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1. Introduction

»Materials and multilayered structure

> High electronic conductivity
» Porous structure

> Catalytic activity

> Stability against fuel

Anode
| Electrolyte \(4_
Cathode

» High ionic conductivity

» No electronic conductivity

» Gas tightness

» Stable against both air and fuel

> High electronic conductivity

4 Chemical compat.

4 Match in TEC.

€ Low cost

€ Availability of raw mater.

@ Feasible for large scale
processing

€ Fracture toughness

» Porous structure
» Catalytic activity
> Stability against air

»Main types of cathode materials

Cathode TEC Electronic Oxide Compatibility with Operation
Materials 105 K-! conductivity | conductivit | electrolyte Temperature
S/em yS/em oC
LSM 12.3 2.01 1.7x10+ (+) YSZ 750-1000
LSC 20.5 3.2 0.22 (+) CeO, 650-800
(-) YSZ
LSCF 14.8 1.94 0.04 (+) 650-800
Ce0,,LSGM
(-) YSZ
SSC 21.5 2.47 0.133 (+) 500-650
Ce0O,,LSGM
(-) YSZ
BSCF 18.53 1.63 _ (+) 500-650
CeO,,LSGM
(-) YSZ
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»Differences in reaction paths for oxygen reduction

LSM LSC LSM-YSZ

Composite of electronic
and ionic phase

Electronic conductor Mixed conductor

»0Oxygen reduction over LSM cathode

Step 1 O,(bulk) — O, (interface)
Step 2 O,(interface) > 20, ,

Step3 O,,+e —> 0O,

Step4 O, > O (pp

StepS O pg+ € = O pp

Step 6 OZ-TPB, Lsm T Vi, vsz = 0%, vsz
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»0Oxygen reduction on perovskite surfaces

The valence state of B-
site  cations, oxygen
vacancies are changed

| oxygen after doping in A sites.
Yacancy
(%)

Tuning of -catalytic
activity, electrical
conductivity, TEC,
stability and so on.

by —

0

Catalytic activity is largely
B > o
dependent on the properties of
transitional metal on B sites
Co>Ni>Mn>Fe>Cr

O -
: Reactions over MIEC

\ axygen vacancy
' ; » Diffusion to surface

» Adsorption onto surface

» Charge transfer reaction
» Diffusion of oxygen anions on surface or in bulk

» Diffusion into electrolyte

»Variation of polarization resistance with YSZ
content in the LSM-YSZ composite cathodes

LSM
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»The LF arc is depressed in the
LSM-YSZ composite;
»YSZ=40%-50%, R, is lowest;
»YSZ=60%, R, ;. decreases.
R R E L E YR R AT

Extended TPB
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»0O,-TPD of LSM-YSZ composites

T
i
LSM .
On O vaca
o 7 i v'Oxygen vacancies form at the
& [20%vsz ! : interfaces between LSM and YSZ
= .
2 [40%vsz : electrolyte
§ 50%YSZ ! i
g ' -
QN M
=) i
80%YSZ I .
' i
1 I 1 I 1 I 1 P | I 1
200 400 600 800 9gQlsotherm ggp
Temperature/OC
X 4+2Mn® +VE  +2e 2  4+2Mn* +O*
OO,LSM 21\/lnMn,LSM VO,YSZ 2e® VO,LSM 21\/[nMn,LSM OO,YSZ
X +2Mn* +VE&_  +2¢ £  +2Mn +O*
OO,LSM 21vInMn,LSM VO,YSZ 2¢® VO,LSM 2lenMn,LSM OO,YSZ

Dalian Institute of Chemical Physics, CAS s K& L2 YIBRFmT

2. New Cathode Designs

2.1 Cathode with a high oxide conductivity electrolyte

2.2 Cathode with two different electrolyte components
2.3 Cathode with a modified electrolyte/cathode surface
2.4 Cathode with two different perovskite oxide catalysts



Administrator
Theories and Applications of Chem. Eng., 2008, Vol. 14, No. 2                                                                                                                         3827               


