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Outline

SOFCs
= State of the art and challenges

Cathodes

Oxygen exchange properties of BSCF, NDN, LSCF, LSC
including

= |ong time stability in real atmospheres
= chromium and silicon poisoning

Electrolytes

SC'ZI‘Oz
= bulk and grain boundary conductivity = f(T, pO,)
= ageing studies

12. Symposium Energieinnovation, Graz 15.02.2012
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PEMFC - SOFC
N,
0, (Luft)
Anode ()  Polymer-  Kathode (+) Anode (-)  Elektrolyt  Kathode (+)
elektrolyt Ni-YSZ YSZ La,,Sr,MO,
(M=Fe, Mn, Co)

12. Symposium Energieinnovation, Graz 15.02.2012
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‘ Development trends in SOFCs

|
1000 °C 850 - 750 °C 700 - 600 °C 700 - 550 °C

LSM+YSZ LSM+YSZ CGO

YSZ ScYSZ ScYSZ
Cermet - Infiltrate

YSZ

Ceramic-Supported Metal-Supported
* Brittle ‘ * Robustness
e Raw materials

Low Cost
Low emissions
High reliability

%

Source: DTU Energy Conversion
12. Symposium Energieinnovation, Graz 15.02.2012
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porous Ni/YSZ
(anode)

anode functional layer

YSZ (electrolyte)

GDC

Porous LSCF
(cathode)

AR

Quelle ECN, Niederlande

12. Symposium Energieinnovation, Graz 15.02.2012
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SOFC - state of the art

e SOFCs have the highest efficiency
for conversion of chemical in electrical
energy

e can be operated by various fuels
(natural gas, gasoline, diesel, bio-fuels)

e allow to simultaneously generate
electricity and heat

e show low emissions and low noise

12. Symposium Energieinnovation, Graz
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Quelle Hexis AG
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SOFCs - challenges

e High operating temperatures influence
costs and reliability (chemical and thermo-
mechanical long-term degradation of
SOFC cells and stacks)

e With a decrease of the operating
temperature to 600-700°C, new long-term
stable SOFC components and cheaper
production technologies are needed.

Quelle Hexis AG

12. Symposium Energieinnovation, Graz 15.02.2012
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SOFCs — mobile applications

AVL SOFC APU Generation |
STAND ALONE SOLID OXIDE FUEL CELL AUXILIARY POWER UNIT

AVL 3o TOPSOE FUEL CELL I

SCHRICK APU Stack Module
Anode blowe

Air blower

Gas processing unit

Fuel pumps
pump Incl. reformer, start-burner,
off-gas cleaning, heat
Valves exchange, manifolding
Juergen Rechberger, AVL List GmbH 7

12. Symposium Energieinnovation, Graz 15.02.2012
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Example: EU project SOFC600

» SOFC cell at 600°C
= Area Specific Resistance (ASR) below 0,5 Q.cm?
= Degradation rate below 0.05% / 1000 hours (1 mohm.cm?/khr)

= Robustness: 100 redox cycles, internal reforming capability, reduced coke
formation activity

Aim for components:

Anode < 0.15 ohm.cm?
Cathode < 0.25 ohm.cm?
Electrolyte < 0.10 ohm.cm?

Cell < 0.50 ohm.cm?

12. Symposium Energieinnovation, Graz 15.02.2012
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Characterization of cathodes

= Focus

- Long-term behaviour (t< 1000 h) of oxygen exchange
properties of SOFC cathodes in various atmospheres

= Methods
- thermogravimetry (d)
- dc conductivity relaxation measurements (K .ems Deherns Oe)
- surface and bulk characterisation by XPS

= Materials
- Bay.55r0.5C0p gFe0.203-5 (BSCF)
- Lag.585r0.4C0g 2Fe 8035 (LSCF)
- Nd,;NiOg4,5 (NNO)
- Lag gSrg 4C005.5 (LSC)

12. Symposium Energieinnovation, Graz 15.02.2012
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SOFC cathodes
Perovskites (ABO,;): K,NiF,-type oxides (A,BO,,;):
A=(La,Sr,Ba) and B=(Co,Fe,Mn) A=(Nd,Pr) and B=Ni
d... oxygen nonstoichiometry d... oxygen nonstoichiometry
oxygen deficit (oxygen vacancies) oxygen excess (oxygen interstitials)

(

A-site ions (red)
BOg-octahedra (green) | ’

