LT
FREDOENOF A FIAE LTz, BULEZ OREIOMAK XRD /3% — % Fig. 4-12
B) N (d) 1ZRTH, 7T=—U »Tgi%& Tl e’ — 27 OXFEICIAMERZ TR S
7o T2, Fig. 4-14 (c) (d) IR THMIEEIC b R E R 2 0ITMERE ST, 1600 °C
TOMBEEIR Z b o2EZB5, 22T, Fig.4-12(B) N (a) BLD (b)
FBEOEATIHIZE B, 1600 °C TEMLEE L 7= BZY10 BN AFET 5 ZFED N J5
N T 2AA A MEAOKFEBOAERIT, BB OBRIZONT/hE kD 2,
1600 °C TO7 =— U > 7 Tld BZY10 HAHR ML 72 hv o722 L 2B BZY10 13
1600 °C ([ZB W CTHAHNE ) FHCLE TH D L s I b,

LI EDOFE RN . ABFZETIX Fig. 4-15 (12”3 X 912, BaO-Zr0x-Y,0: # =t R I2H
W 1600 °C LY HAKIR T DI /BE L 72 BZY BEIRIRESNSFET 5 2 & 284
%, Z 2T Fig. 4-15 FOMA y. 1. p IAWIE T4 Lz BZY fHFECH 5, BiEk
BETOFEmERE 25 &, BZY10 3 EHZ 1600-1800 °C 123 T BZY(y) HAHTH
5—5T, D7 &1 1600 °C L HAKIE CTBZY(y) fHE& BZY () FHO “FAFLTFIR
REEEEZXD, LTER- T, 1600°C TOEVLIRRFIZZ (3-1) (TR TG BER & [A]
RRICEITT 2 B2 65D,

BZY(X1) + BZY(x,) — BZY(%) (4-1)

1600 °C L YV {KIE T BZY BEVRIRMEIROF S BEEDOFEZE KV ST 572912,
1800 °C TEVLEEL A 1T - 7= BZY10 BHAAFE % 1300-1500 °C T 100 BFfE] 7 =— /L &47

STz, B DA REIOM AR XRD /3% — 2 % Fig.4-12(B) H (e). (). (g) =T
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23, 1600 °C & [FIERICHMEZR ©— 7 TRAR O ZALITMERR TE o T, £D728, Fig.
4-15 ® BZY (1) tHE BZY () FHOEFITAERN 2 b D & 725, BZY10 BAH D 53 fE)
B HRroR R E LT, ZoDARENH 5, O& DlE, EBRIT 1300-1500 °C (&
BWTH BZY10 28 BZY(y) HAHTLEETH L AHENETH D, b9 —Did, BVLPLES
M d U < IS OBREN )N AR5 72720123 (3-1) DML FAE LR » 7= A ke
HTh s,
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Fig. 4-12 (A) Powder XRD patterns of (a) BZY5 + 0.2 wt% CuO, (b) BZY10 + 0.2 wt% CuO,
() BZY12.5 + 0.2 wt% CuO, (d) BZY15 + 0.2 wt% CuO, and (¢) BZY20 + 0.2 wt% CuO
collected with CuKoa.i radiation. All samples were heat-treated at 1600 °C for 24 hours and
then quenched to room temperature in ambient atmosphere to freeze the phases. (B) Powder

XRD patterns of BZY'10 in various heat-treatment collected with CuKa.; radiation.
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(a)BZY5+0.2wt% CuO (b) BZY10 + 0.2 wt% CuO

Fig. 4-13 Secondary electron images of the cross section of (a) BZY5 + 0.2 wt% CuO, (b)
BZY10 + 0.2 wt% CuO, (c) BZY12.5 + 0.2 wt% CuO, (d) BZY15 + 0.2 wt% CuO, and (e)
BZY20 + 0.2 wt% CuO. All samples were heat-treated at 1600 °C for 24 hours and then

quenched to room temperature in ambient atmosphere to freeze the phases.
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(a)BZY10-1600-24 (b) BZY10-1600-100

Fig. 4-14 Secondary electron images of the cross section of (a) BZY10-1600-24, (b) BZY10-

1600-100, (c) BZY10-1800, (d) BZY10-1800+1600.
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BaO =50 mol%

T T I T I T I
1600 The top of BZY(y,) + BZY(y,) region is
BZY (x) at ~10 mol% in the molar ratio of Y/(Zr+Y)
and below at least 1600 °C.

Ve |

1500 ETE SRR /The boundary is hypothetical.

1400 —

Temperature / °C

1300 BZY (y,) + BZY (1)
0 5 10 15 20

Y doping level in BZY, Y/(Zr+Y) (mol%)

Fig. 4-15 The hypothetical phase diagram of BZY solid solution (BaO = 50 mol%) between
1300-1600 °C. From the results in subsection 3.4, the top of BZY (1) + BZY () is at around
10 mol% in the molar ratio of Y/(Zr+Y) and below at least 1600 °C. It should be noted that

the boundary of BZY (1) + BZY(2) region is hypothetical.

4.4 EZ5
441 ZibE¥FE vy . BasYs0o, BZY424, BZID) EDBER

AR TIL, BasY400tH & y A0 (JEATHIZEIZ T “minor phase” & FEZALTUNZNLS
BN 7 A A MH) 231600 °C (281F 5 BaO-ZrOx-Y,0: & =702 TO =Jeib & Ha
ELTHETHDLZEZHOLMNI LI, —FH T, 26 ML, Fig.4-1 1T LR
WOWREKIZIB T BZY424 B LY BZ(1I) & rWHFREL 2 FF>, ARIETIX., BaO-
Z1r0x-Y,0; it — 6 RITHBV T BZY424 B XL OV BZ() MOGFEOH ELEHERT D,

Fig. 4-16 I3 AWML OFEL E T S 472 Zr BV BasY400 DR XRD /34— %
FATAFFEIZ BT BZY424 B L OVBZ (1) #A ICHk$ 5 & A Szl e — 7 {ir
BELHR LK TH D, 9 BZY424 IZERT 5 & BZYR24 MICHKT D L A7 S
AT — 7 (BT Zr B BasY4Oo FHICHIR T D T ' — 7 (2 & 1ZIEFR—Th
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%, E— I @O DTN 2 RIT Zr [T BasY40o F DAL FEM AL DRIk 5 &
FEABND, WAIT, FEATHEIZIRB W TIE S 7z BZY424 13, Zr [E¥% BasY4O9
RERIESINTEF XD,

WIZ BZA) (235 B9 %, Oyama et al. 1% Zr [EIAD 720 Ba; Y400 & BZ(I) |, Y205
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L7223 -> T, Fig. 4-1 (b) (CH 5 BZ(N) EAMATIRO —#IE Zr [E7 BasY409 fHT
o LHEIND,

X-ray source: CuKa,

2
2
noa ) 2 Sample E (Ba:Zr:Y = 37:21:43)
I r\ This work
- [\ / : \ fl \ 2 ( )
- L I 2 A M
o / \ / \\ /f \\ A = M 2 Zr-substituted Ba,Y,O,
\./ / /
-é' i k i |t oyt Ninian] ww/ i \‘w.wu,
w
c
5 * * * * * * * * BZY424 in sample H
IS Lo ! ‘ ' (Ba:ZrY = 41:17:42)
% : (Imashuku et al. (2010))
L L * e b * * ® Ba,Y,0, and BZ(ll) in sample B40Y40
| | (Ba:Zr:Y = 40:20:40)
| | | ‘ (Oyama ef al. (2011))
29.5 30.0 525 53.0 535 540 615 620 625 63.0
2 0/degree

Fig. 4-16 Powder XRD pattern of sample E collected with CuKo; radiation in this work. The
sample was heat-treated at 1600 °C for 24 hours and then quenched to room temperature in
the ambient atmosphere to freeze the phases. Numbers indicate diffraction patterns of 2
(Ba3Y40y). Filled symbols of * show the diffraction peak positions in sample H which is
considered to consist of BZY424, Y,0;, and liquid phase in ref. 8. Filled symbols of ® show
the diffraction peak positions in sample B40Y40 which are considered to consist of
(stoichiometric) Ba3Y4O9 and BZ(II) in ref. 9. The positions in the previous studies were read

with SimpleDigitizer version 3.2 %°.
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4.42  AFRB L OEATHRICES S BZY OAMEROTR A I = X A

ARFFECTIL, Fig. 4-15 1277 K 9 12 BZY BEVERGEEDS 1600 °C X 0 HAKIE T 4H
(ZHYBIET D FTREPE A 4RAE U Te, AT TIE, AWFZECTIRET 2 RHEX & AT ZEIc 1)
% BZY 36 L O OMH#HE DT O M A Hik U Fig. 4-17 (2773 X 512 1600 °C
TOEHERFIZ BZY BN T ORGAERR DI A T = X L O AL,

ABFZECHEE L7- BZY EVARTEIR (Fig. 4-15) 130CATAZE & 3 ATER D7
G5, To& z2I1E, Oyama et al. DIEE L7z 1600 °C 1281 5 BZY [BEVEARFEIE D
STBEOIFAEIE, AR CTOTREIFET D, ZHudsE o < EERNZERIC XL
LDHDREEEZOND, 434 DFREERNDL, FFIZY F—73)3 10 mol% FEED BZY
TlX, 1600°C T BZY(y) HAHOFEREEICREIZES 5 2 L3 BO CHREECH S Z &R
HOE2TH D, MR T, BasYsOofH, y FER E B L b a7 2 A FNEHEEETH Y |
SRR T AN A METH D BZY HHEDOXBNIH AR XRD /&% —> ETIIREET
5, LLED RN, Fig.4-1(b) T BZY BEVERFEIRO BEN LT EAAAE L7 JRIR
LRI N D,

