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Outline

o Utility of thin layers
- Functioning SOFCs
- Basic science
- Fuel cell collaboration

* Microstructure and oxygen exchange
- Orientation of relaxed layers
- Dislocations and strain
- Extended boundaries in polycrystalline layers
- Free surfaces

e Conclusions
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Infiltration: Surface Active nanoparticles for SOFCs

LSM on YSZ

LBL

Scholklapper et al. (LBL),
Electrochem. Solid-State Lett., 9, A376 (2006)

LSCF on YSZ

Penn

W. Wang et al. (Penn)
J. Electrochemical Society, 154, B439-B445 (2007).

What are the optimal materials to use for infiltration?

What are the surface properties of cathode materials?

LSM on LSCF

CMU

3 4 i g P ¥
e T F i
7 % o Pl

Chao, Gerdes, Kitchin, Salvador (CMU)
Electrochemical Society Trans, 35, 2387-2399, (2011).

What are the mechanisms of enhanced performance / degradation?

What are the properties of nanosized particles?

What are the effects of the support on the properties of cathodes?

Salvador Research Group, http://neon.materials.cmu.edu/salvador, 3

DEPARTMENT OF

maTeRIALS SCIENCE AND EnciNeering Carnegie Mellon

Wednesday, July 27, 11


http://neon.materials.cmu.edu/salvador/
http://neon.materials.cmu.edu/salvador/

Conceptual Thin Film Sample: Proxy to Crystals

Probe the nature of atomic scale surface chemistry or interface crystallograph
rather than the device scale micro-structural perturbations in SOFC conditions:
T=1500-900 °C, PO2~= 107 - I atm, Overpotential =0 - 0.4V

Surface Stoichiometry e thickness < D / k
: % Surface Structure
Surface Electronic States r
Surface Chemical e surface sensitive : k

Transient Species

Conductlwty - - - -
Reaction * characterization of film quality /
Pathways microstructural states

Mass Uptak‘e/\ Theory /
Release " Modeling / * compare properties to bulk / films
Simulation
FILMS ARE GOOD PROXIES FOR
BULK CERAMICS

Need High Quality Samples with Controlled Microstructural Features:

Single Crystals or Thin Films
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Orientation Dependence

LSM Films

YSZ Single Crystals

, ' -5
| Perovskite surfaces: ABOgJ T=800°C
AD (100) surface: BO Surface orientation
¢ I *? (111)
o % e ° . (110)
"0 (100)
-
(&)
ABO (110) surface: o fg
> o o < e
® + + @ = -7
e e o
AO (111) surface: B
3
7\ Kener (111) > Kopom (110) > Ko (100)
& o ® & ® Sasaki et al. Solid State lonics. 161: 145-154 (2003)
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Films have surface activated response to ECR
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Film thickness/ nm

Linear relationship of

Relaxation and Thickness
indicates the response is

Surface Limited.

Reduction
Temperature| Kr (100) Kr (110) Kr (111)
/K x10%cmes! | x10%cmes! | X105/ cmes’!
883 1.22 2.31 2.84
986 3.24 14.2 5.92
1088 8.93 40.7 23.2
1191 57.9 79.1 63.9
Oxidation
Temperature| Ko (100) Ko (110) Ko (111)
/K x10%cmes! | x10%cmes! | x10%cmes
883 1.30 2.18 2.83
986 3.74 17.2 6.40
1088 10.1 64.3 16.9
1191 29.8 118 80.3

Oxidation and Reduction are Similar

Crystallographic Anisotropy Exists by = 75 %
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Crystallographic Anisotropy in Apparent Ea

-8 -8 -8
®Kr 100 AKr110 *Kr 111
-9 OKo 100 9 A AKo 110 o | O Ko 111
a * '
in . R :
e -10 | -10 AN -10
> o AN
o N . *
E -1l | 11| A -11 Tl
= -2 el -12 . -12 L
- ¥
-13 \\\\\ -13 \\A -13 i *
- E, = 0.82+0.04 eV " E, = 1.16=0.06 eV - E, = 0.83+£0.04 eV
e —— ‘ -14 — .4
0.80 0.90 1.00 1.10 1.20  0.80 0.90 1.00 1.10 1.20  0.80 0.90 1.00 1.10 1.20
1000/T (K1) 1000/T (K1) 1000/T (K1)
Different Orientation have different activation energies and Kchem’s
Activation Energies are on the order of Literature Values
Activation Energies are Orientation Dependant
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Controlling Dislocations in Films