12. Symposium Energieinnovation, Graz 15.02.2012
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Long-term stability of

- Bag.5Sr0.5C0¢ sF€p.,03.5 (BSCF)

in dry and CO,-containing atmospheres

12. Symposium Energieinnovation, Graz 15.02.2012
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Experimental

= Thermoanalysis (TG, TG-MS)
- Ar-O, and CO,-containing atmospheres

12. Symposium Energieinnovation, Graz 15.02.2012
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BSCF in CO,-rich atmosphere (20% 0,+5% CO, T=600-900°C)

» @ 600-800°C:
Formation of Ba,_,Sr,CO,
surface layer(:2) sepa-
rated from the bulk by an
intermediate phase of
Co/Fe-rich perovskite3:4

Am |/ %

» T>800°C:
Carbonate decompo-
sition, regeneration

[1] Criado et al., Thermochim. Acta, 171 (1990) 229.

[2] Kiseleva et al., Phys. Chem. Miner., 21 (1994) 392.

12. Symposium Energieinnovation, Graz

4,—I—F— 190 ¢
- -
1 600

.

< <>

o 24 48 72 9
t/h

[3] Arnold et al., J. Membr. Sci., 293 (2007) 44.
[4] Yan et al., Appl. Catal. B, 76 (2007) 320.
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Bag.5Srg.5C0p gF€9.203-5

BSCF in CO,-rich atmosphere (20% 0O,+5% CO, T=600°C)

» Mass increase follows a . , ‘ . — 02
linear-parabolic rate law | e B SV P -
> Kinetics of carbonate S i ‘ . —lop °
formation is simul- | [ === parabolic rate law
taneously controlled k=(1.2240.01x107 %" "

by the solid-gas 0 [—=ame0re | T 1
interface reaction é - -
and by diffusion 3 05 l
through the surface ===l s el
=(3.83+0.01)x %" s
(carbonate) Iayer ™ I=(2.37+0.01)x10° % &' |
5 o & 12 18 4
Am n Am _ t/h
[ k

E. Bucher et al., J. Electrochem. Soc., 155 (2008) B1218.

12. Symposium Energieinnovation, Graz 15.02.2012
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BSCF in different atmospheres

» CO,-free atmosphere: Reversible oxygen exchange
of perovskite phase (ABO,_;)

1.5

10,(9)+ V5 +2€" & Of |
o0 1.0 4 Jememmmmccncccnaaa . lfl ‘n‘
[V&'1=8=1(T,pO,) I —— A
SaLyN 1
0.5- . ‘..
X o X
: -
» CO,-rich atmosphere: < 0.0
= Onset of oxygen
. -0.5 1
exchange shifted
towards higher T dol | TR %08 % 00, rest
6 ' 2(I)0 ' 460 ‘ 6(')0 ' 860 ' 1000
T/°C

E. Bucher et al., in Proc. 8" Eur. SOFC Forum, 2008, p. A0603.

12. Symposium Energieinnovation, Graz 15.02.2012
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Long-term stabilities of

- Nd 2N i04+5
- Lap.585r0.4C0p 2F€0.503.5

in dry and humid O,/Ar-atmosphere

12. Symposium Energieinnovation, Graz 15.02.2012
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Experimental

cl/c

= Conductivity relaxation (CR)

10}
08
06
o 04

0,2}

0,0F

ideal p(O,) - step

0

L PR PR R PR R PR R
10000 20000 30000 40000 0000
t/s

m(t) | m(eo)

0,6

0,0

1,0}

0,8}

04}

0,2}

sresponse’ of
the sample

7 10000 20000

30000

t/s

40000

Ar/ 02

\ /
M0 o

12. Symposium Energieinnovation, Graz
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Experimental

2a

a>>L

= Conductivity relaxation (CR)

MONTAN
UNIVERSITAT

WPLNLEOBENACAT

de_pde
t ox”
IB%zil;(c—cs) x=0,L

5... chemical diffusion coefficient

k ... surface exchange coefficient

c@)-o0) m@)