&£ ZAT, 41 THRRIZ L DI, BZY OENTR N RERZTE) T 72DI21T 1 pm
TR & TR R LT — 2 AR & BRI L o TR D 2 L ETH D, 5
FTHFZE TS S 47z 1600 °C THERE L 7= BZY OBGHIRERL & AHFZE DR R A A A
2% &, Fig. 4-15 12779 BZY(y) FH & BZY(x2) FHO AN — 22 MR DTk %
W B ATREMER B 2 D, Fig. 4-17 (B) 12k XK 912, Haneral 1. 0-2mol%
& TV 16-30 mol% Y-doped BaZrO; (2334 T 1600 °C T 24 BEEIEERE 95 2 & T um @
RIS % RO — 7o BHIAR AR 2315 H 47— 7, 5-15 mol% Y-doped BaZrO; TlE 1 um 2
FEDFRKLE 100 nm F2EEDFUIKRLANRIE L 7o A E— X VB S b e 2 & 2
LT 34, RIS TIL 434 TRLZEHIZ, 5 mol% 35K 12.5-20 mol% Y-doped
BaZrO; i Tl BZY FHEAE NS H 7= D% L. 10 mol% Y-doped BaZrO; i Tl
“HEEHO BZY FHOAFN MR STz, Lo T, BZY () FH & BZY () FHO
0D BZY FHAY BZY BREHNICHAF L T D & & HrIRipkR L 72— 7e o Rk
DELIIZSWEEZBRD,
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1600 °C TOREREIZ L - T Y IRENAE — 72031 £ — X VKD TERR S LD A T
S RLEIET D20, AR TIZLLTO &5 KA BT 5,
i (1) Y IREORR D BZY FEdRi O TIIiti s B,
G (2) B ISR S VBB TIRE/BIRIC K > TBZY () HHE BZY(r) HH
OIAFREN L ET D,
Fig. 4-15 (278 L7 dRBEXNCFES< & Fig. 4-17 (A) (12T X 9 ICBERERTD BZY 0k
WIZ BZY(y1) #H & BZY(x2) FHOTFAELLE N FIEFEEE DA BafEFIC Y A REH
NTH b5 E TRIFHZET 2 L PRI, G (1) ([T BZY ()
pnhl & BZY(xp) i AL ORISR OB AN A INH S, Y IRE R L ORIRO
REJ— MR AT S D, —FH T AR 2) ITEDS AT T— X R DTE
A T = X BFLLTF O L DI S5, RENLO YDA A 2B (0.892A4) 1305
BUALD Zevt DA A 2288 (0.72A) LV b REWZOHIZ, BZY fHO Y IREDOZRIZIX
A REOZAENMEEL 725 2, L LN, YIREOH—(LL v bEIclEl L
7256, RIROBENEN T 2 IREERAIE S5, SV IUE BZY () &
BZY(y) HOIAEBEINFIC L > TRENT HZ L2 d, LEER-T, Zivh
DORFUZHES < & BZY #EHCTHIPTRIAR L 72— 22 i ik 215 2 121, B
fhER X OME (L L b IS, BREINT Y IREDSIRIY 00T 5 Z ENEHEEL
Ex5, T2, b L IO OGN IE LITFHUL, /A B— X VRN ORIEED /N &
WBZY FHO Y JREN, RIEREOKEZWBZY HO Y REXLV LT LLEIHD, b
L <KL & 50683720,

BULLEYRUN Z &2, Imashuku et al. (ZETEEAR R O VERUC TS BREE B #2885 2 F 5
Z & T, 15mol% Y-doped BaZrO; T % 1600 °C T 24 R OFEFEIZ LY 1 um FEE D
P —IphiR a5 2 LIS L, T 0—J5, BRI TERE U 72 ilBAK K CilF
ROBULEGAETH k2SO R o Z LA HE LT D T, BEHERTED
EUMZ K DR D ZE BT, Fig. 4-17 [T X 912, RIBEE TR LA T =X A
(X o TRBRICHAR ARETH D, FT . BEAESOSETER L 100 BffAR—1 I v
HAT o124 D BZY SRR ORLE 1, ABRHR SRS R 5 CHESRY L 72 BB AR D hL
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JEERERETRVWI D, MO ZRIIREICERLZ2VWEF R D,

Imashuku et al. [XFEISCEAPNIZEUVT, 500 °C TOKIRALD BZY () fHE BZY())
FAORE Sy B 2 SR FERRAOIINAT L 72 EE LT D, 2 ORUEIXAHIZE TIPS L 72
AREAE DB A 1 =X N, T 7205+ IThiER L 7c ¥ — 2 ik 215 5 701
IIBERELARTIC BN D Y IRE DDA BE —CThHMLENHH Z L EFFE LRV, L
7o h3 5T, 1600 °C TOPEREIZ LV 1 um FRE DORIR % RO %) — 72 ik D BZY
BEOERLZ I, BERS I L OB ORTIC Y IBE OS5 2 — Kb T2 Z &N E LL,
ZOFEOOE S E L THIBREMROIRIR AR AR bivd, £, kil Li¥)—
PRI D BZY () BAHZ BRI OND Z &b, [RERITENTZ BZY kO
ERUTITY F—=7"F8 15 mol% KV b REWBZY 2T 5 2 L BARNTEL S

A Do
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Powder preparation Solid state reaction Nitrate freeze-drying
Y doping level <5mol% 5-15 mol% > 15 mol% 15 mol%
A mixture of BaCO,, ZrO,, and Y,0, powder Homegeneous aqueous solution

Calcination at 1000 °C and 1300 °C Freeze drying and calcination at 500 °C

Particle with lower Particle with lower Particle with lower
A) The schemas of
( )symhesis powdar Y content (BZY (%)) ¥ content (BZY (1,)) ¥ content (BZY (1,)) 5
02200 he 8 e2p Os
5000 e 5esee
[ele e vey %5 @
SIERE 8o C 96%0
o.® Oe [8) (e 10X ] Sedo
Particle with higher Particle with higher Particle with higher BZY ()
Y content (BZY (z,)) Y content (BZY (x,)) Y content (BZY (3,))
Phase fraction [BZY (3.) > BZY (1) ] [BZY () ~ BZY (z,) | [BZY (1) <BZY (1,)] BZY (1)
Assumption The distribution of Y is not uniform due to the coexistence of The distribution of Y is uniform because
BZY (y,) and BZY (x,) after synthesis at 1300 °C the phase separation into BZY (x,) and
(based on our phase diagram shown in Fig. 13}. BZY (y,) is suppressed kinetically due to

the low-temperature synthesis (500 °C).

Sintering at 1600 °C for 24 hours
with the following synthesis reaction Sintering at 1600 °C for 24 hours
BZY (3,) + BZY (1) ~ BZY (y)

Hypotheses for the residual ofinhomogeneity of Y contents and grain sizes after sintering

When the phase fractions of BZY(y,) and BZY (y,) are close before sintering,
it takes long time to hamogenize the distribution of Y in BZY samples during sintering

E| The slow diffusion between BZY grains with different Y contents.
and/or

The enhanced stability of the coexistence of BZY(y,) and BZY{y,) in dense sintered samples

due to a pressure effect.

{B) The schemas of
the microstructure of
sintered BZY samples

Observed Observed
(Ref. 3, 4, 20) (Ref. 7) o
(1600 °C) v BZY with™ 5 (1600 °C) BZY (x)
BZY with
BZY (x) lower Y content higher ¥ content BZY ()
Microstructure Homogeneous Bimodal Homogeneous
(grain size) (= 1pm) (~1pm+~100 nm) (>1pm)
BZY phase [BZY () ] BZY () *+BZY (1) | [BZY (y) | BZY (1)
The distribution of Y . ;
after densified [Uniform] [Not uniform]
When the distribution of ¥ is not relative uniform in BZY samples When the distribution of Y is uniform in
after synthesis or densification, it is difficult to obtain homogeneous BZY samples after synthesis and before

microstructure with sufficient grain size (> 1 pm) by sintering at 1600 °C.; densification, homogeneous grains (~1 pm)
could be obtained by sintering at 1600 °C.

Fig. 4-17 The mechanism of microstructure formation based on our phase diagram and

previous studies®*"20,
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45 FES

AWFIETIZ, BEAE B & F 7o [ R B 2 36 K OVM e HE RS ek &2 A L
1600 °C (Z31F % BaO-ZrO»-Y,0s it — e RIRFEX 2 SR B AR AL L 72, & D R,
FH—DFRE LT, BasYaOo~Zr BEET 5 Z ENEF N D, 2Tkt 5 Y
ZEM L. TOBARIT Zr/(Zr+Y) ~ 47 mol% & 3l S vz, ZefTHFSED XRD /<4
— LD K o T, kAR L L CTIRE S iz BZY424 <° BZ(1D) FHIE Zr
B BasY4Oo tHTE L [AIE STz, B O RE LT, BZY L3O~ a 7 27
A MADIEE L, y B E M4 L=, vy AR Haneral. O L7~ “minor phase” & [F—
T D, AHFFETIL BZY/BasY4O0oly phase —AH -5 X O Ba;Y4Ooly phase/Y.0; —AH
WA HERE ST 8 —DF R E LT 2NN BZY DFEH Eb o L b EHETH H N3,
1600 °C |23\ T BZY EVAMREIRIL Y/(Zr+Y) 28 0-40 mol% TiHf TH Y. —h.
D7a < L1600 °C LV HAKIRIZE W T Y/(Zr+Y) ~ 10 mol% DOFEI THyBE L Tu\v5
ARRMEAN R SV Te, AWFIEORER & SeATHIIE &l 5 &, 1600 °C TRERS L 7=
BZY B DMUINRL &M RRLOIRIE L 7o A B — VR Z R JRIA & LT, Y IREE
DI 2% TR BZY HDNBEREANICHFE L Q0D 2 ER”EBE 2 bNn5, Znix, (DY
DRI D BZY fEmRL OB TOEHOE S | BIL O (2) BB IR S =B
TO., EINRIT LD BZY () & BZY () D ILTFRIRFED L ENLD — > DIRHIT
Lo THHEND, Lo T, 1600°C TOREREIZ L > THOITRIE L7z —7
WAL, 2 £F> BZY ZAER 572 0121%, BEfid L Ok L 0 Hilc BZY 30k}
NDOY OpAi%)—bT 5 Z L BRETH D, ZOMREKDO—o & LT, FiBkAH
RERIEAKT D 2 ENFET B, ZHICEY BZY O FH5HEZ 3 B il ©
EHLEBEZILND,
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HBEE BasY40o ~D Zr BRI L A{EFRIEEHRR X OMz&E ik
~DE

