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Proposed Novel La,NiO,-LaCoO; Heterostructure

Sr-free, fast O-conducting
LNO backbone plus active
OER LCO surface coating as
Cr-resistant, high performing
oxygen electrode

LCO-based
Perovskite

YSZ electrolyte
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Overall Approach & Objectives

Materials Level Cell Level
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When fully optimized, this oxygen electrode material will target to an INTRINSIC long-term degradation rate of less than
0.3%/1000 hrs at 700°C. By the end of the project, we will reach 1A/cm? current density.
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Task 2: Experimental exploration and verification

Partial Pressure of Oxygen (0.8 atm- 1.0 atm)
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Task 5: Infiltration to Create Heterostructure

Process Review: Wet-Impregnation of Nano-Catalyst for SOFCs/SOECs

Objective: to deposit full phase binary oxide LaCoO3; (LCO) via controlled deposition throughout a porous structure
of the LNO electrode at temperatures < 800 °C.

Proposed Solution: use of poly-norepinephrine and other catechol-like surfactants to properly chelate the complex
higher-order nano-oxides in orderly, non-agglomerated fashion.

HOD/\‘/ NH,
HO COOH

DOPA
. —

Polymerization Chelation Nucleation

HO

Qh

HO

NH;
Dopamine A ' r“;
‘\j o ‘;,"' HO OH

o T A Norepinephrine OH
Bio-inspired catechol ot - _ Oy OH Gallic Acid
adhesive (similarto thaton o nw, | ¢ Catechol deposited in porous electrode in o 0
mussel foot) to controllably gq%em;st:_solu_tlc;z. _ tod to chelat HO N~ “oH
deposit nano-catalyst. Norepinephrine alt solLtion Is then impregnated to chelate OH

and nucleate/grow into surfactant coating. DHBA HO™ ™~ affeic Acid
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Task 3/4: DFT simulations on Heterostructure

LCOx1/LNOx1
(72 atoms / 3 LCO layers)

Interfacial Energy (J/m?)
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Task 3/4: DFT simulations on Heterostructure

> Do MATLANTIS

A VASP el

10 Vv Matlantis s
Neural Network Potential (. JPtae

Significantly accelerates computatios 5 -

Matlantis™: Core Tec!

NNP (Neural Network Potential)

Matlantis supports large-scale mater

various materials at an atomic level. T 1 04
.:;1 neural netwprk potenti.al (NNP) ln i High speed as-NNPdo.esnotsolveelectvonicstates
into a conventional atomic simulator. Computation time: a few seconds

2 10° ¥
K

ime (s)

ed

Conventional physics-based atomist . )
high-cost calculations for solving tt L ‘
calculations thanks to the deep learnir 1 02

data necessary for simulating atomic 7 | -
s calculation

This allows researchers to quickly sin 10 i V cal Properties
systems with relatively low calculatiol

10 10° 10
Number of Atoms
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Task 3/4: DFT simulations on Heterostructure

> Benchmark Test

- VASP (eV/atom) Matlantis (eV/atom) Difference (%)
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Two Research Directions 700C Surface exchange coefficient (cm/s) PO2 0.4~0.2 atm
for the Heterostructure 3.50E-03

Engineering  00E-03
P 2.50E-03
* Make modification of LCO
perovskite 5 00E-03
* Regular doping
e HEPs 1.50E-03
* Doping of LNO 1.00E-03
5.00E-04
* 0.00E+00 .- N
O : O
S ,5,0000 % e %Q
& % Ox\’ O O
o S
L= ¥

B o W Asprepared W 200hincleanair m200hinCr

LCO-based
Perovskite

YSZ electrolyte
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Infiltration Evaluation of Heterostructured Surface (pure/doped LCO)
Lanthanum Cobaltite Deposition Study: XRD Phase Purity Powder Study of LCO

0.01 M pNE Concentration, 800 °C
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XRD Graph of pNE-chelated LCO powder at 800 °C
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* pNE was best performing chelating agent, with maximum phase purity of 88%

» 800 °C was the lowest temperature necessary for high phase purity

» Without any surfactant, LCO phase was only identified around 10%



Infiltration Evaluation of Heterostructured Surface (pure/doped LCO)
Lanthanum Cobaltite Deposition Study: AFM Analysis of Single Crystal YSZ Deposition