G ()= 0 (0) m(oo)

van der Pauw method — o

12. Symposium Energieinnovation, Graz
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Results

12. Symposium Energieinnovation, Graz 15.02.2012
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Lag.58Sr0.4C0p.2F€0. 8035
> | Long term oxygen exchange kinetics of Laj 53Sr, ,C0, ,Fe, 305 5 in
dry O,/Ar
= LSCF shows fast oxygen exchange kinetics at 600-800°C in the
short time scale
= |ong-term degradation of k., in dry O,-Ar?
4.0x10°6+
1.E-02§ ® kred600
— (pO,=0.01 bar) o ko600
1.E-03 E 3.0x10° k=k0+A*eXp('t/t1 )
] @ 700°C _
g 1'E_04§ g 2.0X10_6‘ Extrapolation 1 kh
3 600°C = koy=6.7E-7 cm s™!
& TR0 E Kreg=6.9E-7 cm 5™
. % l Tl Te-Tgee ] B
E T=600°C o
1807 ‘ ‘ ‘ ‘ ‘ ‘ 0.0 T T T T T T T T T u 0
0.9 0.95 1 1.05_1 . 1.1 1.15 1.2 0 200 400 600 800 1000
1000 T /K

12. Symposium Energieinnovation, Graz

t/h
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Lag.58Sr0.4C0g.2F€0.803-5

> Long term oxygen exchange kinetics of Laj 53Sr, ,C0, ,Fe, 305 5 in
dry + wet atmospheres at 600°C

4.0x106 4 ® Reduction
® Oxidation

3.0x10-6 1

2.0x106

H,O (60 %) on
cooled to RT

-1
kChem /cms

1.0x106 1

—

0.0

T T T T T T T T
0 500 1000 1500 2000
t/h

12. Symposium Energieinnovation, Graz 15.02.2012
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Nd,NiO4, ;5

> Long term oxygen exchange kinetics of Nd,NiO,.; in dry + wet
atmospheres at 700°C

= excellent oxygen surface exchange kinetics at 700°C
- no degradation during 1 kh at 700°C in dry atmosphere (O,/Ar)

= wet atmosphere (pH,0=1E-2bar; 30% relative humidity)
—> decrease of k., by a factor of 10

O, = 0.01bar
1E-3- P2
] O oxidation
] B > O reduction
C\
é/) -
5
— = >
: | : =
< 154 &
$ 1539 2 "
5 g
NS
S T=700°C
(ep]
1E'6 T T T T T T T
0 500 1000 1500 2000

12. Symposium Energieinnovation, Graz t/h 15.02.2012
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Nd>NiO,.5

> Long term stability of k.hem Of Nd,NiO,, 5 in dry + wet

atmospheres (700°C)

1E-3 5
] O oxidation
> > O reduction
B XPS
e < -I
_ 1E44 £ i B >
b) o
5
- = =
£ < E o|| XPs »
5 .
%\j T=700°C
™ p0O,=0.01 bar
1E-6 r T T T T T
0 500 1000 1500 2000

t/h

12. Symposium Energieinnovation, Graz

XPS elemental
depth profiles
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Nd,;NiO4,;5: XPS elemental depth profiles

atomic concentration / at%

80

70

60

50

40

__“‘Nd"“““““““"m‘
. Ni

10

30

20

0

Nd,NiO,,; 1000h dry atmosphere
T=700" C pO,=0.01bar

1 —O01s

{ ——Ni2p

1 —— Nd 3d5/2

T L T L
350 300

T U T U T U T U
250 200 150 100 50 0
sputter depth / nm

12. Symposium Energieinnovation, Graz

MONTAN
Lo
80
| —— Nd 3d5/2
—Ni2
704 E
— L~ " Nd_~—~~ " ——==
< 60
+
3 ]
£ 50+
E
5 40
c
30
20 T T T T T T T T T T T T T T T
350 300 250 200 150 100 50 0
sputter depth / nm
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Nd,;NiO4,;5: XPS elemental depth profiles
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Nd,NiO,,; 1000h dry + 1000h humid atmosphere
T=700" C pO,=0.01bar

80 80
{ —Ofs | ——Nd 3d5/2
704 —— Nd 3d5/2 20 Ni 2p
X y Ni 2p l
§ 60 4 _ =Nd== - - - - m e e e e - - - - - - -
c 1 Z .
S 504 f— 60
© k]
: T P4
S 40 S 504 \/’j
< 1 e 1
S 304 5
) ' z 401
E 20- < _
% ] 30 Ni
104
04 U T U T U T u T u T u T u T 204 T T T T T T T T T T T T T T
350 300 250 200 150 100 50 0 350 300 250 200 150 100 50 0
sputter depth / nm sputter depth / nm