51 ¥&5

1 FETHIR X 912, SOFC OB EIREE DIRIRILIZ M TR % 7oA A U AxE M
FR(bW S EERREMELE L TR ST &7z, Bk A 4 {5k L LT Gd-doped
CeO, (GDC) =° LaoeSro1GaosMgo20s5 (LSGM) 28, 7’11 bk ARE(K L LT Y-doped
BaZrO; (BZY) <° Y-doped BaCeOs (BCY) 2MUFEMEIE LTHEIF BN D 18, Ll
WL TS O EHT IR CHEMEN I ZEE 2 R T— T, H0 X CO, (2%t
T DL PRI L BB/ R AR T COE /A — W mE R EOENH 5 &1,
BB DI BLL, SOFC OEME & L THEARFICIRAVERDORAEIZE N | =%
NE—JROETORR L 725 128, Lieho T, =3/ F—2h3E LOMANEICE
MR SOFC OERBLO 72012, TR IS DA A ARERDOBAFEITARTZH
I L S 25,

¥4 FELD, 1600 °C IZBWT BasY40o D Y % Zr TEIBTE, TOEERIT
Zr/(Zr+Y) ~ 4T mol% THH I N LNt 7eoTz, ZD LD e FEL TIIKIED
ARSI S, (REREICR LS 5 2 D ATREMEN H D, BasYsO0elta =6.114 A, ¢
=2521 A O EBEF ORI T 204 MEEEETH D Z ENRHESINT
WD WIS RSO RN — R L EE R (NO) D ERES RO U TR SN TE
V.Y ZMO=MEOHF AL LITEBRGEA A TE#RT L Z LR —KNTH
D 8B D ARTGES T T AU A BRSO TH D BasNbaMoOy X°
BasEnALZrO;; MENToA A ABERE L THE SN TS —F . BasYsOo (31 4
B L LTIEAEER ST RN 25, Z 43, BasY40 7% HO X COz IZxt L
TREETHY . A T AREDORBUM TR BEFR ZZALN AN AFAE L RN T &R
JRIRTE LB 2 Hivp 1H2,

Z 2 CAMFIE Tl BasYs0o ~D Zr DB HoO 1253 2L P2 ENECAR G R

\ZHZ D BEOMNCTHZ L2 BE Lic, 2072 AR eI
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FFHKF TOmiE X #ETiE L ARERE ORI I (X R A v B — & AHE & E

N

i L7z, Nz T, Zr E# BasY40o s EHA TOHE D oAHFLL 2 EPMA %
ToaMr Lz,

5.2 EBRGIE
52.1 EAERGEIC & 2380 /R

AMFFETIL Table 3-1 IR T XL D12, Y & Zr TO, 10, 20 mol% &2 L 7= Ba; Y40,
ZALIAGHRARL & UTeRBH 2 /R U 7o, BB OB IR E R RO IE 2 O S RN T
REE/N U 7 A (BaCOs) (99.9 %, fitlisEpkN&tt), Bk v a=v L (ZrO,)
(97.031%, BV —kXEth), BRIbA v b U 7 A (Y205)(99.9 %, E#{b5 T EMKAS
1) & LT, MEOSHHERN OB L a =7 A2 2 wt% O HIO, NE £ T
Wiz, HE VX Zr SALZRAMEE DS 728 Zr ERRRICIR D28 5 S E L. AEBRTIX
ZrO, & HfO, DR EDOME V2 RRIEOREN e XNE LA L THE LK, Eito
HIFEJFBE 22 512, Table 3-1 (TR LI BARMEAR & 72 5 L O ICENENEF K (B
RUERTHRL AUX220) TRV E->72, ZORAHMARZER Smm . 10mm O YSZ A—
RS =y b= YTZ® AR—L) & & 1T 100mL KU B = LERRIT AL,
-7 N ) — BN TR—IVINVE 24 K T T2, BA—b I UITIEAR—L I L4
B (7T AT RS AV-1) 2V, 20k, ATV L ARO LSS WEFNT
YSZ R—n&FREL, 2-7 0 =LV ERGMARE T AT Z 2a21B L Thb,
n—% U —x/ R L—& (B bas kN8 N-2NWB) & T 70 °C T
JERZET 52 T2 — v aRELE, 612, BMRTICE-E TS 2-7 13
NV ERBIELED H[ONTEABMRE T T A-OE = —IZB L, KAy FA
BT — (T AU &ML DP-1S) 2T 130°C TS, &=k
MARZERZ 19 mm OFX A 22N T=a— h T LA (ZXE—2— VAT A
K& NT-100H) T 9.8MPa DES &M T, XL MRIC—HlERA Lz, £ Dk,
HEALy FRBE T VI T AT PICHEE, BRIV TRREHK T, 1000°C T
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10 FFEIPRFF 2 2 & TIRBEAAT o 7o, FRREEE I 250 °C/h (ZRGE L7z, 6 H
DL, RBta v a =7 T L. B 2-7a N — b2l A T 24 i
DR—VINELOHREZITV, 9.8 MPa DOJE S T—HlpkA L=, Dk, KKHHA
LT T 1300 °C T 10 BT 25 2 & T EH ORBEEZTT - 72, iR 5 1000 °C
F TIE250°C/h, 1000 °C 2L EiE200°C/h O FR « BREHEICHE Lz, Frbo
i, <~ Ly haklE O a =T HSTHfE Lic, Z0% . 2-7 03 ) — L&,
100 FFEI D AR —/b I vds K IR 2 AT o 7o, WERBR R IR o ch REe v va =7
FERIZ T L, AT L ABIOS B0 (HBIE 150 um) (2F 5 Z & Tk 217
ol EA 1l mm DX A ZZfEH L, ERARA 392 MPa O£ FT 10 73[#LLE
TrFFd 2 2 & TRV y MRIC R 21T o 72, 72386, Zr Bt Ba; Y400 13 1300 °C &
AR B A TIEe < 72 COy & mWIGEARF DT DICH M N A v 7 —IRITEH
Ligdnotz, by MREEHE BaO OEUGZ ) < 72 9DIC[R—H#LRL D 1300 °C Rk
RIZHDTT VI AV PICHEE, Ar-20 % 0, TS T T 1600 °C “C 24 FffEfRFFT
D Z & TR AT BRUFN TEIRICRG LTz, B oi7eX Ly REBHIE DK
IR0 BRS 72 DICREZHMEE L, ¥ VIS AN TRE T TRAFE L7z, B3Y4-Z0
AREHIHE D LR EBE L THRY, HBICL s TR HMET 22 LN TE o
7otz HOHMTFE LIRIETUL FORIEICHE L 72,

Table 5-1 Nominal compositions of Zr-substituted Ba;Y4O9 samples.

Nominal composition (mol%)

Sample name XBao Xzro, Xyo, s
B3Y4-Z0 42.9 - 57.1
B3Y4-Z10 42.9 5.7 51.4
B3Y4-720 42.9 11.4 45.7
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522 REPOHERER L OHHMER 2T

Beft 2 ORI O OFRIEITIX X #REHTE (X-ray diffraction, XRD) (ZT{T- 72,

X HREIHTAEE (21X Panalytical £ X’pert PRO (X #J: CuKo) % 7=, 2L > hakkt
VN A= TS THE B ONTBA O—E A L CRIEICHE Lz, BIEI
EEBE 45kV, EEIM 40 mA ORGETHEM L7z, HFHi72 XRD /37 — 2% LT
ICDDPDF 1 — R LD LAbE D Z & TEBRMORIEZIT- 7,

FRALRR 54T 38 L OB Aot Tk, BVLER% O L v MkE &2 2L o = 7 Hék
T L, BN 2 Wi, B Z2fEHRO L, 2-7 v X —)bz v CTilal
WEZAT T2 b D EAEH L, Wik & 04T L7, BIIRIZIIAR M7 AR St
K7 4w 7 ARRRZ | AR SR T v e 77 o b Ay — bRV,
KBt E =R a—2EEE (AU 73— AAEHHR CADE-E) 2/ L T
=R &AL, BIENOEENELHR LT, ZOREZEFTn—T~vA 70T
5 A % (Electron Probe MicroAnalyzer., EPMA) % A\ CHLfRELZS. MO 217 -
72, EPMA (Z13 JEOL # JXA-8530F A4l /] L. FHRC P HTITIZIE R/ BN EO8 X 5y
Hr (Wavelength Dispersive X-ray Spectrometry, WDS) % f\ 7=,