Relaxed Films:
Misfit Dislocations from Surface

Strained Films:
Inherited Dislocations

Low Dislocation (LD) Substrate High Mismatch (HM) Substrate

High Dislocation (HD) Substrate Low Mismatch (LM) Substrate

Thickness

>

How do Dislocations Impact Surface Properties?
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Rocking Curve Widths and Dislocation Content

Intensity / (arb units)

50 nm

FWHM
=0.016°

600 nm

FWHM
=0.024°

On NGO

229 23.0 23.1 23.2 233 234 235 23.6 23.7 23.8 239 24.0
(o)
w/
Salvador Research Group, http://neon.materials.cmu.edu/salvador, 10 MATERIALS SCIENCE AND ENGINEERING Carnegie Mellon

Wednesday, July 27, 11


http://neon.materials.cmu.edu/salvador/
http://neon.materials.cmu.edu/salvador/

Anomalous Relaxation Behaviors

] K, 6t
h
240 g(t) =1—exp(——*-)
=&=Tr(100) on NGO L
220 | [=2To100)on NGO LSMonSTO _ . L
=B~ Tr(100) on STO " Kchem = thickness
200 ~ETo(100) on STO é ~8Tr (100) 0n STO -
k= =&~ To (100) on STO relaxation time
. 180 S
2
—~ 160 * 3
~~~ ~ 3 3 °
e _ Temmp: 600°C significant substrate effect:
o 140 | PO,: 500-50mTorr STRAIN ( <100 nm).
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= : Thickness/nm
o 100
o p—
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S 80 significant substrate effect:
o
= 60 DISLOCATION ( >100 nm).
~ 40
20 * surface exchange :
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0 100 200 300 400 500 600 700
Thickness/nm
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Activation energy vs thickness and substrate

Thin Films Thick Films
on Different Substrates on Different Substrates
-10 -10
Ea=15eV Fa=0.75 eV
v-lqm -12 ‘ -12 o~ l
E T~ ° on STO
>) _14_6\\ on STO 14 1 | \\\\\Q
\E \\\ Ea=0.75eV on NGO
<5 N
S -16 . O~ 16 -
~ RN
= SO
= 18 A Ea=1.5eV ' 18 -
18 on NGO 18
50 nm _ 600 nm
-20 ' -20 :
0.9 1.0 1.1 1.2 0.9 1.0 1.1 1.2
1000/T /K1 1000/T /K1
o Two different activation Energies: two different processes
o Thick Films are more similar to one another and are generally more active
° at higher temperature, thinnest film on STO is most active
o for thin films, values are almost and order of magnitude different
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Dependence on thickness and temperature

-4.0 -4.0
at 600 °C strained
-4.5 1 -4.5 E\F ; P relaxed
‘Tm -5.0 -y -5.0 —jg on STO
trained relaxe
g « B8 ———— 8gunco
L 55 ‘(_‘f )‘ 55 .
b5 D >
- I I
- —il— =]} on STO d | |
g 6.0 g gonNGo| -6.0 | l———>
Mﬁ / | stfaﬂlzd_ relaxed
-6.5 1 ! -6.5
o0 # € >
< / | |
-7.0 1 | | 7.0
a :
75 {dd ! el | 7.5
strained at 800 °C
-8.0 . . . -8.0
0 200 400 600 800 0 200 400 600 800
Thickness/nm Thickness / nm
o Solid horizontal arrows represent thickness independent regimes
s Locations of coherent strain a full relaxation are marked
o Behaviors are somewhat complex...
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Explanation of Epitaxial Film Observations

a) (b)
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-12.00 a S chem,s
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Textured Film Surfaces

¢c) After ECR

b) After annealing

RMS : 3.1 nm*
S, :4.09 um*

(110) RMS #3.0mm
Syf 4:04 um?,_

Epitaxial
Perovskite
Cathode

Single Crystal

Electrolyte

Substrate

(111)

Substrate

Can the Strain Free Surface and Grain Boundaries be Separated?
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ECR Properties fit to 2 Separate Processes

(a)

(b)

ey 1.2 600 C - oxidation 1.2 800 C - oxidation
F/IJ ECR data