E. Bucher, W. Sitte, F. Klauser, E. Bertel, ]J. Electrochem. Soc. 157 (2010) B1537-B1541
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Lag 58Sr0.4C0g.2F€0.805-5

» Long term oxygen exchange kinetics of La, s5Sr, 4Co, 5Fe, s05.5 in dry and
wet atmospheres at 600°C

4.0x10-6 ® Reduction
® Oxidation
3.0x10-6
C
°© =
£ 2.0x106- < 8
o o) S -2
£ T 3 5
5 B
X \E’ -4
1.0x106 4 S
Sl il e e e 1
-6
0.0 B = . . . . !
0 500 1000 1500 2000 0 50‘:‘/’ . 10000
t/h
15.02.2012
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elemental depth
profiles )
fresh sample f
b
1000h :
dry 1% O,/Ar :g
atmosphere g
1000h dry + 1000h | :
humid 1% O, /Ar- E
atmosphere g

E. Bucher, W. Sitte, F. Klauser, E. Bertel,
Solid State Ionics, 191 (2011) 61-67

12. Symposium Energieinnovation, Graz
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A0.589r0.4L00.2F€0.8V3-5 | o 1s, La3d, Sr3p s
core level spectra
Hydroridss —— La(OH),
_{Haterl:l Metaloxides ~ Satelite La° | La,0, Laoxides Strontium cxide Sr°
Sllic;t:m 1 [ 1 | S 39:1 As prepared sample
° 1 . a) Onm
M//m >¢ \1' {ﬁ '4\)\' 'U"!l\‘i' l\‘f, s b) 1 nm
L,,.-rf“/ \/ \\,\W/) ¢) 10 nm

o Afer 1000 hin a dry

2
N
\»\3
epl | T

e) 1nm
f) 10 nm

2
AT

Z

¢

\ After additional 1000 hin
\ a humid atmosphere
: 'u‘f"ﬁ \-..ﬂ g) Onm

%\..,-v.,-ff \,\& h) 1 nm

{

=l
O,

.

S SA S

_h WAaah) )
46eV . i) 10 nm
Bulk - reference
A . i ) >300nm
695 53¢ 532 530 528 626 042 940 £38 995 034 B2 930 234 200 276 272 268 264
Bincing energy / &V Binding energy / eV Bindng enargy / aV

XPS core level spectra of the O 1s, La 3d, Sr 3p peaks of the three different samples, obtained from immediate
surface (0 nm), at etch depths of 1 nm and 10 nm, and from bulk (depth > 300 nm).

E. Bucher, W. Sitte, F. Klauser, E. Bertel, Solid State Ionics, 191 (2011) 61-67
12. Symposium Energieinnovation, Graz 15.02.2012
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Lao.585r0.4C00.2F€0.803-5 | co2p, Fe2p
core level spectra
Cobalt oxides Co' Co"Co’ Ironoxides Fe" Fe' Fe’
\ HH \' : ,'l
Co 2p 172 2p 32 Fe 2p1/2 2p 32
N'»J’w'JWA 'ﬂ“’k\ i
. bk o | Whay
el VPV M/\W/\‘A
ad -
A /\ﬁ’\
ey ,-—/\. \ ..d
e’ w/\_.‘/\m.e
LA il
e mmhﬂ}‘\‘
WA N Y w
AN
,.‘/""'\.//

800 795 T90 TBS T80 775 T30 725 720 715 710 705 TOO

Binding energy / eV

XPS core level spectra of Co 2p and Fe 2p peaks of the three different samples, obtained from immediate surface

Binding enargy / eV

As prepared sample
a)0nm
b) 1 nm
c) 10 nm

Afer 1000 hin a dry
atmosphere
d) Onm
e) 1nm
f) 10 nm

After additional 1000 h in
a humid atmosphere
g) O nm
h) 1 nm
i) 10 nm

Bulk - reference
P > 300 nm

(0 nm), at etch depths of 1 nm and 10 nm, and from bulk (depth > 300 nm).
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Lap.6Sr0.4C003.;

surface morphology

12. Symposium Energieinno

Rz15.3nm X [pm]