Atomic force microscopy maps of LaCoO5; on YSZ single-crystal substrates were gathered for statistics about
particle coverage

LCO Deposition: Nanoparticles formed via 0.5 M deposition

16.8 207
nm '

47 nm

Onm

Unwashed

» 20 3 “ S0 @

0 /oa (7]

Nanoparticles formed via 1.0 M deposition
Results: 107
nm i Extraneous data
3 formed by low
i resolution and fewer
+4 nanoparticles

+ Unwashed samples showed interconnected network, what would
be typical in-situ
» RMS Roughness (rq): 1.25371 nm
» Kurtosis (rku): 2.61714

+ Washed samples used to calculate typical particle radii, ~40 nm,
and showed a normal distribution of particle sizes




Infiltration Evaluation of Heterostructured Surface (pure/doped LCO)

In-situ SOEC Dep03|t|on Studies: Scanning Electron Mlcroscopy

Baig_l;l [}

cef

¥

LCO-infiltrated cells were expected to show a nanoparticle structure based on other works of this kind
» Nanofilm structure with connected particles seen across all surfaces, similar to nanoparticles



Infiltration Evaluation of Heterostructured Surface (pure/doped LCO)

In-situ SOEC Deposition Studies: Electrochemical Impedance Spectroscopy

Temperature (°C)
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* 0.5 M performed best at 800 °C in all time ranges
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* 0.1 M performed significantly better at temperatures at and below 750 °C

Important to note that these cells are not fully optimized, serving more as a comparative study to show impact of LCO

coating on performance

* In this sense, the best performing cells showed a threefold improvement over baseline, non-coated LNO



Infiltration Evaluation of Heterostructured Surface (pure/doped LCO)
Ternary Coatings: XRD Phase Purity Powder Study of LNMO

Percent Composition of LMNO sintered at 900°C 800 °C 900 °C_1000°C 1100 °C_
100% 45 100%, ': | ':I 1 I ':l 11 .
0% 176 9.3 90% | h I I I I mLaMnO (1/1/3.27)
l s 111§ ‘ i ] e
. I m[a2Ni
;g j 10.2 0% :I :I :I :lLaMnOS
11.2 60% I ¢ II N | ®NiMnO (7.2/0.4/8)
50% 50% ! / ! ! | =MnNiO (0.66/0.34/1)
40% 40% | |: |: |: | = LMNO (0.93/0.5/0.5/3)
30% 300 1 ! I I I = LMNO (1/0.75/0.25/3)
20% 250! :, :. :, : = LMNO (1/0.9/0.1/3)
10% | 1 | | La203
0% 10% :I :I :l ! Nio
pNE DHBA Gallic Caffeic 0% | Il I| I| | " La(OH)3
= LMNO (1/0.5/0.5/3) = LMNO (0.93/0.5/0.5/3) m NiO : %é 2 E , %é = é " %é 2 é I'%é = é | = LMNO (1/0.5/0.5/3)
La203 = LMNO (1/0.9/0.1/3) = LMNO (1/0.75/0.25/3) : 8 O_S _I: 8 0_8_|: _D_O _é“_I: 598 |

« LNMO [La(NigsMng5)O5] solution combined with all surfactants sintered at different temperatures and run through
Rietveld analysis to determine phase composition of resultant powder

» Phase purity neared at sintering temperature of 1100 °C by all powders except gallic acid
» Caffeic acid performed best at 900 °C, with 86.2% purity



DFT Simulations on Heterostructure Interfacial Energy

JoY MATLANTIS -

LNO *1 LCO*2 /LNO *2 LCO*3 /LNO *3 LCO*4 /LNO * 4 LCO*5/LNO*5 LCO *6/LNO * 6 LCO*7 /LNO*7 LCO *8 /LNO * 8
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0.00F =
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& | o
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(7] \ -
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L \ o
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[ ~ .
= TR *
Sk *
4000 @O o T o
%
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8 18 28 38 48 58 68 78 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Layers 1/ Layers
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DFT Simulations on Heterostructure Interface Structure J*Y maTLANTIS

» Interfacial Structure No significant changes after 3x3!

