INTERACTIONS BETWEEN MAGNESIUM SILICATE SUPPORT

SUBSTRATE AND STATE-OF-THE-ART CATHODES DURING CO-
SINTERING OF AN ALL-CERAMIC SOFC

43rd International Conference and Exposition on Advanced Ceramics and Composites,
Hilton Daytona Beach Resort and Ocean Center

31.01.2019 S. HARBOE!, F. GRIMMY, N. H. MENZLER?, P. LUPETIN?, O. GUILLON?3
1 FORSCHUNGSZENTRUM JULICH IEK-1, JULICH, GERMANY

2 ROBERT BOSCH GMBH, CORPORATE SECTOR RESEARCH AND ADVANCE
ENGINEERING, RENNINGEN, GERMANY

3 JARA-ENERGY, AACHEN, GERMANY

Mitglied der Helmholtz-Gemeinschaft J

Forschungsz



Vorführender
Präsentationsnotizen
Hello my name is Siri Harboe and welcome to my talk INTERACTION BETWEEN MAGNESIUM SILICATE SUPPORT AND STATE-OF-THE-ART cathode during co-sintering of an all-ceramic SOFC. 
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Vorführender
Präsentationsnotizen
First  I would like to intrduce the project under which this work was conducted KerSOLife 100 was funded by federal minestry for economic affairs and energy. In this project we support our industrial partner Robert Bosch in their development of a low cost, fully ceramic SOFC, by understanding and modelling of material interaction and degradation mechanisms.
Our project partners focusing on various aspects of the SOFC are shown here. In Juelich we focus on the development of the cathode, the electrolyte and the interconnect.


INERT SUPPORTED SOLID OXIDE FUEL CELL (SOFC)

e All ceramic SOFC concept [1]

e Support material Zn-doped magnesium
silicate (Mg-Si-Zn) Anode | O%+H, - H,0+2e” |

« Simplified manufacturing route: co-sintering

Fuel side VHZ

_ i Electrolyte | "

« Compromised sintering temperature

<1300°C for all layers Cathode
« Materials of each layer adjusted to new €

processing route Substrate
« Here, focus on the cathode Mg-Si-Zn & e

Air side
02

[1] Patent DE102012221434A1, Robert Bosch GmbH, 2011 l | LI H
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Vorführender
Präsentationsnotizen
Here , you can see a scetch of the cross section of the main layers of the inert supported SOFC. There are the functional layers and on the cathode sidewe have the inert substrate consisting of Mg-silicate doped with Zn to lower the sintering T. The manufacturing is simplieifed compared to often applied sequentional sintering by applying a single sintering step, we have to use a sintering T high enough to densify the electrolyte , but as low as possible to keep the high surface and posority of the electrodes. In this work we focus on the interactions of the cathode with the adjacent layers.


.

CONTENT OF PRESENTATION

Evaluation of cathodes within design:

Chemical interactions
Electrochemical performance
Microstructure
Co-sinterability

W hkEDNhP=

Summary

Index of tested cathodes

LSM La,Sr,MnO, 4 (baseline)
PSCF Pro 5656 4C0g 5F€4 303
LSCF Lag 56Sr,4C0g ,Fe; 505
LSC Lag 54Sr 4C00,
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LSF
LCCF

LSFM_95S1M3
LSFM_95S2M8

Lag 55T, 4FE0;
Lay 55Cay 4C0g ,FE( 504
(Lag ¢Srp1)o.95F€0.7MNg 304
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Vorführender
Präsentationsnotizen
So in this work we investigatied the interaction of theinert support with conventional La and Pr based cathdoes. 
For a baseline cathode LSM further investigations were made to develop a getter as well as processing optimization of microscturcture and sintering behaviour


CHEMICAL INTERACTIONS

) Chemical Electrochemical : . .
Introduction . ) Microstructure Co-sintering Summary
interactions performance
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S
STABILITY OF PEROVSKITES AFTER THERMAL
TREATMENT LSF

X ¢ —— LSF_RAW | !
¢ —— LSF_T<1300°C ! :
RD measurements - ) ftqr T<1300°

* Perovskite phase stability tested before and
after sintering

e For all cathodes: LSC, LSCF, PSCF, LSM,
LSFM, LSF:

e perovskite appears stable after <1300°C, 5h

Intensity (a.u.)

e Example given: LSF

2-Theta
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Vorführender
Präsentationsnotizen
The first thing that was tested wa the phase stability of the perovskite phase of the cathodes during the new sintering conditions up to below 1300°C. No / Only minute contrubution was  found from other phases as can be seen here for the example shown for the LSF cathode.