Fig. 7. Surface topography of different La, gSrq 4C005 _ 5 samples; AFM high resolution

scans (1x 1 um?) of (a) the fresh surface, (b) after 1000 h in a dry atmosphere, (c)

after an additional 1000 h in a moderately humidified atmosphere (30% rh.), and (d)

after a further 2000 h in a strongly humidified atmosphere (75% r.h.) including

1000 h of exposure to a saturated NaCl solution; R, values represent the root-mean-
\ Square roughness. Height histograms are given as insets with each image.
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Long-term degradation of the IT-SOFC
cathode material

- Lag.6Sro.4C00;
in dry and humid O,/Ar-atmosphere

in the presence of Cr and Si

12. Symposium Energieinnovation, Graz 15.02.2012
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» Interconnects of IT-SOFCs are Cr-based alloys
(stainless steels)

—> stability of the cathode vs. Cr-poisoning is a key issue

12. Symposium Energieinnovation, Graz 15.02.2012
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Experimental: dc-Conductivity relaxation

1.0 ' 1.0 -
0.8 — 0.8 _
E % E 06F response’ of the
L . o L
£ o4l ideal pO, - step £ o4 sample
[ [ o) [
@) : © i
Q o2 02}
0.0 — \ 0.0 /
O (I) O 1.000.0. .2.000.0. .3.000.0. .4.000.0. . .000.0. - (I) — 1.0(I). - Z;OCI)O.O - 3;0606 - 4:0(I)0.0 - 5.0(I)0.0 .
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Oxygen exchange measurements

» Cr-source: Chromium pellet placed in vicinity to the sample

» Si-source: Quartz sample holder/reactor
» Experimental conditions: T=600°C; p(0,)=0.10 bar; 0<p(H,0)/bar<0.01

Sequence of cathode testing:

1. 1000 h without Cr-source
in a dry atmosphere

2. 1000 h with Cr-source
in a dry atmosphere

3. 1000 h with Cr-source
in @ humidified atmosphere

12. Symposium Energieinnovation, Graz 15.02.2012
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Gas phase equilibria

by reaction of the cathode with
volatile species which are
transported via the gas phase

» The predominating gas phase
species depend on T, p(0O,),

p(H0)

» Under the present experimental
conditions:

= 12 Cry,05(s) + H,0(g) + 3/4 0,(g) >
CrO,(OH),(g)

= Y2 Cr,05(s) + 3/4 Oy(g9) > CrO;(9)
= Si0,(s) + 2 H,0(g) > Si(OH),(9g)

12. Symposium Energieinnovation, Graz

» Poisoning (degradation) is caused

1,500
1

m

MONTAN
UNIVERSITAT

WAPLNLEOBNAC AT

Temperature (°C)

1100 900 700 l, 500

CrO,(OH)

1 1 [

10,000/T (K)

E. Opila et al., JOM 58 (2006) 22.
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Oxygen exchange measurements

» At 600°C in dry atmosphere without/with a Cr-source Lag ¢Sry 4 0045
shows only a minor decrease of the kinetic parameters

» In humidified atmosphere (30 % rel. humidity) with a Cr-source at
600°C a pronounced decrease of K., and D, OCCurs

O Oxidation |]
E%S\Q_B?B O Reduction |]
o ggé—a_a‘ _-
) ]
= o .
17 3 8 ]
g i [0) ga) (| ]
~ O % DG @85"866@
€ © < L C
2 1E-54 = § © § .
~ SE < E = s
= ® = ® =380
c c 52
o © o © o o £
S © o ® S P =
EE gE 95 (0]
1E-6 r T T T T T T T
0 1000 2000 3000 4000

t/h
E. Bucher et al., Proc. SOFC-XII, 2011.
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XPS post-test analysis (1)

WITPLNLEQBNAG. AT

» La, ¢Sry 4C0055 after 1000 h at 600°C in vicinity of a Cr-source
in dry atmosphere

» Only small deviations from e b et HIRD B SB IS
the nominal La/Sr/Co ratio Y P

1k
» No Cr- or Si-contamination % of . , — —4Si
detected g ]
» Correlates with stable g S e ———
oxygen exchange kinetics ~ osf
» Elemental depth profiles g sl —m '
are comparable to those o b i —la
obtained after 1000 h in S 02| <5
dry atmosphere without o
a Cr-source ST 0 200 300 400 500

Depth / nm

E. Bucher et al., Proc. SOFC-XII, 2011.
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XPS post-test analysis (2)

WPLNLEOBENACAT

» Lay ¢Sry 4C005_5 in vicinity of a Cr-source, 1000 h at 600°C in humidified
atmosphere (30% relative humidity)