La-La Co-Co
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Construction of the Doped Heterostructure

» Doping Method (Random Sampling) Using 3x3 interface: LNO+LC,,M,O (M: Fe; Ni; Mn)

0.25 0.50 0.75

Atomic Fraction of Dopant
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Heterostructure Stability vs. Conductivity (doped LCO) : " MATLANTIS
> Dopant Effect on Stability (Fe, Ni, Mn) Less stable -> Higher conductivity

0.000 . .
@ k* from experiments ®
-2 | |®k*fromASR "
—_ @ k* predicted promising materials BaNbo.os25F €0.937502.625 & ¢
E SrCog g75Nby 15503
8 -0.005F g 3 F BaFe0,s I PrBaFe,0s,5
Q i PrysBag sCo0; i .
% ‘ 4 Gdy.sBay sCo0, ° Q BaCog 6xsFeg.asNbyg 12505
-~ . __ Lag 555r) 75Cro.25F €0 7503 b S ConaEas sz
> { Lag sSr0 sC00; ' 30.5970.5C00.75F€0.2503
9 -0.010F E -5 F La0,625570.375C00.75F €0.2503 SMoSfosCo0;
Q o Lag.125B30.875F€0; 625
S
UCJ * Lag ¢Sro 4C00;4 l SrFe0; g5 (powder) 00045
¥ x> ‘ Partial P f O (0.8 atm- 1.0 atm)
c -t -6 F 9 »g artial Pressure ( Xygen (U.6 atm- 1.U atm
jet 0.015 5 o L30755r025C00; ® SFe0, 6,5 (thin film) g 0004 o LNO
= = fr}
- ~— 00035
g * <7 | Lag.2510.4Bag.sFe0.575Mng.12503 (=) Lag 655r0.375C00.25F 80,7503 § LNO+LCO
— Lag 625Ca0.375C0p.25F€0.7503 g 0003
uo_ Lag,65510.35MN0; 3 00025 LNO+LNC
-8 Lag 557 sMNO. g
0.55fo.5 3 S 0002
-0.020 i LaMnO; @) 2
—4— LaoNiO, o LaCo0; ° 00015
p - L P ———
o LaNiog L5572 sMnO3 S 0001 [y=3.3458x+275
. > R?= 085
5 2 0.0005 =
0095 =] LazN/OI4 10 . . . . . e : L
-0. |
0 0.2 -3.25 -3 -2.75 25 225 2 -1.75 -1.350  -3095 5.1 600 60 700 750

Temperature (C)

O p-band center (eV)
Stability: LNO+LNFO>LNO+LNMO>LNO+LCFO>LNO+LCNO>LNO+LCMO>LNO+LFMO K-Values: LNO+LCNO>LNO+LNMO>LNO+LNFO

Jacobs, Ryan, Tam Mayeshiba, John Booske, and Dane Morgan. "Material discovery and design principles for stable, high activity perovskite cathodes for solid oxide fuel

cells." Advanced Energy Materials 8, no. 11 (2018): 1702708.
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Two Research Directions
for the Heterostructure
Engineering

* Make modification of LCO
perovskite

* Regular doping
* HEPs

* Doping of LNO

YSZ electrolyte

() 18
1.6- I
d G PR W .éu“mm,v
1.4 i V‘”‘ - =
& 1.2
§ 1.0
g i
v 0.8- ago® coR@eegge
o . ;‘“!ncoo.uo...ms...ol )
0.6 o LSCF  0.47%/kh
0.4 o LSPYB 0.25%/kh
0.2 1
0.0

0 4 8 12 16 20 24 28 32 36 40
Time (day)
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Experimental exploration and verification

1.80E-02

1.60E-02

1.40E-02

1.20E-02

1.00E-02

8.00E-03

6.00E-03

4.00E-03

2.00E-03

0.00E+00

700C surface exchange coefficient (cm/s) PO2 from 0.4 to 0.6 atm

LSPYB: (Lag ,Sro.,Pro.2Y0.2Ba;,)C0o 5 Fe0 303 5
LSPGB: (Lag ,Sr,.,Pro2Gdy ,Ba, ;)C0q ,Feg 3035

