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Background - Limitation of ORR from EIS
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Need to combine multiple techniques to determine mechanism



Background - Experimental vs. Real Microstructures

Real Cathode

Heterogeneous
Catalysis

SIMS Depth Conductivity Heterostructure
Profile Relaxation

Structure/Morphology

« Random crystallographic faces « Random (bulk) to ordered (thin film) » Single crystal face
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ORR Kinetics » 2-phase-solid-gas interface interface
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Background - Fundamental ORR Mechanisms
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* Temperature programmed desorption (TPD)
— Ramp temperature in He to determine adsorbed species .D. 2 mm

« Temperature programmed oxidation (TPO)
— Ramp temperature in O, gas mixture to determine reaction rates

V Gas out to mass spec.
* |Isotope exchange (60 vs. 180)

— Switch gas to separate solid vs gas species contribution to mechanism
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Fundamental ORR Mechanisms - Catalysis
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ORR Reaction Mechanisms in Presence of HoO and CO»

In situ Isotope Exchange (lIE)
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ISTPX of LSCF in 25000ppm O with 6000ppm D20

Oz exchange with lattice 80
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ISTPX of LSCF in 25000ppm O with 6000ppm D20

D20 and O2 exchange with
lattice 180
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ISTPX of LSCF in 25000ppm O with 6000ppm D20

Accumulated Isotopic Fraction exchanged from 80 LSCF
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Temperature and POz Dependence of LSCF in D20

Repeating exchange Accumulated Isotopic Fraction exchanged from 80 LSCF
experiments as function of L e e e e
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Temperature and PO2 Dependence of LSCF in D20

Exchange as function of
Po2, P20 and temperature
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Water Exchange on LSCF vs LSCF-GDC Composite Cathodes
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 LSCF composite significantly broadens temperature range of
water exchange dominance

 Demonstrating importance of TPBs and co-existence of
O-dissociation and O-incorporation phases
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Water Exchange on LSM vs LSM-YSZ Composite Cathodes
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e LSM-YSZ composite demonstrates much greater water exchange
than LSM or YSZ at much lower temp

 Composite effect for LSM-YSZ much greater than for LSCF-GDC
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Comparison of ISTPX with EIS for LSCF-GDC in H20
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The presence of 3% H20 effects the low frequency arc at 450°C
but not at 750°C consistent with the results obtained from ISTPX.



Comparison of ISTPX with EIS for LSCF-GDC in COz2

Doubly Exchanged C'80180
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The presence of 5% CO: effects the low frequency arc at 450°C
and at 750°C consistent with the results obtained from ISTPX.



H20 Impact on LSM/YSZ Microstructural Change

Microstructural degradation under P20 Impact on phase connectivity

identified by isotope exchange conditions -
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In-Situ Conclusions/Outcomes
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Integrated heterogeneous catalysis, polarization, and microstructural characterization
to provide fundamental understanding of cathode ORR and degradation mechanisms

Demonstrated LSCF 1s more active than LSM and has different ORR mechanism
H>0O (and COy) actively participate in ORR for both LSCF and LSM

Identified temperature and gas composition regions where H>O dominates O, surface
exchange mechanism and where they are less important

Identified composite cathode effect on O2 surface exchange with H,O

Ambient humidity has a direct impact on LSM/Y SZ cathode microstructural and
compositional changes that degrades ohmic and non-ohmic ASR
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“Fundamental Impact of Humidity on SOFC Cathode ORR?”, J. of Electrochem. Soc., 163 (3), F171-F182, (2016).

“Investigation of Long-Term Cr Poisoning Effect on LSCF-GDC composite cathodes”, accepted, J. of Electrochem. Soc,
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. “Reaction Kinetics of Gas-Solid Exchange Using Gas Phase Isotopic Oxygen Exchange”, submitted ACS Catalysis.

. “COz Oz Co-Exchange on Multivalent Metal Oxides”, submitted The Journal of Physical Chemistry.

. “Water and CO» gas-solid Exchange on Multivalent Metal Oxides and Their Composites”, in preparation.

. “Direct Observation of Oxygen Dissociation on Metal Oxides”, in preparation.

. “Concurrent Heterogeneous Reactions on Perovskites Using Gas Phase Isotopic Oxygen Exchange”, in preparation.