» XPS shows Cr-poisoning and Sr-enrichment : 0 - 100-150 nm

» In addition Si-impurities: 0 - 10 nm nm

» Cr- and Si-poisoning correlates with decrease in oxygen exchange kinetics

(La,Sr)Co05_5 with Cr-source (La,Sr)Co05_5 with Cr-source
1000 h humidified atmosphere 1000 h dry atmosphere

20F 1E
R0 - \ < Si E 0 «Si
E 1 . 1 . 1 . 1 ol L
g 27 < 1
< , i \ <« o «Cr

0.6 061
5 < Co E .o —< Co
(o] o
E 04t E 04
< © —
2 ? —<La g —dLa
8 o2t < Sr T o2t < Sr
2 e I

00 1 N 1 N 1 N 1 N 1 N 1 00 1 " 1 " 1 " 1 " 1 " 1

0 100 200 300 400 500 0 100 200 300 400 500
Depth / nm Depth / nm

E. Bucher et al., Proc. SOFC-XII, 2011.
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Characterization of electrolyte materials

Electrical properties of scandia-stabilized zirconia
co-doped with yttria and ceria

12. Symposium Energieinnovation, Graz 15.02.2012
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Characterization of electrolyte materials

» Investigation of Ce,Y.,SCy ¢Zr3,04.4 (0<x<0.2):
systematic variation of yttria and ceria content

» Determination of bulk and grain boundary conductivities as a function of
= temperature
= oxygen partial pressure

» Thermal analysis

= thermogravimetry
= dilatometry

» Ageing studies in reducing atmospheres for more than 5000 hours by
application of both dc and ac measurements
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Impedance spectra in oxidizing and reducing atmospheres (300°C)

Y0.25€0.6Zr'3.207.60 Cey.12Y0.085C0.6Z'3.207.66
2.5 2.5
L, = = o ol K =4
opt— — L 1 1 2.0 [ M — —
CPEpu CPE,, (CPE, CPEyu CPE, CPE,,