LSPGY: (Lay ,Sr, ,Pr;,Gdg,Y,,)Coq ,Feg 303 5

LNO LNO-Self coating LSPGY LSPGB

LSPYB

Hm As Prepared m200hin clean air m 200h in Cr 700hin Cr m1200hin Cr

Initial Performance:
LSPYB>LSPGY>LSPGB

long-term exposure to Cr:
LSPGB>LSPYB> LSPGY
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Infiltration Evaluation of HEPs (LSPYB)
Ternary and High-Entropy Coatings: XRD Phase Purity Study of LSPYB

LSPYB and other HEP’s were found as candidates LSPYB Powder Fired at 900 °C

» Powder study was completed for LSPYB 8000 - Baceing

* Unable to complete Rietveld analysis due to lack of data * —— Adjusted pNE
for HEP’s in database 1 —— Adjusted Caffeic

» Performance of surfactant determined by peak 6000 - Adjusted DHBA
intensity of extra phases

» Least amount/smallest intensity of extra peaks shown by %
pNE © 4000 A

« Most amount/greatest intensity of extra peaks shown by
caffeic acid

Results: 2000 -

* pNE chosen as the surfactant of choice to deposit
LSPYB and other high-entropy ceramics thanks to its
performance in this data 0

» Lowest temperature for highest phase purity was
determined to be 900 °C.




Contruction of HEP Supercell

OLa @Co @0 ® La Sr Pr @ Gd
Ba @Co @®Fe @O

SQS Method
LaCoO; (Lag 2Sro ,Pr ,Gdg ,Bag ,)Cog ,Fey 305 5
m Energy (eV/atom) m Energy (eV/atom)
100 -7.1921 100 -7.3228
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HEP Stability vs. Conductivity Qe maTLANTIS

> HEPs: Stablllty (Lag 2Srg.2A0.2B0.2Co.2)Cog s Fe( 8035
______
Element
0.02f

@ k* from experiments >
-2 | [@k*fromASR ¢’

@ k* predicted promising materials BaNbysesFeusnsOzezs ’

Dopant Stability: Gd > Y > Sm > Nd > Pr > Ba

1
' -4t e AA ; : ’ ‘-ouatw-.mo,

e g (Wi T

: T ! H e
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- _-...l _ _ _ .

o
o
—
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HEP Stability vs. Conductivity Qe maTLANTIS

» HEPs: Conductivity (Oxygen Vacancy: 1.67 %)

High High

InD(cm?/s)
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Two Research Directions
for the Heterostructure
Engineering 10}

=0O—La,NiO,,5: pure

—(O~La,,Ca,NiO,,5: x=0.125
—(O—La, Sr,NiO,,5: x=0.125
—O—La,,Ba,NiO,,; x=0.125

* Make modification of LCO ;0-8 -
perovskite %
* Regular doping £ 08 0.682 eV
* HEPs %
i ® 0.4
* Doping of LNO 2

0.2

00 L 1 L 1 L 1 L | L 1 L n L
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Distance (A)

. Oxygen
@ e
@ o

LCO-based
Perovskite

YSZ electrolyte 26/37



Diffusion for Doped La,NiO,,; R-P Phase j—

/ Effect of different

/ doping elements on the\\

' volume, activation
. energy barrier,and
| diffusivity of the La, |
: ANIO, '/

\,A=Ca, Sr, and Ba

~_

La,,A,NiO,,s phase

/ Effect of different
/ doping concentration on“;
| the volume, activation |
‘ energy barrier,and
| diffusivity of the La,. |

:_}A

L\ . I \ xANIO, /
& ] " ) Dopants A (Ca, Sr, Ba) \\\\x;97125 and 9-25/

® L o

GOAL:

NiOgoctahedral

\: Find out the optimal \
. doping elementand
\_doping content for LNO /

L -

Objective of the work
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Diffusion Path for Doped La,NiO,,5 R-P Phase

» Diffusion Paths and Scenarios

Path 1: Interstitialcy mechanism (ab plane) Path 2: Direct interstitial diffusion (ab plane)