REACTIVITY SUPPORT SUBSTRATE AND CATHODES

Co-sintered at <1300°C 5h, SEM image

Electrolyte 8YSZ
dense

Cathode
La, ,Sr,MnO,
+8YSZ
porous

Current collector
La, ,Sr,MnO,
porous

Support
Mg, Si, Zn
Porous

Reaction phase
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Vorführender
Präsentationsnotizen
Then we moved on to the SEM investigations to investigate interactions between the cathode and the support substrate. Here you can see a cross section of the sample with LSM cathode on the left and magnified for all athodes on the right. The cathodes all showed reactivity with the substrate in the form of small segrations in the LSM to thick dense reaction layers in these cathode mateirals showed here LSC – LSF –LSCF and PSCF. But the question is also not necesarilily what happend directly at teh interface with the support but rather what happens further into the cathode material. At the electrochemically active zone.


REACTIVITY SUPPORT SUBSTRATE AND CATHODES

_ _ Zn diffuses ,far” into LSM cathode >200pm
CO-SIntGFEd at <13000C 5h, SEM |mage Forms Mn-Zn Splnel [1]

Electrolyte 8YSZ
dense

ectrum 2

Cathode
La,  Sr,MnO4
+8YSZ
porous

Curre nt CO”eCtor By st o 0% ﬂ -‘EiFjEE:tr"f'ﬂ 3
! A 7 £ -
La,  Sr,MnO4 Ly s :
porous

Support
Mg, Si, Zn
Porous

[1] Matté et al. J. Power Sources,
2018 B Arsane
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Vorführender
Präsentationsnotizen
So f.ex. You can see that for the LSM cathode far into the cathode we found segregation of a Zn rich phase, which has been identified as Zn-Mn spinel phase. And what we thought was this can only diffuse this far within short time with a fast disffusion mechnaism, as gas diffusion.


.

GAS DIFFUSION TEST: X-RAY PHOTOELECTRON
SPECTROSCOPY ANALYSIS

LSM/B8YSZ side
« Detected Zn on LSM/8YSZ: N R —
« Gas diffusion of Zn 2 ©
15| I 0
Cathode LSM20 _ . = | .| S :
ectrolyte < S &4 ~
+8YSZ - e I Y Zn peak
O 3 N |«
v S Sd
-~ M 2 O |- 3=
Z50mm e_as.urementE gl S
- point 2 . % h "
8.0 02 04 06 08 1.0 1.2
/ Binding Energy [keV]
Mg-Si-Zn substrate Post annealing <1300°C, 5h

Annealing <1300°C, 5h ‘J JULICH
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Vorführender
Präsentationsnotizen
So for that we did an experiment with a gas barrier between the support material and the cathode and after the annelaing at below 1300°C WE measured with a highy sensitive surface measurement methode the X-Ray photoelectron spectroscopy analysis and we found that Zn had migrated via the gas phase. 


REACTIVITY OF SINGLE OXIDES WITH Zn IN Mg-Si-Zn

e Possible getters for Zn identified
« Apparent high reactivity / solubility
with Zn of single oxides
e Zn and Mn forms spinel phase [1]
» Mn;O, and Fe,O;chosen for
tests in LSM

- Zn PrsOq Zn Zn La,O, Zn

Forschungszentrum

EDX mapng with Hitachi, post annealing
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[1] Matté et al. J. Power Sources, 2018


Vorführender
Präsentationsnotizen
In order to stop the Zn from poisong the cathode material via the gas phase we searched for suitable getters which would have a high affinity to Zn as well as being non-reactive with hte cathode. So we looked at the single oxide present in the cathode material with SEM mapping and found several materials with high affiinity to Zn. As an examplefor the baseline cathode LSM we also knew that it reacts with Mn to Mn-Zn spinel so we looked at Mn oxide and as a conmaprison Fe-oxide for the getter material. 