T EEOWPEIIFELEZ DXLy MEZ AW T, 7AF AT AEITL -

TR L7z, FERTEEEORMITIE Zr OJFRF & (91.224) 28 Y (88.906) &2 &>
5. MHABRD Zr REEIZ D30 53 BasY40o DB GREE A Lz, Z Ok, ZriE
BUZ LD FERDOZEAIT. AR E ORI K E REEL 5 200 LRUE LTz,

523 JNBFEKT TO®IE XRD JIE
Zr B BasY40o DAL L EMEIZ 5 2 DB LB 60N 572512, i 0 4
A (pu,o ~ 0.03 atm) Z jitid S E7mIEMNEAT v > 73— (Anton Paar HTK1200N) %
=@ XRD JlEZFME LTz, XLy MBI Z v a =T THIRE, 56
TR D82 e L CHEIZHE L7z, WIEIXEEE 45kV, BFEIL 40mA DO
TECHEM L7z, JIEIE 30 °C 3L TV 100 °C 75 800 °C F T 100 °C LA DIEE N T
FhiL ., BEREE COFERBSLUOMEHEZE SO H 20°C/min & LTz,
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524 BXALFERE

Zr [E#L7)S BasY40o DARENRHEIZ G- 2 2B A 6T 57201, 280 2 S A
Y= AR W EBRASEE OWE 2 i U7, JIE NV i A kAT L7
ALy FB R Lz, EREFHREDORNC, ZmA Sy Z3EE (RAEth
JINVEL SPD-103 By & 1 A v F Ay H 01— K (& A V8L SPGO10BI)
A G DRI EE LN Ty FEBOMEIZA®E (P) ANy Z ) 74
5HZ & CEMAER L, <Ly FalBHT S mm x 5 mm OfFFKEZE LT T hoT
— 7T AX 7 L, EWEMEEZ 025cm? & Lz, ANy H# U 2 70% Ar~0.69 Pa 55
PAS T C 9.9 Wem? D B FE Tl % 20 AT > 7=, EMOAF G54, ~L vy bk
BT I 81Y oy —CPa=7 k% A b (SUMICERAM S-301, Asahi
Chemical) (2 XV [EE L7, D%, EEOMEROTZOIZ, $X—2  (DD-9301-
06, Kyoto Elex) (Z & » Tz ZNENE -7,

Z D, B Fig. 5-1 lORT L HIT Pt A v oo THA, KMADOIEEZHERT D
TeOICR—=F AT Iy I 2A%ERLOL, 7AVIFTEHEFICEEL, Pt Ay all
BT PURRIE BNC 7r— 7 v &4 U TR BURE T 77 A 3 (S11260, Solartron
Analytical) (283t L7, HIEIIBAREETE T CAHREE 100 mV ZEIAN L, JE¥
#iPH 7 MHz-10 Hz D5 THir 5| L7z, ERASEE ORE T~ TRRIREFE TITV,
FEME 0 B L OV H, BRI TIE ~720 °C T 10 Refl, IR 02 35 L UV H, FRFAK Tl 20
RFORFE L 72D B 0.2 °C/min TREIRZIT o7, E£7o, IMEH A IR TR S
7oK Z & TRERITEE ~0.03 atm [ZH1E L 7=,

ARFFE T 572 Nyquist plot D% Fig. 5-2 (ZR"d, ABFFETIEI X TOIRE
ks L OV AR A TR B AN A O & SRR & 47, Fig. 5-2 (a) 1 Fig. 5-2
(b) 127”7 R & CPE OWFIEERIZ K> TR EINDE MBI LTI 4 v T 47
ST, TZC, RIFEWEPL, CPE IXENFHFE T (Constant Phase Element, CPE)
ZHRLTEY, CPEDA =X AT [Yjo)T (= V-1. o ZAEEK, Y X
CnlIEHTHY, 0<n<l) THDHB, 74T 42 THiR% Table 5-2 (TR T
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2. HIMOFE KL 10°F & —F —Thoiz, —BIIT, A AREMERBRD) D
KIN ORI 101 F A — 4 — RIRORERSGY S 10°F A—F—ThHnHZ &
5. Fig.5-2 (a) OMIMNZRIAN, RUCHRTH2MIAEE L bDEEE X HND
2, AR TITRIA, KRR OO EERREETH 572729, Fig. 5-2 () 1T T &
|Z Nyquist plot DRIRNZE D D EDA o B—F 0 ZADEHBS E =L v FREO

2
BARERE R LT,

Zirconia cement

Porous ceramics
Pt electrode

Sample
“}. A“" Hzlat
LTI T T

[T

Alumina ring

Ag
paste

Pt mesh

\

Sealed alumina tube Thermocouple Pt wire

Heater

Fig. 5-1 The schematic diagram of the set up for electrical measurements.
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B3Y4-Z10(1600°C 24 hAr-0.20,)
measured in the atmosphere of dry O, at 402.4 °C

T T T T T T T T T T T T T
1 (a) (b) R
-16000 _{ }_ -
CPE
G -12000
g
ﬁ Rtolal
£ -8000H , R
700 Hz
o
-4000H 700 kHz 4
Hz
7 MHz
7 kHz
1 1 " 1 " 1 1 1 " N
0 4000 8000 12000 16000 20000 24000
Re (2)/Q

Fig. 5-2 (a) Impedance spectra of B3Y4-10Z sample collected at 402.4 °C in dry O:
atmosphere. The sample was heat-treated at 1600 °C for 24 hours in Ar-20 % O,
atmosphere. Blue line shows the fitting result by the equivalent circuit consisting of

resistances and constant phase elements as shown in (b).

Table 5-2 The fitting results of the Nyquist plot in

Element Fitting parameter Fitting value

R R (Q) 2.02 x 103

CPE Y (F) 2.46 x 10710
n 0.863
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5.3 EBHRE R
531 “Ba3Y4O9” DOFHKAELE X CHEMEIRED Zr IREKTE

1600 °C TOEVILHE DB O XRD /3% — % Fig. 5-3 |ZR"$, B3Y4-220
AEHZ Y2 0s HICHKT 2~ A T —E— 7 BFELTE D OO, WTFNORETHIZIE
T RTOEYTE—72 23 BasY40o fHIZHK L7z, — T, Fig. 5-4 (2”79 WDS JtE 5
ARHHAER S T TOREHZIBWCTEFITI X T BaO-rich F DFF{ED R S
Too LIS o TRERMEDIROEIFE O A KA HELR SHL, AHFIETIE Zr [EH#2 BasY40, H
FOREHIE S 72 h > 72, Table 5-3 (2 WDS A0 HT G &2 7R 4723, BaO-rich FHIZ1%
Si AR &AL, ALFHAEKI BaO:SiO; ~ 2:1 &l S iz, SiO 1EFUE O /ERLER B 1T
BWTT I F2521F (Si02 0.1 wt%) ENHIRA LTCAREMENRE 2 bivd, £,
Fig. 5-5 [Z& BRI O W 0 "R EF 44 73, B3Y4-Z0 #UEHS B3Y4-Z10 30RO
KRE DT DA D AR A BN D, B3Y4-Z0 BHIBER 230Ky & 5R < [H5
LTI MHEOERZEMT DR L E A D, XRD 73F — )25 BaO-rich FHODE
ftEDMEN 2 & 225, BaO-rich #HIE 1600 °C (28 CRlfiE L CW - HOIEERCH 5
AREMED N B B

Table 5-3 (275 L72 WDS AT R & 0 . T~ TORBHII T, BasY400 D
W& & RO EHHOMMEAIT “BasYs00” 705 Ba ORI LM TH D Z L M fifgsd S
L. EODHERIX Ba(Y+7Zr) ~ 4:6 EHEE S NTZ, F72. B3Y4-Z210 kLB LU B3Y4-
720 B Zr BHRIZZ N FN Ze/(Y+Zr) = 10mol% B LT 20mol% TH Y, HiE
DEBEENG LN Z ERMHER SN, M2 T, FRECHELNATHO Zr L
FiR XRD /37— o b A miER O m R OMHE % Fig. 5-6 (2777, Fig. 5-6
IZBWT, KETHERLEZRBZEEED oy h T, 6 4 ETHELNT Zr B
Ba;sYsOo D D5 L O 7 my TR L, 72, mfEUT BasY400 (ICDD PDF#00-
038-1377) M L7z, K OfkkiE, 94 B CERLUZRE 2558 L LCHEE LT
M7 4T AV TORRTHY | HE O SITIERERZD fEEE2HA LT
W5, ARE TR L7 B3Y4-Z0, 10,20 #0BHE, 5 4 = TR B A7 Zr B Bas Y40 1H

EIRIERIC, Zr EHRBEDHERIZHE > THEOERROME L ZE R S, 22
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T, (105) M. (205) mOmEMERIE Zr BELE L HITHERT ORI L, (107) 1,
(027) mOHE BRI Zr BEOHEKIZON T T 5, 2R FZOBS» b7 E
LIERBRTH D, WRITHERD “BasYs00” DiEfbiEEDOEEMEN DD, b LL
X Zr BHRICE D BRDENT D RENDSRB SN EE 2D, U EORERMND,
“BasY40o” 1L 1600 °C [T W THATIE/2 < | Ba(Y+Zr) ~ 4:6 OfbEfAEL % Ff> Ba

K48 BasY400 #H & BaO-rich fHZ &0 “fHLUL FOIREM THH L EZ B A,

¢ Ba;Y,O, (ICDD PDF#04-012-0214)
v Y,0, (ICDD PDF#00-041-1105)

T T T T T T T T T T
* (a) B3Y4-Z0
+
*
—_ * * * +
3 o o 20 ’ o % |
©
> (b) B3Y4-Z10
]
£
N AJL, ._AA MK Ah_]
(c) B3Y4-Z20
v v ) v AI AT A
i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1
45 50 55 60 65 70

20 25 30 35 40
2 6/ degree

Fig. 5-3 The powder XRD patterns of (a) B3Y4, (b) B3Y4-Z10, and (¢) B3Y4-220
samples at room temperature in an ambient atmosphere. All samples were sintered at

1600 °C for 24 hours in dry Ar-20 % O;.
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(A) B3Y4-20

(a) BSE image |

BTl

¥ — i un

(B) B3Y4-210

(C) B3Y4-220

Fig. 5-4 Back-scattered electron (BSE) images of the polished cross section of (A) (a) B3Y4-
70, (B) (a) B3Y4-Z10, and (C) (a) B3Y4-Z20 samples heat-treated at 1600 °C for 24 hours in
Ar-20 % O, atmosphere. (b)-(e) show the distribution of Ba, Zr, Y, and Si analyzed by WDS

elemental mapping analysis.
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Table 5-3 The compositions of Ba;Y4Oo-structured main phase and BaO-rich phase analyzed

by WDS point analysis.