151 o p(0,) = 0.21 bar, T=300°C,

& 1%-H,/Ar, T=300C o p(0,)=0.21 bar, T=300°C

10k 2 1%-H,/Ar, T=300°C

-Z"/ MQcm
-Z"/ MQcm

2.0 2.5 2.5

Z'/ MQcm Z'/ MQcm
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Bulk conductivity as a function of temperature
in oxidizing and reducing atmospheres
Comparison between Y, ,5¢; ¢Zr3 5,0, ¢, and Ce 15Y 0s5C 6213207 66: heating in air (oxidizing
conditions) and cooling in 1%-H,/Ar after reduction at 700° C for approx. 4 days
Y0.25€0.6Z5'3.207 60 Ce.12Y0.085C0.6£r3.207.66
e heating in air (300 — 700°C) e heating in air (300 — 700°C)
] 4 coolingin 1% - H,/Ar (700 — 300°C) | 4 coolingin 1% - H,/ Ar (700 — 300°C) | _
- E, = (0.99 +0.03) eV - E, = (0.92 £0.02) eV
i 560 < 7/°C < 700 560 < 7/°C < 700
& b < o E, =(1.24+0.01) eV
£ [E,=(099£0.03) eV E,=(1.27+0.01) eV E I E, = (1.05 +0.02) eV 300 < 7/°C < 560
B | TEED = G T 300 < 7/°C < 560 9 “T'560 < T/°C < 700
! S 1
E T E 4T
_ E,=(1.27£0.01) eV E, = (1.27£0.01) eV
6 300 < T/°C < 560 i 300 < 7/°C < 560
_8-||I....I....I....I....I....I....I....I....I.. PR TN [N T ST T [N YO YO T [N T S T T [N S T ST [T T T T T T T W (T T S W S [T ST ST ST B T AN
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
10°(T/K)" 10° (T / K)"
15.02.2012
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Grain boundary conductivity as a function of temperature
in oxidizing and reducing atmospheres
Comparison between Y ,S¢, ¢Zr;5 5,05 60 and Ceg 15Y(.085Co 625207 65:  heating in air
(oxidizing conditions) and cooling in 1%-H,/Ar after reduction at 700° C for approx. 4
days
Y0.25€0.6Z5'3.207 60 Ce.12Y0.085C0.6£r3.207.66
o heating in air (300 — 700°C) o heating in air (300 — 700°C)
6 » cooling in 1% - H, / Ar (700 — 300°C) & cooling in 1% - H, / Ar (700 — 300°C)
4t
SN <
'.'g O:— '-'g
w oL 9 .
SN O
E4F =
10 14 12 13 14 15 16 17 18
10°(T/K)' 10° (T / K)™
15.02.2012
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Electrical conductivity as a function of oxygen partial pressure at 700°
Bulk conductivity Total (bulk + gb) conductivity
0.1 0.1
T=700°C
%RE&>$:§zj}fﬂ}f§<Rfﬁtm
@%@O’O’O’OO’O’O;@:QD:@:@@ A i RA=RRR
£ 5 ot i Re=A—p=t= 0000 0695001
O — G—t—f—0o—0
$ D/ o Yo.zosco.ezr3.207.eo $ > Ejf’/ /H? . —0o— Yozosco 6Zr3 0, 5
= o 07 08457 0155C0 6273507 4 ~ = = ~A—Ce. Y ' e O
3 ’ ’ ’ TN 8 D/ €008 0.1zsco.ezr3.2o7.64
e 0.01F v Cey 10Y6.109C0 627507 65 o 0.01 _ o 7 Gy 10 Y0465C0 6205007 65
Ceo.12Yo.ossco.ezr3.2o7.ee [ Ceo. . 2Yo.osSC0.ezr3.2O7.66
e CeO.16Y0.04ZSCO.GZr3.2O7.68 L —D— Ceo.1eY0.0428C X 6Zr . 207. "
1 L 1 L 1 7.Di 1 .Ceol'ZOS(.:O'GZ:‘&ZO?]O 1 - 1 L 1 L 1 L 7D|7 L |Ce(.)'2OSC|;0'GZ.r3'20|7'70
-24 -20 -16 -12 -8 -4 0 -24 -20 -16 -12 -8 -4 0
log[p(O,) / bar] log [p(O,) / bar]
= All samples containing ceria show a remarkable decrease of the
ionic conductivity at p(0,) < 1015 bar
= This effect is even more pronounced for grain boundaries
[W. Preis, A. Egger, J. Waldhausl, W. Sitte, E. de Carvalho, J.T.S. Irvine, ECS Transactions 25 (2009) 1635-1642]
15.02.2012
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Thermogravimetry as a function of pO, at 700°

Cey.1Y0.15C0.6Zr3.205.5 VS: Y,2,5Cq,6Zr3505.;

T=700°C

— Y, Sc, Zr, O

0.2 0.6 3.2 7.60

Ce .Y Sc Zr. O

0.1 0.1 06 3.2 765

O Y X 6 B 0 O N0 R P P P

time / hours

= approx. 66% of ceria in Ceg Y, 1S€C, ¢Zr3,05; is reduced (Ce** — Ce3+)
after 250 h in 1%-H,/Ar at 700° C

= negligible effect for Y, ,Sc, ¢Zr; ,05 ;s (N0 ceria)

12. Symposium Energieinnovation, Graz
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Doping with rare earth elements

i . . ] Association energy of defect
Highest ionic concutivity with |5 ;sters as function of the radius

Sc-doping of various cations (M3+)
[l [l [l [ [l ' I I I ' I ' ! I I I ' ' I ' ' ! l ' ' '
—> similar ionic radius as Zr 08 La .
S IT™.cr 1
. . 2, 4 n 4
- smallest lattice strain 5001 W T
o 1 Ga Ceg
> I LE, 04 O F.e G§.n1/‘. |
maximum oxygen vacancy 2 T Wl
concentratlon. | 5 0,1 v_ivge\c n_~* p
- lowest association energy of = T '% Vvv v ]
defect clusters formed with E Do , \-\.\___ rE
OxygenvacanCIeS -0-2_—:II}}}§‘%I|:I:{:::{:::
0.7 0.8 0.9 1.0 1.1 1.2
Cation Radius (A)

[M.O. Zacate, L. Minervini, D.J. Bradfield, R.W. Grimes,
K.E. Sickafus, Solid State Ionics 128 (2000) 243-254]
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Dilatometry in oxidizing and reduzing atmospheres