LSM: TEST WITH GETTER LAYERS

Zn diffusion depths:

 In Mn;O, ~100pm,
 no Zn found in LSM >400um

 InFe,O; ~40pum,
e Zn found in LSM >400um

- Mn;0, is suitable Zn getter in LSM
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SEM images post annealing 1200°C, 5h

- T " B ! ' “. 5

FZJ : IEK12018 EHT = 8.00kV Detector=BSD WD= 85mm

: IEK1 2018 EHT = 8.00kV Detector=BSD WD = 8.5mm |1°° Hm

Forschungszentrum

Seite 11

IJ JULICH


Vorführender
Präsentationsnotizen
Here you can see aco-sintered sample with the suppor the LSM cathode and the Mn-oxide as a getter. WE saw that Zn-Mn phase was formed in the getter and above the getter, no reaction phase was present. For the same thicknesses of materials and the Feoxide as a getter the material was not able to absorb the Zn and this was found in the cathode. This shows that theMn oxide is asuitable getter for the interfiffusin of Zn and could stop the posioning of the cathode.


ELECTROCHEMICAL
PERFORMANCE

. Chemical Electrochemical , .
Introduction , . Microstructure Co-sintering Summary
interactions performance
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ELECTROCHEMICAL PERFORMANCE & EFFECT OF
CHEMICAL INTERACTIONS WITH Mg-Si-Zn

Set-up 1

Current collector

Q/ LSM  LSM + 20%Mg-Si-Zn \

e Symmetric cells co-sintered at <1300°C
e Maximized Mg-Si-Zn content = maximized impact
« Baseline particle size of all cathode powders dx, ~0.8pum 9 JULICH
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ELECTROCHEMICAL PERFORMANCE & EFFECT OF
CHEMICAL INTERACTIONS WITH Mg-Si-Zn

Nyquist plot
» Electrochemical impedance spectroscopy
(EIS)
« Measured 700-800°C, w=106-10"*Hz R(Z') [ohm]
= W
o ,Simple benchmarking“ value used: E P
o
e Radius of Z' in the Nyquist plot @750°C N —

(
£ lohml g JULICH
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Vorführender
Präsentationsnotizen
For the electrochemcial testing we measured symmetrical cells, from which some were poisoned with the Mg-Si-Zn support material and co-sintered under the below 1300°C conditions. For a simple benchmark we used the polarisation resistnace of the Z dot value of the Nyquist plot.


ELECTROCHEMICAL PERFORMANCE & EFFECT OF
CHEMICAL INTERACTIONS WITH Mg-Si-Zn

 LSF lowest polarization 1000 _ _ |
resistance, LSC the highest = non-poisoned  ®Mg-Si-Zn poisoned

100
* Unexpected poisoning effects

e Usually LSC and LSCF are high

10
performance cathodes [1] 1
« Effect of microstructure? 01 !!

& ) ‘b
Q‘-’Z‘)O \\1\

R (Z') [ohm]

M
/ B ¥
( b \J —_—
| 4 ﬂff & \55‘ L } J

e

Han et al., J Power Sources, 2012 'J J U LICH
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Vorführender
Präsentationsnotizen
An overivew of the RZ‘ values are listed and we can see that the LSF has the lowest resistance whereas the LSC has the highest restince and this is surprissing because the cathodes LSC and LSCF are ussually considered the best performace cathodes. So one possible reason for this is that the micrsotructure formed under the given sintering conditions and processing where not optimatal. AS well in some cases we saw that the poisoned cathodes performed better than the non-poisoned cathode, and although we do not have the exact reason for this we believe that the reason might be the interaction with the current collector the LSM. So for the processing of the cathodes we looked at the baseline cathode LSM and saw that this material performace could be significantly improved by improving the processing conditions. 


MICROSTRUCTURE

) Chemical Electrochemical : . .
Introduction , . Microstructure Co-sintering Summary
interactions performance
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REQUESTED MICROSTRUCTURAL POROSITY

For La, ¢Sr,,MnO,+8YSZ cathode

Air O, | Porosity
A | A |22%
O o 00/
[ o T
%
A )
Q.’ o
o
A o
0
0 0,5 1 1,5

Current density [A/cm?]