Theories and Applications of Chem. Eng., 2008, Vol. 14, No. 2

2.1Composite cathode with a high oxide conductivity electrolyte

-Impedance spectra

-0.3
0.2
I LSI"\."I]__]_' LSM]_.]_' LSMI_]_'
A1f 1Ce1 0ScEr SCel0BCEr 10Ce1 082y
ERY RO 0.120 0.123 0.131
g (ohm crr)
S e LSM -1Cel0SeZr Rl 0.093 0.073 0.046
02t —o— LSM, -5Cel0ScZr (ohm crr)
, LSM, -10Ce10ScZr Rl 0.444 0.335 0.21%
03} (ohtn crrey
0.4 i 1 i 1 i 1 i 1 i 1 i 1 i
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

2
Z' ohm cm

v'The adsorption, surface diffusion and charge-transfer
reaction of oxygen are promoted with the increase of
CeO, content.

2.1Composite cathode with a high oxide conductivity electrolyte

--Effect of ScSZ composition

25 0.8
12 12 R —=—LSM, -1Cel0ScZr
6s0°C —e—LSM, -5Cel0ScZr
1.0 1 % 1o ° LSM, -10Ce108ezr |, o 2
S = ) © 2
z g z 2
2 2 S g
%08 15 £ & 08 &
g : —
i< = = 404 =
Z 0.6 5 £ 06 5
E 0 2 £ g
3 =
=04 HU/ 0.4
7 —m—1Cel0ScZr-LSM, Jo2
[ —e—5Ce10ScZr-LSM Ho0s
02k 7 11 02
- p 10Ce10ScZr-LSM, |
0.0 g 1 1 1 1 1 0.0 0.0 1 1 1 1 0.0
0 1 2 3 4 5 6 0.0 0.4 0.8 1.2 1.6 2.0

Current density (A/em’) Current density (A/cm’)

v Best ScSZ electrolyte for cathode : 5Ce10ScZr
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2.1Composite cathode with a high oxide conductivity electrolyte
= Effect of 5Cel0ScZr content

2.5

1.2
12 12 —m—20% 5Cel0ScZr 1
o —e—30% 5Ce10ScZr |, o
_1oh 120 _ 10 650°C 40% 5Cel0ScZr | &~
S “ She —v—50% 5Cel0ScZr £
@ o @ 2
2 osh 3 g 1% £
z 115 % g 08 z
3 z 3 £
= 5] = D — 0.6
£ 06} 2 g =
g 410 B § 06 E
= 3 = s
0.4 ) &~ oal Ho4 =
—u—20 wt% 5Cel0ScZr :
g —e—30 wt% 5Cel0ScZr 405
0.2 40 Wt% 5Cel0ScZr 02 102
—v—50 wt% 5Cel0ScZr
0.0 1 1 1 L L 0.0 1 1 1 1 1
0.0 0.0
0 1 2 3 4 5 6 0.0 0.5 1.0 1.5 2.0 2.5 3.0

. 2.
Current density (A/cm’) Current density (A/cm’)

v Optimum content: 40 wt%
v 800°C MPD: 40%>30%>20%>50%
v 650°C MPD: 40%>50%>30%>20%

2.1 Composite cathode with a high oxide conductivity electrolyte

= Cell performance with the optimum cathode

25
12 MPD 2.24
E 1.0 — 120 Ng
%‘)0.8 d1s %
g 0.6 %
e 10 2
0.4 =
02 -4 0.5
0.0 0.0
0 1 2 3 4 5 6
Current density (A/em’ Cell performance(W/cm?)
I-V curves
Temp/°C | 800 750 700 650
0.7V 1.96 |1.52 1.15 0.70
MPD 224 |1.78 1.35 0.82
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2. New Cathode Designs