Thermal expansion of Cey ;Y 1SCy ¢ZF;5,03.5

0.014
— heating (air)
0.012 —— cooling (air)
000k | T heating (1% - H,/Ar)
cooling (1% - H,/Ar)
0.008
= o0.006}
.|
<
0.004 -
0.002 -
0.000
_0002 | L L L | ' ' 1 ' ' ' 1 ' ' ' 1 L L L 1 L
0 200 400 600 800 1000
T/ °C

= thermal expansion seems to be unaffected by reduction in 1% - H,/Ar (200 hours at 700° C)

= thermal expansion coefficient of Ce, ;Y ;SC; ¢Zr;5,05.5 at 600° C: o= 12.5 x 106 K1
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WHPLINLEORENAC AT

Aging St“dy Of (Ce02)001(5C203)010(2r02)089 at 700° under 1°/0-H2/AI‘

0.08

1%-H_/Ar
0.06

‘--_..__

0.04 -

o/Scm’

0.02 -
bulk \‘
grain boundaries
= total (= bulk + gb) . .
0 1000 2000 3000 4000 5000 6000

t/ hours
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Summary

Cathodes

Oxygen exchange properties of BSCF, LSCF, LSC, NDN
including

= Long-term stability in real (humid) atmospheres
= chromium and silicon poisoning
Humid atmospheres strongly enhance transport of Cr and Si

via the gas phase, even at temperatures as low as 600°C.
- dry air can significantly increase life-time of SOFC cathodes

Electrolytes (doped Sc-Zr)
= bulk and grain boundary conductivity = f(T, pO,)
= ageing studies
All ceria-containing electrolytes show a decrease of

the ionic conductivity (bulk and grain boundaries) under
reducing conditions

12. Symposium Energieinnovation, Graz 15.02.2012
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Zusatzliche Folien
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AVL SOFC APU Generation |

STAND ALONE SOLID OXIDE FUEL CELL AUXILIARY POWER UNIT

Status: Design Freeze AVL APU GEN 1.0

Design Targets:
= 3kW electrical power

= 10kW thermal power
= el. efficiency ~35%

=» Fuel: european road
diesel (< 10 ppm S)

=> 80L, 65kg
=> ~ 55dB(A) noise

Technoloqy:
= Solid Oxide Fuel Cell

= anode-supported stack
= hot-gas anode recirculation
= auto thermal reforming

= highly efficient radial-
blowers for media supply
= system internal

regeneration approaches




e

LPC Mo
NdzNi04+5

12. Symposium Energieinnovation, Graz 15.02.2012



~
iﬁ La0.65r0.4coo3-5
elemental depth

profiles

fresh sample

1000h
dry 1% O,/Ar
atmosphere

1000h dry + 1000h
humid 1% O,/Ar-
atmosphere

La, Sr, Co

1000h dry + 2000h
humid + 1% NacCl sol.
O,/Ar-atmosphere

E. Bucher, W. Sitte, F. Klauser, E. Bertel,
Solid State Ionics, in press (2012)
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Solid State Ionics, in press (2012)
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surface morphology
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Fig. 6. Surface topography of different LaggSrp 4C005 _ 5 samples; AFM large area scans
(10 10um?) of (a) the fresh surface, (b) after 1000 h in adry atmosphere, (¢) after an
additional 1000 h in a moderately humidified atmosphere (30% r.h.), and (d) after a
further 2000 h in a strongly humidified atmosphere (75% r.h.) including 1000 h of ex-
posure to a saturated NaCl solution; R, values represent the root-mean-square rough-

12. Symposium Energi "€ss- Height histograms are given as insets with each image. 15.02.2012
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Electrical conductivity as a function of pO, - electrochemical oxygen pump

' l ' ' Eurotherm 2416
-
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A
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3 N Power TC
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Characterization of electrolyte materials

Reduction of Ce** — Ce3*:
e increase of oxygen nonstoichiometry

e decrease of ionic conductivity Association energy versus

e increase of activation energy cation (M3+) radius

T 17 T I |

0.8 Al 7]

| r ]

. _

0.6 \. .

Gonm Y
4 o |
0.4+ 0\ e ¥ G.‘fom/ .

AV

(M,,"V,") Binding Energy (eV)

T T T
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Jump of oxygen ion through a
Sedifiele ed_ge Of two a_dJacent [M.O. Zacate, L. Minervini, D.]. Bradfield, R.W. Grimes, K.E. Sickafus,
tetrahedra in the fluorite structure Solid State Tonics 128 (2000) 243-254]

Cation Radius (A)
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