.*;} 1.0~ l:||:|l:ll:l pogPofm o000 @ 1.0 f A4 44444242484
.E unl:ll:l:ﬂuuu A 1.2
] 08 7 |:|II:||:I 08 A
é uugn A 1.0 1

o slow process data fittin A ]
S 0.6 7 e : 0.6 1 a 08
9 .- 0.6 -
S - A
S 04- . 0414 "
= 7 fast process data fitting 02 A ECR data
E 0.2 1 // 0.2 A 0 — Data fitting
e A : : : :
Z 0 10 20 30

0 1 0 A Time / s
0 200 400 600 0 200 400 600
Time /s Time /s
O,—0,, K 4 4
Q1) =2 — |~ Aexp(~ =14 - (1 - A)exp(— =222
o final o Ginitial L L
<800 °C, A#1, two K, .., : a fast and a slow processes.

> 800 °C, A=1, one K : faster response at 600 °C diminishes with A\ temperature.

chem
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Temperature dependence of two mechanisms

-8 (b) kgrain
kgb kgb
'9 1]
- * o
2 "1 . * E,,=0.87 eV I ‘
° 1 -
~ &~ 4
= e

j 12 - Our data agree with literature:
= | o Ink, i

Bl ok, E, =157 eV Kchem is on the order of 10-5¢cm/s.!-5

14 - . lnkred’1

m Ink,,, Eal: 1.48 eV for microelectrode!,
15 : : , 1.32 eV dense pellet?,
0.8 0.9 1 1.1 1.2
1 Ea2: 0.8 eV (100) and (111) on STO?S,
1000/T (K™) 0.07-0.8 eV powder*.
////////////// 1. laO’etal, J. Electrochem sec. (2009).
S ) 2. De Souza et al, Mater. lett. (2000).
/S S S S 3. Yan et al, Solid state 1onics. (2011).
4. Kan et al, Solid state 1onics. (2010).
1S | 5. Yasuda et al, J Solid State Chem. (1996).
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Relative Contribution to Responses

O —0O, k. .t k t
g(1)= 2" =1— Aexp(~—4"") — (1 - A)exp(~—=2")

o final o Ginitial L L

Temp / K 883 923 986 1088 1191

A 0.6 0.7 0.8 1 |
Koxi,1 X10°/cms™ | 0.668 1.09 4.20 21.8 32.4

kouox10®/cms' | 120 | 140 | 292 | NA | N/A
Kred, 1 x107° / cms™! 0.996 1.67 6.42 41.1 55.8

Kreq, 2 X10°/ems™ | 15.0 23.1 48.4 N/A N/A

(a)
[T 7777 e L Kep Ry Kgmianb
A [T I
Low T High T
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600 nm LLSM on YSZ (111) with different grain size

900°C annealed 24 hr

RMS: 3.3 nm
S, : 4.3 um?

850°C annealed 24 hr
v

RMS : 3.l.nm
S, . 42um*

Post-annealing after
750°C deposition

IIII IIIIIIIIIIIIII’

a n size increases

[
B
. IIIIIIIIIIIII-Q

=>

Grain size: =~ 100 nm Grain size: =~ 150 nm

Temp / K 883 923 986 1088 1191
A small grain 0.6 0.7 0.8 1 1
A pig grain 0.7 0.75 0.84 1 1
K. ,.m Values for the fast process and the slow process are the same for both grain sizes.
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Comparison of Textured and Epitaxial (110)

(110) LSM-YSZ fast process

‘Tm E,,=0.87 eV
&
=~
=
=
-
= (110) LSM-YSZ slow process
—_— E, =157 eV
0.8 0.9 1 1.1 1.2
1000/T (K
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Summary

Two apparent processes occuring on the surface (Ea) for Kchem .

These were interpreted as belonging to:
(1) the native surface response of individual grains/variants and
(2) the variants boundaries / grain boundaries of the textured films.

The first (native surface) process : Ea1 = 1.5 €V,
the second (extended defect) process Ea2 = 0.75 eV.

The Kchem,2 values are almost 3 orders of magnitude higher than the Kchem,1 values at low temperatures (< 700°C)
Depends on the density of the defects.

At higher temperatures, the data can be fit with one Kchem
Intermediate value of Ea indicate that both processes contribute to overall exchange
The native surface, higher activation energy process is competitive with

The native surface processes are
Strain dependent
Orientation Dependent
Substrate dependent
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