BasY4Oo-structured main phase

BaO-rich phase

Sample / mol% (WDS) / mol% (WDS)

name BaO ZrtO;  YOis  SiOs BaO Zrt0;  YOis  SiO;
B3Y4-Z0  37.5 - 62.5 0.01 67.0 - 1.8 31.2
B3Y4-Z10 39.3 6.1 54.5 0.07 63.9 0.9 6.8 28.5
B3Y4-720 399 12.0 48.0 0.09 64.8 1.1 5.7 28.4
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(a) B3Y4-Z0 (Relative density: 84.1 %)
x200 FETANEES ;f:ngﬁé x1000

(b) B3Y4-Z10
x200 SRS

(c) B3Y4-Z20 (Relative density: 94.5 %)

Fig. 5-5 The secondary electron images of the cross-section of (a) B3Y4, (b) B3Y4-Z10,
and (c) B3Y4-Z20 sample pellets. All samples were sintered at 1600 °C for 24 hours in
dry Ar-20 % O,. The apparent density of the samples was measured by the Archimedes

method and the relative density to the theoretical density of Ba3;Y4O9 was calculated.

276



% 5 3 BasY409 ~D Zr BT K DAL FHZENER KO8 Bt~ 2

<400 | .
> (105) BT
‘5 3.80 | ISRl Slope 0.0055 (10) -
[1+] - .
& .
& 360 -
1 " 1 " 1 " 1 " 1 n 1 " 1 n 1 1 1
—_ [ T T T T T T T T T T T T T T T T T
<C 305 (110) -
s [ S Slope -0.00087 (19)
£ [ B
g 3.00fF (107) L
o [ om Slope -0.00024 (17)
@ I » L T Lt -
e} L
295 1 L 1 1 1 1 1 1 1
A2v40 T T T T T T T T T
<< I o -- W
92-38 " (205 I oo i
Sos|l  m Slope 0.00091 (26) ]
Q. ]
w
5234 | -
1 [l 1 1 1 1 1 L 1
‘_\2:13 L T T T T T T T T T ]
<
8) .
S| . Slope -0.00035 (12) 1
Q TTmeeall
@ [ Tl
o [ T
2‘11 1 " 1 L 1 " 1 " 1 " 1 " 1 " 1 " 1
/—«.1 ?6 T T T T T T T T T
1781 i
et o o Slope -0.00047 (7)
D174 -0 I o ]
= ! - L it it al |
® 172 | ) Slope -0.00030 (9) i
% I B----@----p----—— -] m--T-- - ——m———m—————me ] 1
5170 0 30”4]“. | Sl?pe -0.0I00022 (61) s
I L n 1 " 1 1
4--.1VS4 T T T T T T T T T
< sl (220) ]
9" e, Spe-000035(13) ]
§1'50 B (2014) "
& T o il ST m---- W u 1
& 1.48 | Slope -0.000076 (50) 4
1 " | L 1 " 1 " 1 " 1 " 1 " 1 " 1
—_ T T T T T T T T T T T T T T T T T
< (317 i
_81_35- R T - .g...._.m _ Slope-000025(12) s
o r T e __
§1‘34f o R S - 1c>7p7e_-_o.00011(4)'
T 133 F (21-14) R S
1 | 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
Zr0, / (ZrO,+Y 0, 5) (mol%)

Fig. 5-6 The relationship between the d-spacing and the Zr content in the “Ba3;Y4Oy”
phase of samples B-E and H (Section 4) represented as filled square symbols and B3Y4,
B3Y4-Z10, and B3Y4-Z20 samples as open circle symbols. Dashed lines show fitting
results for samples B-E and H with linear approximation. The plane indices are based

on the crystal structure of Ba3Y4Oo (ICDD PDF#00-038-1377).
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532 INBFHEX T TOLFEREEM

I EESE IR PHAR T2 31T 2 &30k il XRD JlERS % Fig. 5-7 127, Fig.
5-7(a) £ V. B3Y4-Z0 3B D “BasY40o” Dk 2 R > AIE, FIREFLIC
FUT 300 °C T Ba(OH), & Y203 I35 Z & D3 lgaR S, 400-500 °C Tl
Ba(OH), fAIZ 3T B [EHr & — 2 23142 L 7=, Ba(OH), DA% 400 °C F2E TH 5
Z IS L BT Y — 7 OiEIE Ba(OH), [EFEN @R L 72 2 & 2RI 5 30,
SN SRPHA T C 800 °C F THR L 72 D B3Y4-Z0 3B TIE “BasY400” #itidb it 1C
HkT 2 ETE— 7 3R ST, EMHO SO BB FE LT, — T, Fig. 5-7
(b) BL (¢) £V, B3Y4-Z10 kLS L OV B3Y4-220 306 T2V T “BasY40¢”
it BB IS L RS D [T B — 7 (3B SRR T COBVLEE THERF L Tz, L
723> T, “BasYqOo” fitidbtiE & £50 THAH D HoO 16 2 bR ENE T, Y &
I CEMBT A Z ISR VBEIMICH ELE S 25, RIS B3Y4-Z220 3B CIX
B3Y4-Z10 3EHZ LTI E— 27 O LA/ NS <, FHO Zr BE & & BT/
ZEMITM ET5EEZ N5,
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[Supplied gas: O,-3 % H,0
(a) B3Y4-Z0 (b) B3Y4-Z10 (c) B3Y4-Z20
L B L ' LN I
B3Y4 B3Y4 B3Y4
i W W
M ju 30°C
A I In 100°C
B
L f\}L M 200°C || €
— LBaoH), Y0, v,0, =
B 14 ™ VL i 300 °C ;
) H G & L Juoc ||2
s Y,0, )
£ ] M L s00°c | =
Bao, Bao,
PAd J
| 600 °C
Bas 4,784Y2 M M
AW ] J\L i 700°C
BY2
M M i 8oo°C |[2
o | AL I Vs
30°C S
PR T TR R N T TR T PR S S T I T T T PR S T T N TR T T
25 30 3525 30 3525 30 35
2 ¢/ degree 2 6/ degree 2 6/ degree

Fig. 5-7 High-temperature powder XRD patterns of (a) B3Y4, (b) 10Z-B3Y4, and (c) 20Z-

B3Y4 samples in humidified O, atmospheres. The heating/cooling rate is 20 °C/min and

the partial water pressure in humidified O, gas is kept at ~0.03 atm by bubbling in

deionized water kept at room temperature. The phase identification from diffraction peaks

was performed by comparing them with reference patterns in the ICDD database (BaO

(PDF#01-071-3780), Y.0; (PDF#00-041-1105), Ba(OH), (PDF#00-044-0585), BaO,

(PDF#03-065-6619), Ba;Y4O9 (PDF#04-012-0214), BasY207 (PDF#00-037-0992), and

BaY,0s (PDF#01-082-2319)). B3Y4, B4Y2, and BY2 in this figure indicate the

compounds Ba3Y4O9, Ba4+Y,07, and BaY»0s, respectively.
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533 HEBBLOCINMBERER T OBk

B3Y4-Z10 30BN LU B3Y4-Z20 0B O Wz Hay i Oo IINE O, FRPHA T D58
FKORERFIES Fig. 5-8 127, £9° B3Y4-Z10 iMBHCE R 45 & §olf Hy 250
&M O, FRPHAUT 400 °C FRE TR 2 7R3 DOk L, #l 0, R
TORERITRE & & HICHRICED Uiz, 2kt LT, B3Y4-220 B O(RE R
VT HROFHAKTHIRE L & BICHFNITHED Lz, 532 KD, 800 °C F£ TN
0, FRPHAU T C B3Y4-220 3B D “BasY400” i i & > FAH O S iR 1 IR S v 7z
MoloZ &b, B3Y4-220 iABIORERIZITFMICHKRT L EEABbND, DFD,
B3Y4-Z10 B CHERR S AL 72 #2 Ha Z5 P36 K OV O, ZRPHAC T 400-500 °C TR
WROBRIL, Fig. 5-7 (b) TR SN7Z FMHOESH 72 0 BIFR LBl o lhE
PN D, 1600 °C BEfEHRF L OV RISERHER O B3Y4-Z10 B Wi D WDS
TER A HTRER % Fig. 5-9 (A) BL O B) IZFNZFIrRT, B Y BEDOSHIC
BHEHTD L, BB ORE (Fig. 5-9 (A) (0) [T TEERRIEH ORE (Fig. 5-9
(B) (¢)) TR —IT/2->TEY | Y20 FHOERZ LD O GfREEZRE L TN D,
Fio. IR O, FFHA T T 400-500 °C TORERN 7 H, FHK T LD b RKED
7o Z b, KA OKERORENRL b b, Holf Hy 7 AITKEKILIT L
A EEFENRON, FHIEE E OREEM ORRLIENER TT S CORERR N AR LA
REMED N D, L LZRDN G| AWFFETIE, DIFHMRESRIZ G 2 2372 B DR E
WZIEENR DT,