2.1 Cathode with a high oxide conductivity electrolyte
2.2 Cathode with two different electrolyte components

2.3 Cathode with a modified electrolyte/cathode interface
2.4 Cathode with two different perovskite oxide catalysts

2.2 Cathode with two different electrolyte components
- Cell performance with LDC-YSZ-LSM cathodes

Maximum Power Density (W cm?)
800°C 750°C 700°C \650°

LDC content

0%LDC 129 085 043  0.18
1%LDC 135 084 049  0.19
3%LDC 141 097 052  0.19
5%LDC 139 092 058 023
10%LDC 147  1.01 073 [0.50

[ 15%1LDC 143 105  0.76 (0.51) J
20%LDC 1.17 086 062 039
50%LDC 077 054 038 0.5

At 650°C, the cell with a 1095 LDC-LSM-YSZ cathode gives a
the MPD of 2.8 times of the MPD of the unmodified cell.
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2.2 Cathode with two different electrolyte components
-Impedance spectra of the cells with LDC-YSZ-LSM cathode

2
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v'"With the increase of LDC content, the arc at LF decreases at low LDC content
and increases at high LDC content and shows a minimum at LDC content of 10-15

Y00

2.2 Cathode with two different electrolyte components

O, Desorption /a.u.

-- O,-TPD profiles of LDC-LSM-YSZ composites

0%LDC

1%LDC

3%LDC

5%LDC

10%LDC

LDC

200

400

600 800
Temperature/OC

960 Isotherm 960

The introduction of LDC creates
more oxygen vacancies on the

composite surfaces.
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2.2 Cathode with two different electrolyte components
-LSM-YSZ/LSM-LDC bi-layered cathode

> Fundamentals:
-LSM-LDC

High electrochemical activity
Bad chemical and thermal-mechanical compatibility with YSZ

LSM-YSZ:
Good compatibility with YSZ

Low electrochemical activity

»Solutions: LSM-YSZ/LSM-LDC bi-layered cathode

«—— LSM-LDC outerlayer

+<—— LSM-YSZ interlayer
“— YSZ electrolyte

“— Ni-YSZ anode

2.2 Cathode with two different electrolyte components
-Performance of cells with LSM-YSZ/LSM-LDC bi-layered cathodes

1.2

-
o

q 1.2 = 1.6
—=—2800°C LSM-YSZ/LSM-LDC I —o—800°C
—e—750°C 4 K —0—750°C LSM-LDC ] o
—a—700°C s —4—700°C g
S 09r —v—650°C — q12Z > 0.9 FRL  —v—650°C {12
- -~ ~ X a
-3 @ X { g
[ oy —
= - o — \
§0.6 08€ Eo_e_‘_%& —0.82
03} 0.4 E 0.3 ‘& 0 4E|
o ' 9 e
0.0 1 1 T 0.0 , , ,
° ! 2 : ¢ 0.00 1Current (flensi / A:Iém'2 :" »e
Current density / A em™2 ty
1.2 = 1.6
—o—800C LSM-YSZ
—o0—750°C =
5 —s—700°C )
> 0.9 [ —v—650°C 1.5
2 00 2 MPD at 650°C
So6k v Jo.8° . —
> Y - _
T > Bi—-layered cathode: 0.44 W cm™
Q [ X 1 -
e
i
0.3 g O.4E|
N —
LSM-YSZ cathode: 0.16 W cm™
0.0 : 0.0

o

L 1 L 1 L
1Current 3ensity / A3cm'2

I
4

LSM-LDC cathode: 0.29 W cm™2
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2.2 Cathode with two different electrolyte components

- Impedance of cells with bi-layered cathodes

04 * LSM-YSZ/LSM-LDC 800°C
e LSM-LDC 2
o » LSM-YSZ &
5 ] -.l ... ..... )
: e L g
= 0.2 - s taa %, s
e s ada " = 1
& -';t“:" e g g
[ ] o AA
.g .'. A o ‘ 5' 'E
N 0.0 n AA : N
.l 0
. A
[ ] [ ]
A
02 = ' ' :
0.0 0.3 0.6 0.9 1.2

Zreal / ohm cm2

> Ohmic resistance:

