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Reaction Pathways: Simplified
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Experimental Approach

= (Lag gSr.2)0.0sMNO5_;
o Predominantly electronic conductor
o Small but detectable ionic conductivity

= Create microdot electrode array: PLD
o Vary dot diameter
o Thickness library
o Growth temperature library

= Measure electrochemical impedance
o Vary pO,; limited variations in T




Scanning Impedance Probe
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High throughput approach to compositions, geometry,
deposition temperature, etc.




Library Fabrication e B
Pulsed laser deposition Single target, single mask
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Library Growth Conditions

Characteristic : Library.l Library.Z SuPﬁ{:::; !
Thickness Library  Growth T Library (thickness)
# of diameters 6 6 6
Range 100 - 500 pm 100 - 500 um 100 - 500 um
"""" # of thicknesses (18 | 1 18
Range [44 - 287 nm] 135 nm 44 - 287 nm
© #ofgrowth temperatures 1 [ 9 | o
Range 650 °C [556 - 692 OC] 650 °C
Growth pressure 10 mTorr O, 30 mTorr O, 30 mTorr O,
Laser pulse rate 1 Hz 5 Hz 1 Hz
Growth rate 0.7 nm/min 2.7 nm/min 0.7 nm/min
Cooling rate 100 °C/min 20 °C/min 100 °C/min
S
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Thickness Library

650 °C growth temperature
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Growth Temperature Library

1 021

19

10

17

10

15

10

Y
o

Intensity (a.u.)
S,

-
o

10

10

10

10

SM 202
LSM 024
LSM 220
YSZ400

el SM012
L.SM 110

YSZ 200

-
w

=]

40 50 60 70 80

2theta (deg)

135 nm thick
Tgrowth
725 )
687
658 primarily
~ (110)
640 oriented
622
607 _
-
593
50 poor
> crystallinity
555 _J

90



Surtace Morphology Vartations

= Thickness gradient
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A.C. Impedance Spectroscopy

= Apply A.C. voltage, measure A.C. current

= Complex impedance
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Transport in a Mixed Conductor

electrochemical

Multiple species (i) flux conductivity potential
mass G (X’t) aﬂl (X’t)
Mass transport Ji (1) =~ (ze)? ax
-, , position, time i
o Fick’s law + Ohm’s law charge

concentration

oc, (x,1) . 0J." (X,1)

- - — O
Continuity p "
electric field
2
. . X,
Poisson’s Equation —£ & ——5— Tp(x.1) Zz ec. (x,t)
permittivity X

Solve for steady state

Consider small perturbation lon = ionic species

. eon = electronic species
Assume electroneutrality P
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Fit Parameters “vsz

probe I

= LSM Bulk = LSM/gas interface
R = 'OLA RS reaction resistance
ion
ga2\/ 05 Ci(sm surface ionic
Cchem - kBTVm a|n(p02) capacitance
m YSZ bulk s LSM/YSZ interface
point contact Cign Interfacial electronic
resistance capacitance

~ to indicate area normalized quantity




Representative Impedance Sp@CtI‘ﬂ

1.5f

-Im(2) / Q

0.5

7
x 10

3.2 x 10*atm O,

Thickness / nm

Thickness / nm 6

r— X 10 0.2 atm 02 o a4
. 2_ o 57
o 7 o o o
> T ~ 800 C; 100 um diameter o o
°m 1.5}  time = 100 — 175 hours o
e 1o
1:; — 185
179 I,\:I\ 1o
™~ 19z

| E
o o
;i: 246
o 1 b
@ 973 ° 257
© o7 1

Thickness / nm

° 44
125
192

° 273

5
Re@/Q 10°

x 10

4
Re(Z) / @ x 10°

Solid lines are fits to analytical expression for
derived equivalent circuit

Resolution depends on T, pO,
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Fleig reports similar results

Clear thickness trend = 2PB pathway (?)
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Diameter Trends

Thickness: 246 nm (T — 710 °C)
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Diameter Trends

Thickness: 246 nm (T — 710 °C)
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Intermission

= Impedance model fits data well

o Under most conditions, good resolution of
all variable parameters

= Diameter trends extracted from the
model are self-consistent

= Double-phase boundary pathway
appears dominant
o At measurement length-scales

a For environmental conditions probed

16




Library 1: Thickness Trends

Diameter: 200 um (T — 710 °C)
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Library 1: Thickness Trends
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Library 2: Growth Temp. Trend

LSM

probe \'I

YSZ

5|""|""|""| 1250/t *0001|
- pO, / atm ] p atm —— _ -
4l —Z0.001 .o ~ 100} Sy —e—0.01 _
c | —m—001 / _ c _ % —v—0.2initial |
é}) 3} —v— 0.2 nitial /* i LOL 0751 % X&{;V_ 0.2+1 day |
< | ——0.2+1day ,* c _ vl Ag* _
-~ ~ - (L]
lmﬂ:g 2 _ *__*** W*ﬁ ’.,l _ I(bg 0.50 - :é @@%Y:Z\;:\\*\ _
Vs
1 B ./-..ﬁI-'%:;v-vzv ] 0.25 h ‘*
N V=AY - j " g‘g
| I T T 1 1 a1 PR TR T | 0.00 | T T TR T T
550 600 650 700 550 600 650 700
Tgrowth/ °C Tgrowth/ °C

Interface must also be changing with film growth T
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Hypothesis: Grain Boundary Role

LSM surface properties
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Clear correlations with grain boundary length
Different laser repetition rates of libraries: 1 vs 5 Hz
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[LSM Bulk Properties e "
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Also: Dchem _t /(Rlon chem) Oio /gChem

“Bulk” properties depend on fabrication conditions
— grain boundary mediated? Trends not systematic

[1] Pal, J. Pwr Srcs (2007); [2] Yildiz & Shao-Horn J. Electrochem. Soc. (2007)




Summary and Conclusions

= 1-D impedance model describes data well
o Minor ‘violation’ due to varied grain size with thickness

= LSM bulk properties are comparable to literature

= Oxygen electroreduction on LSM occurs via 2PB
pathway

= EXposed grain boundaries are likely active sites

= Scaling with thickness

o Increase in total impedance dominated by behavior of
surface reaction step, not increase In diffusion resistance

o Care required when comparing thin film samples

= Many gquestions answers, others have emerged...

in press, J. Mater. Chem. A, Usiskin et al.
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