Fig.5-8 (b) & V. B3Y4-Z20 3Bt DARERITHMEE O, FRPHR D I7 AN O, TR K
D HEVMEE R LTz, L7ZA3> T, B3Y4-220 Bt BFMIcB W T 7 e b ARE LI
& ERBIAET, BAEA A ARER BT LB BN D, Ik, HEITRLE O
FHR, Tl H BB, IR O, FHHRDONAIC FEM L= 7=, 2 OfzERO 71350}
DIREIFHCRN IR O RREME D & 5, F 72, 500°C LA EIZIW T, 20Z-B3Y4 Bl Dz
B O FHHR N OMERITHE H FHK LY bbb McEm< . A= EEORBLE
LTS, =R t,. 13 (5-1) 12Xk > THx B, 700°C T 0.23, 600°C

T0.21, 500°C TO0.08 LHE SN,
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_o(indry 0;) —o(indry Hy)

o(indry 0,) -1

the

M8 Hy XA T T B3Y4-Z20 i EIO 2RE =L ~700 °C TH L% 1 mS/em TH

D, FRIKICBWTRBW, A U8R IZLEZ HND,

(a) Temperature (°C) (b) Temperature (°C)
700 600 500 400 300 700 600 500 400 300

-

- ————10%scm?
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o0 |
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(|| o Dvo, l Sl 0 Dvo, l
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Fig. 5-8 Arrhenius plots of total conductivities of (a) 10Z-B3Y4 and (b) 20Z-B3Y4
samples in various atmospheres. All samples were sintered at 1600 °C for 24 hours in dry
Ar-20 % O,. The conductivities were evaluated from A. C. impedance spectra collected
with a 100 mV applied voltage under open-circuit condition. The samples were cooled
down at a rate of 0.2 °C/min and the partial water pressure in humidified O; is kept at

~0.03 atm by bubbling in deionized water kept at room temperature.
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B3Y4-Z10
(A)As sintered at 1600 °C

Fig. 5-9 (A) (a) and (B) (a) show BSE images of the polished cross section of 10Z-B3Y4
sample as sintered at 1600 °C and after the conductivity measurement, respectively. (A)
(b)-(d) and (B) (b)-(d) show the distribution of (b) Ba, (c) Y and (d) Zr by WDS elemental

mapping analysis.
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5.4 Z8

IR Z 31 2 KK~ DAL FH R ETE O 8 SRR WA A AmEE 2 L
THR— VRO S 05, Zr E#: L 7= Ba K3 BasYaOo lX B WA A MRERTH
%, HIRAUIORKE I OO BEARE IR SR P RIS S D 72T, ARERKUSKE T Db
2 EMED RO BV D, Ba K BasYs0 ITKAKUICK L TALETHDHZ LB A
ANRERE LTHEA SN TW o o®li, Y Zrt CEfid 52 & TBa X
8 Bas Y400 DALZER L EMEN R ES D 2 L ITAIEDO RS 2R TH D U8, %

72, B3Y4-Z20 B D A A ARERITEHIZFE L, 700 °C T ~1 mS/em DR{RER
ITHIRAYR B EM O BREME L LT Sz 7 v b ARERTH S Sr-doped
LaP300 <> LassW1.17013.43.  Laa(Nbo3Y07)207.5 IZVEHS 2 3138, Jnx T, 700 °C TOHZ
B Oy BT OR—/VHHIL 023 THY . ZHITRERA A A B8R THD Y-
doped BaZrOs; (N O, FXPH5AUT DA — /L= A% 0.77) K> Gd-doped CeO; (Fkf: Hy X[
KCTOE RN 0.77) EH_THBEB RGO T/REW, LER->T, (5
O S BIRDHA ENLETITH D S DD, Ba KIE BasY4Oo 13 THEAYEL ML O BB fF
BEMELE LTEE LWREEZ A LTV 5D,

—7J7 T, Ba Ki8 BasY40o ~D Zr BEHIVKEZUTK T DAL ENERCA 4 A5
W H 2 DHBEO AT = XL E RS 5I21%, Ba K8 BasY40o O bt 18 O ff B 73
RAR T %, Fangetal 1TAH LT (Se) L4 (Cu) % BasYsOo lZ BT 5
Z & TNO, Oy, H.0 AF N TOFPRLZEMENSGE L, T S (V) DA A
P (0.730 A) N Y3 (VD) DA A28 (0.892A) LD H/hE WD &GS EZ
B FHNZEALT HERBLTVD, LLRRL, AFEORRICES & A
) = A LORF BTG F I oG R LOMEF R ORENLE L F X 5, DT
OV VLR f & W T ARG AT 72 kD b b,
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5.5 /&

ARETIT “BasYsO0” D Y% Zr* TEML LT & & DLFRIL ENES K OMBE R
~OFBER SN LTZ, BEHELZ 0, 10,20 mol% Zr &4 BasY40y & L7=7kE
B3Y4-Z0. B3Y4-Z10. B3Y4-Z20 % [EAHSUGTEIC o TERLL | 1600 °C TR A
1To72, WDS ZHTIZL Y, T _XTORET Si 25T BaO-rich 7E/L7 7 AHN
Ba:(Y+Zr) ~ 4:6 Db PR EZ RO LM & AT 5 2 LR SN, Thix
“Ba;Y40o” 7% 1600 °C (2B W THAHTIEZ <, U EORAMTH D Z & &R
T2, LERoT, ALFHROBLE S . FHHIT Ba KI8 BasYs0o & KBLT 5 H M
WHTH 5 AIREMED 8 5, Ba KIE BasYsOo FH DO HHRIKIZ 3517 2 KA KA~ DL TR
TEVEE Zr EHE O RIT &L - TE L, R B3Y4-220 #UB Tl ARICHR T 5[]
Pr e — 2 73 300-800 °C DN O FZPHK F TR L A B L e 0Tz, S HIT,
B3Y4-720 #lE D RE R 700 °C DHZME Hy/O, F5PHA T TH L€ 1 mS/em & FLig
A < o AR —/LRIER I 700 °C DR O, RIS T C 023 TH Y, RERRA A 15
B THDH BZY X GDC OE /AR —/WHREDTF L LV D ThSVMEE 725
Too L723o T, B3Y4-Z20 MBI ORERITIEHICHKRT LB NL720D, Zr
B L 72 Ba K4H BasY4Oo IZHFIRIL TR WA A 58K 525, — 77T Ba K
Ba; Y409 ~D Zr BN A A ANECALFHI L EVE 5 2 D EBED A T = X L ORE

WX ENT, ZD7=DI121E Ba K8 BasY40o DOFEAEEE OMANVLETH 5,
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HWOE R

6.1 #&am
BEAER LR ELERL (SOFC) 1% 800-1000 °C & &R CEMET 2 REIEM TH Y |
B2 e L, R X 2 EM Rz L —FIHEROm 23 HRES

o —H T, MMBMEICR T @l Et ks sk b, WiEa 2 PO TFICLD
B R DT OITITEMFREL A 400-700 °C O HHRILE TIRET 2 MEX B D, ZDTD
o, BREIC T e b AREERE E T e b RiE T T Sy 7 BB
(PCEC) MUTHEIEH &N TW5, PCFC OEMEMELE LT, (LRI LEMR LU
FUABREROEHE N HA v Y T A (YY) Z R—7 LAY AV Laxr—b Y-
doped BaZrO; (BaZr.Y.O0s5, BZY) FIT 6D, FFIZY % 20 % K—7 L7 BZY
(BaZrsY020s.5, BZY20) (% 500 °C OHIEFRFAS T T ~10mS/em &N 7w b fr
BELZRL, b H%%R PCFC BEMEIO—D2Th 5,

PCFC OFEM{EIZIZ IR loss 35 L OVEMGE EIEOMKIIC L A HERED A EALETH
%, FFIZ SOFC & b~ TEMEIREDMENZ &0 BRIBELOULENEETH D,
% OWFFE T N—T" 052 OEMGR, R BB OMREZ 85 L T\ 503, Z DR
i FVE T (1) EARE SRR O W 12 22 KRR 2 ) 5 U 7ot Bt v (2) AKFE S
FHAIZ FEMAFE M, 2 SR A EIZ AT 5 LB e Lo 2 FEO ' VA HEH L,
BRI FEIE (OCV) FTORNMA v E—F v AHEIZ L > TELNTZ AT DA
=X AR INS, LrL, BZY ITf&ESh b7 v ARSI, 22
SHROIRETE T 2 INEMEFRFAK T TR —/UVEE LR T 572010, EMEIGICES
T570 N OEIEPIMNBERDOEILE —H LRV, 207D, AFoA
— XU ABEIER LICERHT 2 2 LIXEREIT A R EMICTHET 5 Z & ICB&R Y,

(N T ZE KON R 2 INEIC T D ATRetEr o 5, M2 T, IRILEIROF AL
PCFC B LW EFIH L7 KRR EME/L (PCEC) 12BN TR /L X —Z5 %)
ROBETFITEEND