A  LSM-YSZ/LSM-LDC 6500C
| ¢ LSM-LDC
= LSM-YSZ
| [ ] ° [ ]
..I. ::AAAAAA .-. " ....
] A
L R v '-.1\!
I 'y
A3 s
> 2
.‘.
.
1 1 1 1 1 1 1 1
0 1 2 3 4 5 6
Zeal / ohm cm2

Cell grysz< Cellg; 1avered cathode< CellLsm-Lpc

> Polarization resistance:
Cellg; jayered cathode <Cell syLpc< Cell gy ysz

In(cT) (S em™ K)

2.2 Cathode with two different electrolyte components

- Activation energy of polarization resistance of cells with bi-layered cathodes

»Ea (k] mol™!):

v'LSM-LDC: 84
v LSM-YSZ: 104

8
e LSM-YSZ/LSM-LDC
= LSM-LDC
A LSM-YSZ

7k

6|

51

1 1 1 1

0.90 0.95 1.00 1.05 1.10

1000/ T (K")

Arrhenius curves

v'Bi-layered cathode :

82
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2. New Cathode Designs

2.1 Cathode with a high oxide conductivity electrolyte
2.2 Cathode with two different electrolyte components
2.3 Cathode on a modified electrolyte/cathode interface

2.4 Cathode with two different perovskite oxide catalysts

2.3 Cathode with a modified electrolyte/cathode interface
-LT cell with the same electrolyte modified surface

y—Sinter. T<1000°C __ | -k interfacial contact
Sinter. T>1350°C

Bridging sinter. temp. gap

—_—
Improving interfacial contact

GDC electrolyte film

Q) BSCEF particles

O GDC particles
0 Modifying GDC particles
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2.3 Cathode with a modified electrolyte/cathode interface

- LT cell with a same electrolyte modified surface
S R Ul L g

(a) Cell with a GDC modifying layer (b) Cell without a GDC modifying layer
(0.15 1 m)

The modifying GDC layer
strengthens the contact

between electrolyte and
cathode

2.3 Cathode with a modified electrolyte/cathode interface
- LT cell with a same electrolyte modified surface

-
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Ohmic resistance(Q sz)
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i o —o0—550°C
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-
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About mechanism

4.0

32}
€ 24l The same Ea and
O .
S different A value
& 1.6} w s s i@ guggest that the
- o B 1000/T(K") N .
= o C modifying change
|

0.8+ 5 D only the number

° E of active sites.
00 N 1 N 1 N 1 N 1 N
112 116 120 124 128  1.32

1000/T(K")

2.3 Cathode with a modified electrolyte/cathode interface
- Modified with a high ionic conductivity electrolyte

YSZ electrolyte film ScSZ modified YSZ electrolyte film
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2.3 Cathode with a modified electrolyte/cathode interface
- Modified with a high ionic conductivity electrolyte

-0.4 1.0

50 Hz

[ | |
0.2 5000 Hz ey
o 01
£ L
<
g 0.0
S I \ SO‘H
z
01k 5000 Hz

0.8 |-

0.6 |

—u—unmodified cell

—eo—1Cel0ScZr modified cell

g
<
E
&
_ 04
N - o
wf @
| a —m— unmodified cell 0.2 |
03} \-‘ —o— 1Cel0ScSZ modified cell
0.4 0.0 1
800

A 1 A 1 A 1 A 1 A
0.0 0.3 0.6 0.9 1.2 1.5

2
Z' ohm cm

EIS

1 . 1 . 1
650 700 750

Temperature / °C

2. New Cathode Designs

2.1 Cathode with a high oxide conductivity electrolyte

2.2 Cathode with two different electrolyte components
2.3 Cathode with a modified electrolyte/cathode interface

2.4 Cathode with two different perovskite oxide catalysts
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2.4 Cathode with two different perovskite oxide catalysts

BSCF LSM

» New MIEC materials » High electron conductivity

» High oxygen reduction » Low oxide conductlylty
activity at low temp. » Low oxygen reduction

activity at low temp.

» Low sintering temp. > High sintering temp.

How to take advantages of the two materials ?