. “Reaction Kinetics and CO2-O2 Co-Exchange on Bao.sSro.sCoo.sFeo 203", in preparation.

. “Chromium Poisoning Effects on Surface Exchange Kinetics of Lao.¢Sro4Coo2Fe303-5”, in preparation. but all done under absence of app| ied
. “Effect of Gas Contaminants on LSCF-GDC Composite Cathodes”, in preparation . .

. “Mechanisms Governing Water Exchange on LSM and Composite LSM-YSZ Cathodes”, in preparation. bias with no cha rge tranSfer- .-
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In-Operando Project Objectives

Phase 1

e Develop in-operando apparatus for the study of SOFC cathode oxygen surface
exchange properties, under operating conditions of applied voltage / current.

e Determine surface exchange mechanisms and coefficients using in-operando 180-
isotope exchange of LSM and LSCF powders, and their composites with YSZ and
GDC.

Phase 2

e Determine effect of microstructure, macrostructure and composition on the cathode
performance, O, surface exchange mechanism and coefficient.

e Integrate results and identify cathode composition/structures and operational
conditions to reduce ASR and enhance durability.

* Develop unifying theory for the numerous surface exchange processes obtained by
ECR, IIE, IEDP, etc.

* Apply the model results on existing surface exchange coefficient data, and identify

cathode compositions and structures with enhanced activity and durability.
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Develop In-Operando Isotope Exchange System
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Develop In-Operando Isotope Exchange System

in-operando Isotope Exchange Reactor

Potentiostat

/nner »
thermocouple

YSZtube

* Outer
thermocouple

Furnace B
Quadrupole Mass

Spectrometer

Thermocouple

~ quartz tube
— —
02 02 02 02

D * Convert in-situ heterogeneous catalysis set-up to in-operando
% MARYLAND . .
Energy Research center  T€ACtOr t0 measure cathode ORR under applied bias



Develop In-Operando Isotope Exchange System

in-operando Isotope Exchange Reactor
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* Now able to in-operando determine cathode
ORR by simultaneous cell current-voltage
behavior under applied bias with in-situ
heterogeneous 80-isotope exchange
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In-Operando Determination of LSCF k. as Function of Potential
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In-Operando Determination of LSCF k. as Function of Potential
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In-Operando Determination of k. as Function of Potential

Tentative Model
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In-Operando Determination of k. as Function of Potential

* First ever direct in-operando measured
relationship between surface exchange
coefficient and electrochemical overpotential

- data from in-operando experiment and
lines are equation
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In-Operando Determination of k. as Function of Potential
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Summary/Conclusions

e Developed an in-operando apparatus for the study of SOFC cathode
oxygen surface exchange properties under operating conditions of
applied voltage / current

e For the first time determined the oxygen surface exchange coefficient
(kex) in-operando as a function of applied electric potential with in-situ
180-1sotope exchange

e Developed direct relationship between electrochemical (I-V)
performance and k.. as well as unifying theory to relate isotope
exchange obtained k.. to other electroanalytic (e.g., ECR) techniques
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Future Work

* Determine in-operando k.. for varying A/B site ratios in LSM and LSCF and their
composites with YSZ and GDC and determine how changes under degradation

PARSTAT 2273

Heat up to

800°C L

If Phase 2 Awarded e
* Develop and validate in-operando button cell apparatus ——
* Extend to effect of microstructure, macrostructure and —_we ™™
composition on cathode performance, O, surface P
exchange mechanism and coefficient. o f=
. . o, Fig. 9. In-operando cell testing system
 Integrate results and identify cathode composition/ (CTS)conssingafcusom cll fow
. . . system, jurnace, potentiostar and mass
structures and operational conditions to reduce ASR
and enhance durability. |3 JUA e
 Apply the model results on literature k., data,to & o ”
PP} y o B i AW\ |
identify cathode compositions and structures with 2 WM HMWM Hﬂf | l
enhanced activity and durability.
Time (s)
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Fig. 10. Example of ICTS results, measured ‘°O,
concentration as a function of transient cell voltage during
galvanostatic impedance measurements, demonstrating
ability to measure rapid gas concentration changes with EIS
voltage sweep at static applied current steps.