F 72, BZY20 FEMRE I Ni KFEMIZEHAR & A AT PCFC 2{EfRENnD Z &0
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% <. 1400-1600 °C TOIBEFEN —MKITERH S D, L L, Z OHBERSFHIIKE
75 O B~ Ni 2358 L, BaYaNiOs <° Y203 & W o 72 Y-rich 72 BIFE S E BT 5,
2D XD RAMOAERKIL BZY EMREOREROEKTITMA ., BaYoNiOs D43z X
LRNDI Ty IRTAD I v A Y =7 \Z8RY | BA~OBMIYRE A — VD
AEND, —H T Ni OIERIT BZY20 OREREBAI & L THRET 5 Z L b T

v, BhFlZ2 LT BZY20 OEEREIZIE 1600 °C LAE DO B IR TOBE N LE L 72 5,
L2xL, BEHO 1600 °C (231 5 BaO-Zr0:-Y0; fit =t RIRAEKIZ IV T BZY20 D
I EMEIZ B ROMENH 5, £z, IKIRIZH VT BZY B AR G Th 5
AIREMEDMER STV D, rBESISI ARSI 2 2 LB 2 b, BZY @
RS MEORIE CTH D REEDN H 5,

LI ED X 512, BZY20 OAEREZIED LT- PCFC OIERFIEIIMNL SN TED
T Z DT DTS H R E BB AL L TODONBIRTH 5, AHFIETIEr T
AT A NERLY)  FRIZ BZY % BAREIZ AT P IRAUR BRI O R b2 B L.
LUITD & 72 F iz Fhu LT,

%2 ETIE, 7u bR VRS BB E NI AT D IRAVE RS AR ST
ORI L O 3L =B RIZEH 2 DB OMP 2 B & Lz, FEBRAZ2GET
& LT, EMEIZ BZY20 AR, KFMIZ AT VUL (PDd) . 22K
Lao6St0.4Co02Feos0s5 (LSCF) % MV N7o MR SCRAR e FRt L ds K OV &R B L & 1F
RIL CEEETE (CD) B OEHA B —F v Rk (BIS) 12X - THE B L B
PLa el U7z, 72, Newton-Raphson {£E% W BUEMAT FIEIZ L - T, IRAIRE
PEFEMRE P OYREE - FENLHY A OIBUERENT % b U A 3HE TIA SBT3 BRI O
/INERA R % R L7z

BB Tlx, MERMEFEHK T T b &R — L O NFEISEE /2 5 R
BREMERE 2T VI, ERFE P ORIVETRIC & 2 BT O M/ NGHG O " EE
PR 2 BT FED HRRGET L7z, £ OFER, Wil & & IS o8 KT IR S 57K
FGX R LTI/ N ZIRIFE 2 672 WEERN S bz, — 75T, e (k3%
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I HREE 9 2 28 A B L CIREBAEGTAY 80 % FRELME/NGRAL S 71 5 5 R 035

bivlz, o, KBGO EMICFHM SN S OET D & BERELTH LD
ZESHRHRPT O/ NI R T A WA+ B —F L AIET ~80% | FEFEMI T OBEIEAMEML
AN AT D FREME S R S e, L
UG EIRERHED T RZRA B —F o AE XD b BHET O 8/ N 23
Rt S s Z L b K0 IEREICEMRYERE 2 5l 9~ 2 (21X B ik o £
PR SN D, E7o, EFE T OR— RO TIZ o0 T/ aHl=RIE S h 5
T2, BB ZE KM RHRD 72 DIZIT A — VB 0O/ & ORI T O Rl 23 2

Tl ~50% THY ., WVTHOFETHIE/

/

EFLWVWEF XD,

Fio, FEBRIC X DMFTIEL, BZY20 O A& —/ Vs 3 Ll & v 700 °C (2 CaFAli &
FhE L7z, EOfES. Pd|BZY20 | LSCF EME XA EE MIZHBW T OCV TiZk
JBAWA v B2 RED B B B FUE R 13, REMICAL T %
FIAN U 7= AR Wr ik O O AU 7o FERRIRHTAE REY ITHEA 45 % BN SWMETH -
7o ZHUUFOCV T TIRNERNEYR TE T, AT oA v —F 2 ZETITEMRK
P/ N9 5 fTREME A RE T 5, 7o, AT OA e — & 2 AEIT K0 Bl S
A7z, LSCF | BZY20 | LSCF Z&& M #& /LT LSCF ZE5 MBI R&%L(0,5ym) 1%
Pd | BZY20 | LSCF &M/ 38 L UVPd | BZY20 | Pd KFE M FrEz /L L0 RS B
72 LSCF ZEXMHEHT RYL(FC) TR TELIT/NSWETH o772, T, mifie b
(I RS TR I IR S D 2K MBI FRE L D I3, BRI RE TR D IR AL E I D
HENRENZ L ARET 5, YL ED | IRIVERIC X o T2ERUHRs 8/ NGl =
N5 ZENEBRINTHA SN E 2oz, 205 O FEBRE RITEAERRNT CORE R D ZY
WERETHHDIEEFEZD,

F 7o KERREMRE O T 3L X — BT ERE TP OB — VEEROK FIC LD
IRNEROWBWMNZ L > THRT D LB LN LR o7, LTEBo T, TR NVF—2
BRI PCEC O FEBUTITEME T OV it AN B C = 2 IR T OEfE
DEELNWEEZD,
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%53 FTIE, BZY BAVE & NiO KFEMO BRI B O AL L 22V E O fig i
ZHAME L, 1500°C (281F 5 BaO-Zr0»-Y05-NiO #EDU T 5% O #E4IRAE R 2 1ER 5
7o DI E 2 320 L 7=,

ZDOFER, 1500 °C (28T BZY & NiO 28 AR5 72 912i% (1) Y/(Zr+Y)
(mol%) TEFEIIND BZY DY R—7FN 12 % LLT (2) Ba/(Zr+Y) (mol%) TiEF
S5 BZY O Ba R/ RIBZRIZOWVTRIEZERN 1 % LT O ZR&i7- 3 BZY fik
DROOND I ENHALMNER -T2, BZY, NiO & 3HA{FL 5 HEIMEFE & LTl
BaYoNiOs, Y03 (2%, BaO-Y20:-NiO # = 08I < HRAHSCIL 7 d ZrOs, #H7
th ZrOs, Zr D[EVE LT Y20: DR S 7o, F7o, Liid BZY ML DS A 7=
10 % Y-doped BaZrO; (BZY10) £ L UEIFHO AR P X115 BZY20 & NiO OIRE
REHZ T EIUERL L, 1500°C TEVLEL AT 9 2 & TRIERIN B O RO R4 %
FRRE L7z, BZY20 & NiO OIRAFECIE BaY NiOs 23@IfH & LA L, BZY #HD
Y F=7FN 12 % IEF L ERMERSL, MROZEENGELNLMERTH
o7z, —Ji, BZY10 & NiO OiREFECIXIEIE BZY #H & NiO 50> A T HITHE L
STV WDS s O R HARBEK D ERIFIZ B S TUed» 72 BaO-
Zr0x-Y0s3 i =0 R ICH KT DA O AR HEL 47z, ARIZ, BZY ~0 Ni DfH
RN &+ BRI A~D Ba RHTIC & 0 AR LI-ATREM N E 2 Hh 5,

AREOFERNS, Ba DX L7 BZY10 OfFHIC X - T NiO /K F#EH & 0 ik
DREFFDOAERRZERETE D Z L AR S/, LA L, BZY10 (3 BZY20 (ZH~TRE
FEPEA I S | BN V10 BREE /S, 12T, BZY 12817 % Ba KX Ni D[H
WIHMRERDETICEN S, Lichi-> T, BZY10 ZEBMFEICM M L7z PCFC Tld&E
PERBE DN Cd 5 L HEZR S D, — T, BZY20 BAFHE & NiO KFEM4 LIk
BERG 1L TIERL S U7 BE# D PCFC OMEREIL. KFEMEH B D Ni OHLHUZ X 0 @IFE A
R L AE L7t OB OARERFE D SO ST 5 FTREME SRR S iz, W 21T,
BZY20 FEME & NiO /K% V72 PCFC % EERHELA O TIEIC L » TERIT X
L, S22 5MEEOR EXFREE 725,
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B4 BETIE, 1600 °C 1231 % BZY BRI O A M2 T 2 72012,
A IR & FEH L. 1600 °C (2331 5 BaO-Zr0,-Y»0; it — i RIRER O HHRAE L & b
IZ 1300-1600 °C |23} % BZY10 OARZ EME DA & F i L7,

T EBROFERNS, FH DI E LT, BasYsOo ~D Zr ODFEVENRH S E 72>
Too ZEI Y EREEL TV D 2 EAHEE S, WDS SRS R D Zr OB RIE
Zr/(Y+Zr) ~ 47 mol% & il S 47z, fHAkds KOk XRD /3% — > DN G| 5
{THFZE T BaO-Zr0»-Y205 5% — ot &#) & L CHiis S 7z BZY424 #H<° BZ(1I) FHD—
HBIE. Zr B BasYOo FHERIE ST, B DF R E LT, SHHE~0T2AUA b
&2 D BZY &35 D b AWHMAEIE L AR CIXZnE y HHEMmsb L
7oo v FRIZZEATHRSEICH S S U2 “minor phase” & [Rl—DFHTH D . AL T
BZY/Ba;Y4Ooly phase —AH 745 & OF BasY4Oo/y phase/Y,0; = AR M OAFAED RS S
iz, £L T, BZY DS Eb - & b EELRFER L LT, 1600 °C (IZBWT BZY
VRRFEIRIE Y/(Zr+Y) (mol%) TEFRIIND Y R—7"3#% 0-40 mol% TEKETH Y |
— T, 1600°C &V HARIZBNTY R—7%) 10mol% F2E DO T BZY FEE
PRI R CTdo 5 2 L MEZR STz, ARBIFTE & JeATRIFED 5, 1600 °C THERS &
AUTZ BZY HM8vINRL & HLRBLOIRAE L T2 N A B — X VR 2 3 JRIR & LT, BERS Al
IZY BEORNL “FEO BZY NEEL TCWD Z ERETF b5, ik ()Y
BEOR:Z BZY ROBIZBW T F A OIEHEBENZ & (2) b s R
BHZ BT DIENBRIC X - T MO BZY HOMFRENLE L RDZE OO
DOIFHIZ L > TR TE 5,