Best cathode performance found at 40% porosity [1]

[1] Tsai et al., Solid state Ionics, 1997
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Vorführender
Präsentationsnotizen
So for LSM 8YSZ structure much investigation has been done on the impact of the microstructural properties. It has been found that the best performace was found for the highest tested porosity of 40% 


EVALUATION OF MICROSTRUCTURAL PARAMETERS

For (La,,Sr,),MnO;

. . S o o : o
Porosity of 240% at co-sintering <1300°C 70 < LSM 10 %Sr
with: 60 requested

e various combinations of: — 50 = LSM 20 %5

AN
Sr-c_onter_lt > 40 Y = LSM 30 %Sr

* particle size % 30 | A

o

o

o

e pore formers

20 LSM 50 %Sr
* Sintered porosity increases with Sr-content 10 / P
(x<0.5) [1, 2] 0 * i

+15%starch

e Sintering mass transport: La/Sr- lattice 0 50 100
9 . . P Particle size, dg, [um] - LSM 20 %Sr
vacancy diffusion controlled [3, 4] +15%starch

e La/Sr- lattice vacancies decrease with Co-sintered at <1300°C 5h

Increasing Sr-content [2, 3] Porosity: image analysis

Particle size d;,: LA-950 V2 Retsch Horiba
[1] Roosmalen et al., Solid State lonics, 1993. [2] Wolfenstine et al., Solid State lonics, 1996. ' ' J U L I c H

[3] Wolfenstine et al., Journal of Materials Research, 1996. [4] Palcut, Journal of Physical Chemistry C, 2007.
[5] Takeda et al., Material Research Bulletin, 1991. Forschungszentrum
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Vorführender
Präsentationsnotizen
So we measured the poristy of theLSM cathode with various particle sizes and Sr-contents. It was found that with increasing amount of Sr in the cathode the porosity was increased, which was confirmed by literature research as well as with particle sizes. 


CO-SINTERING

) Chemical Electrochemical : : .
Introduction , . Microstructure Co-sintering Summary
interactions performance
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FREE SINTERING: LSM+8YSZ CATHODE, SUPPORT

SUBSTRATE

Free sintering strain behavior depends on:
 Powder (paste) properties
e Temperature

Material optimization:

e Matching of time and temperature
dependant strain rate €; or

» Adaptation of rheological properties

Mitglied der Helmholtz-Gemeinschaft
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True strain rate: é; = "
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CO-SINTERABILITY PREREQUISITE

Measured with Netsch dilatometer

LSM/8YSZ cathodes and current

collectors, sintering behavior 0.0 (PP . 1<1300°C | -
adjusted: X\ T
 Particle size, Sr-content 3

« Pore formers added = 02 &

Matching sintering curves—-> 8 o4 E
Successful co-sintering E 5

Cathode  MQg-Si-Zn substrate N\\\

200 400 600 800 1000 1200 1400 IEEN,

Time [min] I I

- - Corrected strain paste 6 Y% Corrected strain ”[ et | 1
----- Corrected strain paste 7 e 9 Corrected strain paste 25

- = Corrected strain paste 8 == Corrected strain Mg-Si-Zn

- = Corrected strain paste 9
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SUMMARY

) Chemical Electrochemical : . .
Introduction : . Microstructure Co-sintering Summary
interactions performance

IJ JULICH

Forschungszentrum

Seite 22

Mitglied der Helmholtz-Gemeinschaft



SUMMARY

e Novel all ceramic SOFC design; evaluation of cathodes within new design and processing

conditions:

e Chemical interactions: All cathodes react with elements in support

e But, reactions may be decreased / suppressed by getters

e Electrochemical performance: so far LSF shows the highest performance in EIS

e Microstructure: at new processing conditions needs optimization
e Co-sinterability: must be considered during material optimization
e OUTLOOK: Improve microstructure of LSF / LSCF

e Most promising cathodes - single cell measurements

Mitglied der Helmholtz-Gemeinschaft
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IMPACT OF PARTICLE SIZE AND Sr-CONTENT ON
SINTERED MICROSTRUCTURE (La,_Sr,),MnO;,

A 0
05 Co-sintered at <1300°C 5h STl OWdr
| d.: LA-950 V2 Retsch Horiba
X
2
o 0.3
o
-
@)
&)
S | 950?5-3Hm (paste) dso=10pm (paste)
0.2
100411
Powder particle size ’
@) JULICH
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ELECTROCHEMICAL PERFORMANCE & EFFECT OF
CHEMICAL INTERACTIONS WITH Mg-Si-Zn

8YSZ —> 8YSZ >
Screenprinting T=1300°C 3h

CGO (left out for LSM)

Screenprintin,g Screenprintinb 8YSZ T=1200°C 5h

Cathode Currentcollector §\\\\§

* Impedance-measurements samples: symmetric cells
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