) W
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2N 4\ 4N
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R X
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Energy Barriers vs. O2 Permeation

Energy barrier(eV)
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Investigation of Doped LNO electrode

a |l N Lay g755r 125NiO,

La, 755r,,,5NiO,
) [V | . | A At
La, g75Ba, 1,5NiO,
A .11 M a —n —
JJ La, ;5Ba, ,;NiO,
| Y Y l Y | A AAA

La, g75Cay 1,5NiO,

ll l AuL A, A,

La, ;5Cay ,sNIiO,

JA—J——AM—A PN o

La,NiO,
ll l AR l A A,

20 30

40 50 60 70 80
2theta (degrees)

sy

|

ll l .ul. A

I LNO-LDC
I | LNO-GDC

LNO

A, A,

20

30

40 50 60
2theta (degrees)

Different doped LNOs were synthesized to improve the electronic conductivity,
enhance the mechanical strength, and offer improved resistance to Cr-related

degradation

Each pattern matches the K;NiF, structure, indicating that pure R-P phase is

obtained for all nickelate samples explored

70

80
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Electrode-Electrolyte Interface

-

I lum  WVUSRF 3/25/2024
X 20,000 10.0kV SEI SEM WD 8.0mm

E— lum  WVUSRF 4/15/2024
X 10,000 10.0kV SEI SEM WD 9.2mm

Cross-sectional view of La; 75Cag 25NiOg4-

Cross-sectional view of LNO-LDC (8:2) electrode Gdg,Ceo 50, (8:2) electrode and GDC interfaces

and GDC interfaces

The bond between the electrodes and GDC is good
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Performance of Doped LNO

Pure LNO and different
ratios of LDC and GDC

16

14 -

12

10

Polarization resistance (Qcm?)
(-]
1

0
550 600

I La;NiO,-Gd, ,Ce, ;O,(8:2)
B La,NiO,-La, ;Ce, ;0,(6:4)
[ La,NiO,-Gd, ,Ce, ;0,(6:4)
Il La;NiO,-La, ;Ce, 50,(8:2)
B LaNiO,

[ La,NiO,-Gd, ,Ce, 50,(5:5)

650 700 750

Temperature (°C)

800

* The best-performing oxygen electrode in
this category is LNO-GDC (8:2)

* The worst electrode is LNO-GDC (5:5),
where the LNO is even better in

performance

Pure LNO and different ratios
of Ca-doped LNO and GDC

14+ Il La, ;5Ca, ,sNiO,-Gd) ,Ce 40,(5:5)
Il La,NiO,
L

Ly 575Cap.125Ni0,4-Gdy ,Ce, 40,(5:5)

Polarization resistance (Qcm?)

550 600 650 700 750 800

Temperature (°C)

* At lower temperatures, the LNO
backbone has the best performance

* When the temperature was raised to
750 °C, the Ca-doped LNO
(Lay.75Cap.25Ni04-Gdg.2Cep 30,)
improved a lot

Pure LNO and different Pr/La
ratios

14 Il L2, ,Pr,NiO,
- Lay ;Pry sNiO,
[ LaPrNiO,
[ La,Nio,

[ ]LaPrNio,-Gd, ,Ce, 40,(5:5)

12 1

10

Polarization resistance (Qcm?)

550 600 650 700 750 800

Temperature (°C)

* We got the best electrode material when
the amount of La was more compared with
the Pr: La1_5Pro_5NiO4

* The worst electrode is LPNO-GDC (5:5),
where the LNO is even better in
performance

Overall, the composites that were mixed with GDC in the ratio of 5:5 tend to reduce the performance of the
electrode materials
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Summaries

o The prediction of perovskites (doped LCO + HEPs) stability vs. conductivity has good
agreement with experimental observation

o The prediction of the doped r-p phase conductivity has a good agreement with exp
observation

o HEP (LSPGB) shows even better performance with the exposure of Cr
o Ca and Pr doped LNO shows very high conductivity
o Infiltration has been successfully applied with the challenging Doped LCO and HEPs.

Next Steps
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Thank You!

Thanks to funding support from DOE (D(E)—EEOO32”116) and the Program manager Andrew
‘Conne
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