ABFFEDOFEF7> 5 1600 °C 12F\NT BZY20 (ZHAHTLETH D Z E RPN E 7
o7z, F72. 1600 °C TORERIZ XV HIThiplcR L) — 722k & £7> BZY20 %
D OIIE, BEREANE BZY O Y IREZE 2T 5 ENEE LV EFR D,

5 ETIE, BTENPOHO N E 72572 BasYs0o ~D Zr [EIR DT DN T, KK
KUK DALF L ENER L OB EREICE B L CREZ1T- 72,
AHFFETIE 0, 10, 20 mol% Zr & #2 BasY40o (Bas(YarZr)Oo:05) % [EAHFGEIC L D
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TERLL, 1600 °C THERE T 5 2 & THRURIK A 1572, #)K XRD /3% — & EPMA-WDS
SSOHTRER L0 . T RTOREHII VT BaO-rich 72k & FF>7 /L7 7 AFH &
Ba:(Y+Zr) WA F AT 4:6 THAET 2 EHOEGFERHER SN, LR -> T,
1600 °C 123\ T “BasY400” #EHIHAHTIZAe <. ZHEL E2NRE LB THh 5
ZEMRBE N, TOROIC, AR THGE S FAL AT Ba KB BasYsOo
ERFLTD2ONWE TH 5, £z, MEFEEZRIAK T TOEE XRD HIZEIZ LY, Ba
KR8 Bas Y409 #H D /KU T DAL F R EMEDS Zr B E O KIC & b 7> Tk
THZEBHALMNE -T2, FEIT, 20 % Zr B BasYs0o iE} Tl Ba K18 Bas Y40
FHD S FRIE R B AR D> 5 72,20 % Zr B2 Bas Y400 s ORI 1E 700 °C Dz Hy/O2
FHRATFTTEBLE I mSem THY, ZHFEEHRO 7T v h AM=EKTH S Sr-doped
LaP309 X Lag s W117013.43 78 £ DM EHIILE S DMETH S, MA T, BiEICB T 578
—/VEERIE 023 TH Y | ZAUTNREN A A AREIRTH D BZY20 OB — V=<
Gd-doped CeO, DE FHFRIZ LR THD TR SV, — T a R ARE ORI R
INT, LA AN ERBEEHETH S SR SN, Leh> T, Yilkltod:
FICT®H % Ba KIE BasY40o 1L IT-SOFC OEMEMELE L TEE LWREZFEO &
A%, —7J7 T, Ba KiH BasY4O9 ~D Zr EHADMEFR L EVED [A] EARERPEDZAL
IZHG5 9D AN =X LERIFT 5I21E, Ba K18 BasY40o Ok S 2A0 22 fF AN 7] K
Th D, FRALFRIZEREDm EOERIZ, 77V I LT A4 MEEITRESNHE
NIeA T ANRBE LR L) DA FERICARLERMEHI B IS TE 5 2 L HIfF S
ns,

VLD X512, RFFETITA~ 1 7 2 0 A N ) 2 BE I W 7z &ERe PCFC
DR A FENE LTz, TOREEND, BZY20 ZBME L+ 554, UTFoXkHr7ez b
WIS SN D, £, BZY20 AKDOT 1 b ARERE L OMIHEZTED L r L ¥ —
BB RITEAL - PCFC Z 3T 5120d, BERTELUAA O FIEIZ LV NiKFER A A
H U, BREEA 500°C AN & 2030 H 5, BZY20 (% 1600 °C IZFHBWTLET
FITRIRR R L2 %) —H RS S D 721, Bl 72 BZY20 Z{ERLL . Fi T
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Ni OILEL LR UVMRE T Ni KFEMZ 5T 52 LRRYELFE XD, ZNHDOFIEC K
DAFHIVZ N R D700y BZY20 U BAFE & Ni KFEMOEEKRZ VT2 E
B, 2 EBCRSSNEFEICLVBERSN 2 ESmE 5352 LT, =xL
F—LEHSNRIZENTZ PCFC OFEADGIFIND, —FH T, S5 HEOHMAAZ L &I
BZY20 £ O HENTZA A AREMERR D B SR, HERREE LD S 572
LR bicn 2 | BEREIRE OIR TIZ K 2F R a X IR TR ERHIFIND, Zh
HOFEBUZ X > THERD SOFC OIRIB(LIZ LD 2 A FHIERCE /) Y= b—v a3 v
RIS £ o TREFEMOYS LR Tm L, BARED R L —2F AL
FHiFIRE et O EBUCEM TE 5 L 525,
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ABFECET oKD X b

1 B EERE
FEEF HER, KA BT, w8 OB, FE B 1500 °C 1[2BI1T D BaO-Zr0:-Y,0s-

NiO #MUC R O, 2 40 BIEIRA 4 =27 Z5Hma, B (2016).

RSP HER, MHHE EAT, % O, FH H; 1300-1600 °C 12351F %5 Y-doped
BaZrOs [ AT OFH A, 2018 FFEXIL TR, A)Il (2018).

REEF HER, M EAT, w BUEE, FH P NY U AU Lax— R PCFC %
SR & LT 28 R EREREAT (2 36 1) 2 INAVE R DR B O iR, 2019 48 <bF KT
2, HEL (2019).

TR HER, JME EAT, w B FE EH; Y e b A VRS EEREE
FREICHAW 71 b AzE Y T X 7 BUREFEMICK T DIRNETR 2 B8 LT
e OFH, B - FEh T 2019, FER (2019).

RSP B, JHE EAT, OB, FEH % h; Y-doped BaZrO; & EMEHE L L7z
PCFCIZHT DImAVEIR OB 2 Pk U 7o EARRG TR, 2 45 [EIER A 4 =27 25

i, fahd (2019).

2 RRAE—FE

Katsuhiro Ueno, Naoyuki Hatada, Donglin Han, Yuki Otani, Akiko Kuramitsu, and
Tetsuya Uda; Phase equilibria in the BaO-ZrO,-Y»03-NiO system at 1500 °C, The 12th
Workshop on Reactive Metal Processing, USA (2017).

RS BEOC, MME EAT, wEOREE, AN S, B R, TH OEH; Y-doped
BaZrO; [EVE AT OFAA, 55 13 FIERA A =27 2 I+ —, il (2017).
REEF B, KO EAT, W REE TH O 1500 °C (2815 BaO-ZrOxY,0s-
NiO W e R OFE A, 5 14 BIEERA 4 =27 21 I F—, #Hik (20183).
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2
1. Katsuhiro Ueno, Naoyuki Hatada, Kazuaki Toyoura, and Tetsuya Uda; The underestimation
of polarization resistance in O, gas-symmetric cells with proton-hole mixed conducting

electrolytes (in preparation)

H3E
1. Katsuhiro Ueno, Naoyuki Hatada, Donglin Han, and Tetsuya Uda; Thermodynamic
maximum of Y doping level in barium zirconate in co-sintering with NiO, Journal of Materials

Chemistry A, 7, 7232 (2019).

w47
1. Katsuhiro Ueno, Naoyuki Hatada, Donglin Han, Kazuaki Toyoura, and Tetsuya Uda;
Reexamination of the phase diagram of the BaO-ZrO,-Y,0s3 system: investigation of the
presence of separate region in Y-doped BaZrOs solid solution and the dissolution of Zr in

Bas Y40, Journal of Solid State Electrochemistry, 24, 1523 (2020).

5

1. Katsuhiro Ueno, Naoyuki Hatada, and Tetsuya Uda; New good ionic conductor: Ba-

deficient Ba3Y4Oo with the Zr substitution (submitted to Solid State lonics)
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AWFIRDOEAITICH T2 . FIRFRF B LA R B TP # FHEgh
FeARIEHALE U BT £, SRRk 2 K82 1L U, HgEEHE, U1 ECER
b DA, FEBR, FSCOERE TR0 g, 2B £ L, FHEE
DD E & LB RA~OEFEEIO N2 L, A THHRICEVET,

AL OERICHTZ0 | RIEE LTEZL O IZHEZHY £ LI ERFRFRE L
PR TR % BT AR O ONCEER ZRFE AL LY
LB L BT £,

%5 2 B PCFC (21T 2 EMMERE DR FIEDOMGRT. 725 NI 5 EOFHLA A
VNEEY T R v 7 AT AMEORITICHT-Y . THEEBY £ LIEKERTL
FEpRA S, St HI, = BIERASHt, Ao REk St 2Bk
BRI E DL L EFE9, £/, 45D 1800°C TOEMLIRLIZEE L, HALKF
KB TR FE RS RS BE AR B2 JE s [ M I BRI 2 S & Tz
FEELL, ZIIUEHMHOBEZRLET, £/, H2 DO Pd OHEEM D > = H O
TR B R TS D TR 72 & £ L, JEMROERRIC L X 0
RLETFET,

AR OBATICH T2V | WS, FRFIEDONLEORRA~DEBLE, FRFERD

CIZER X DOER 2 &, HDH W HH TRETEIC ZTRE W2 & £ LI R TR
B TR R R LR Bha MM EAT eAIRVEH OB 2R LE T, A
O TN T IUIARFFEOZATIIM Do Tc & BWE T, B THEE R 5%
OB ZRLET,

AFEEDOEMICBNTT A AN v a r TOIPHERERICBITEL KD T
NaENTTEE E LI sUR PR PR LA SR B T 58 R e B0 v e
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