2.4 Cathode with two different perovskite oxide catalysts
LSM transition layer to bridge sintering temp. gap

EDX of LSM/BSCEF bi-layered assembly

N
o
T v T v T v

(¢,
T T T

Atomic conc, in position A or B
= N
(6] o
3 O » w
\\m
(@]
Q R M
o] o} R Y >
e Yo % X /
ol P 'O
3 0/ o)
o Q
i —
(7))
{7 :
omng
o 5

Ok, o—o : Y o—pi———}
40 -30 -20 -10 O 10 20 30
Distance from the interface (um)
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2.4 Cathode with two different perovskite oxide catalysts

LSM/BSCF-GDC

Inter-diffusions between the

)/ \L;J H\.

|

LSM layer and the BSCF
layer

BSCEF fired onto LSM film at 950°C

Intensity (a.u.)

BSCEF fired onto GDC electrolyte
membrane at 950°C

LSM transition layer fired onto GDC
electrolyte membrane at 1300°C

LSM powder

GDC electrolyte membrane

2.4 Cathode with two different perovskite oxide catalysts
Impedance of cell with LSM/BSCF-GDC

— 0.15 -
600°C | | 550°C g =l 04F s00°C g - e
oosk © 0950 S/ % o10f & 990 I VA [ 0 0950 R
& LSM- § | ..:.-'.‘" N | LSM-950 SN c\’.“ = [ SM-950 _§ / -k
LE> " LSMHOS0 0 Rez@@ o) ¢ LEJ 0.05F nt e v, ReZ(Q o)’ g 0.2} 00 20
G gune " RESO N0 c fy@ﬂ Eb%% o g 00500 Reé(ugcm)
~ At | | 0 ~ ~ | a® O
S . g g 0.00
£ 000 - J E E o (-
|D N 1 N 1 005 l an 1 n E N 1 1
0.12 0.16 0.20 0.2 0.3 04 0.3 0.6 09
ReZ (2 cm’) o Rez(aam) ReZ (Q o)

The LSM transition
layer reduces both
ohmic resistance

and polarization
resistance
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2.4 Cathode with two different perovskite oxide catalysts

Polarization resistance

©
~
1
O
Q
©
o
L

Ohmic resistance (Q cm?)
o o
[} w

Polarization resistance (Q cm?)

—o—0-950

—=—LSM-950 —©—0-350

—=—LSM-950

S~

500 520 540 560 580 600
temperature (°C)

o o
B> ()]
T T 7

o
N
—

o
-_—
1
n

500 520 540 560 580 600
Temperature (°C)
|

I
The LSM transition layer not only

improves interfacial contact but also
accelerates oxygen reduction,
especially at low temp.

\

2.4 Cathode with two different perovskite oxide catalysts
LSM-BSCF-GDC -microstructure

o o Tl P

SEM pictures

The LSM-BSCF-GDC cathode shows a better microstructure than
the BSCF cathode.
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2.4 Cathode with two different perovskite oxide catalysts

- LSM-BSCF-GDC, Cell performance

—_
N

....... —o0—600C v-cg
- —o—550'C{ £
)@!llu“ —\ — ¥ 1
= %082
2\ . )
< N oy =
o “,,.\ %, ] é
E 2
c a2 g 4104 g
> ."g;v OOQ) Ebqu o
A % 1
A g
\ A B T 0.0 N
2 3 4
Current density (A cm )

Voltage (V)

1.394W-cm™

. 1 .
o
(&)

N
(&)

-
o

©
o

(__wdAL) A)ysudp Jomog

T

3 4 5
Currentdensity (Acm'z)

0.55W-cm

The cell with a 30wt% LSM cathode exhibits the best cell
performance attains a MPD of 1.394 and0.55 W-cm at 600 and

500°C respectively.

3. Summary

Four types of new cathodes have been fabricated and

investigated at DICP for SOFC.

» Cathode with high oxide conductivity electrolyte

» Cathode with two different electrolytes

» Cathode with a modified electrolyte/cathode interface

» Cathode with two different perovskite oxide catalysts

All the cells with new composite cathodes show better

performance than the unmodified one, especially at lower

temperatures.
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