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Intermediate Temperature SOCs (IT-SOCs)
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Elementary reactions presented for the La,NiO,,s (LNO),
under SOEC mode

Coll. Jéréme Laurencin, CEA-LITEN

Giuseppe Sdanghi et al., Journal of the Electrochemical Society (2022)
P.h.D Thesis Lydia Yefsah, June 2023, ANR ECOREVE

The reaction mechanism is divided into a
/ series of elementary reactions with two
/ parallel pathways :

0, ® Surface path:
0o R4 C R1: Oxidation at TPBs

MIEC
MIEC

® Common steps:
C Surface diffusion — R4: Oxygen desorption — Gas diffusion

@ Bulk path:

R2: lonic transfer — Bulk diffusion in the oxygen electrode — R3: Oxygen excorporation

CGO
CGO




Understanding of the reaction mechanisms

(J For LNO electrode
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Laurencin, J et al., Electrochimica Acta 2015, 174, 1299-1316



PMI

CRnambery

Understanding of the reaction mechanisms
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E. 0.03 Coll. Jéréme Laurencin, CEA-LITEN
o m.m[:spg?é}:-?.mr... Giuseppe Sdanghi et al., Journal of the Electrochemical Society (2022)
0.03 P.h.D. Thesis Lydia Yefsah, June 2023
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Under cathodic polarization (SOFC): I Ll\ilnoirﬁe?;?i%;els()s)l\;gleyndfﬁtljeetred

« | solid oxide )
electrolyte o T
the excorporation reaction (bulk path) becomes more

Fuel cell mode

and more limited, whereas the direct oxidation at TPBIs these conditions cathode %250
(surface path) is still active p— — <
0,

This result explain the dissymmetry of the electrode polarization curves with the better
performances observed under anodic polarization (SOEC mode)



Introduction
® O

Intermediate Temperature SOCs (IT-SOCs)

Large oxygen electrode overpotential - Enhance the ORR/OER

* Factors affecting ORR/OER

Adler-Lane-Steele model (ALS)

Porous single-phase MIEC oxygen electrodes
v" microstructure

ASR loc( AT ) v~ oxygen transport kinetics
7 \j@@@ v/ Oxygen concentration

Adler, Lane, and Steele, J. Electrochem. Soc. 143 (1996) 3554-3564

T : Tortuosity D, : Oxygen self-diffusion ¢, : concentration of oxygen
€ : Porosity coeff. (m?%s) lattice sites in equilibrium
a : Specific surface area (m?) | | k, : Oxygen self-surface (mol/m3)

exchange coeff. (m/s)

\
f ¥
[ Microstructure [ Intrinsic properties of the material }
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Material selection: rare-earth nickelates

x=0 X=2

La,NiO,,s Pr,NiO,,s

v Chemically stable X Poor chemical stability
x HighR_, v Low R,

La, Pr,NiO,,;[0<x<2]

Selected composition: x = 1; LaPrNiO,,; (LPNO)
Electrolyte: Ce, ,Gd, ;0,5 (GDC)

Sharma et al. J. Mater. Chem. A5 (2017) 1120

Takahashi et al., J. Am. Ceram. Soc. 93 (2010) 2329-2333; Amow and Skinner, J.

Solid State Electrochem. 10 (2006) 538-546; Vibhu et al., Solid State lonics 278
(2015) 32-37

INTRINSIC PROPERTIES

» mixed ionic-electronic conductor (MIEC)

> sufficient oxygen diffusion (3-5-10% cm? st at 700 °C) and
surface exchange coefficients (0.5-1-10° cm st at 700 °C)

> sufficient conductivity (70 - 100 S cm at 700 °C)

» similar TEC to GDC electrolyte (ogpc = 13.8-10° K1)

» phase stability with GDC

+ COMPOSITION
+ MICROSTRUCTURE, ARCHITECTURE

—> increase the specific surface area

—> unique surface and interface properties
Fan et al, Nano Energy 45 (2018) 148-176
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Electrostatic Spray Deposition (ESD) — Microstructure of AFL

The impacting droplet size plays an important role on the microstructure

T =350°C
t=270min | § ? Gafian-Cal fi droolet size:
_ L Substrate anan-Calvo equation on droplet size:
- KK
V = 12-14 kV |:_§:| g d =50 mm ,08 Q3 % »  Surface tension, y(N/m)
d . oC /70~ »  Electrical conductivity, o(S/m) QO
¥ ——>Needle Size 7/0 « | Solution density, p (g/cm?) B et ot ol —
»  Solution flow rate, @ (ml/h)
o= o= cai _ - - Solid
afian-Calvo et al. J. Aerosol Sci., 28 (1997) 249-275 .
Q=150 mL/h A particle
; _ ] { ] Viscous
_ SEM, (after sintering at 960 °C, 6 h, air) S| droplet
Solution of precursors: - Liquid |
La-. Pr-, and Ni-nitrates in ‘Coral-like’ microstructure droplet < e o|lc e
; . al .
EtOH:H,0 1:2 \ Average particle size 130 nm £ § Liquid
it} droplet
v | .

Taylor cone

Neagu et al. Chem. Mater., 17 (2005) 902-910

Good adhesion — ,
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Structural properties of ESD-LPNO

Post-sintering at 960°C for 6 h in air

In-situ | " g‘L}IPNCb
high-T | LPNOESD 2 — (La,Pr);Ni,O, 5 *0 1 XRD 0 GDC
B *0 x (La,Pr),0, *LPNO o
XRD - | x@aPn {J {1 (LP)3N2 = (La,Pr);Ni,0
- 1200 °C_A)_x 1 e
- <
_ | J 1100 °C _ —
— ;-’Ju 1000 °C LPNO + (La,Pr)3N|207+8 [(LP)3N2] .g
20 \ 050 °C || LPNO + (La,Pr);Ni,0,.; [(LP)3N2]]
F_E _/J il 025 ec | (LaPr),0Og
- | k 900 °C
-_,,,J | ™ 20. Cu-Ka. (°)
" | e . - Small presence (LP)3N2
_ ‘ —> Smaller particle size and open microstructure > more chemically
I 600 °C — (La,Pr),0, reactive than the SP layer
| S GDC —> Might improve the performance, but might also add complication
on the durability study

20 25 ™30 35 40 45 so (electrolyte)

2-Theta (")
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Influence of the electrode design on LPNO electrochemical performances

AFL = Active functional layer (ESD)
CCL = Current collector layer (SP)

Conclusion

SP LPNO

O }E::“?R" ESD LPNO

53 ISPEe DL ESD LPNO Composite
(v) [ ZtinLaR ® interlayer
GDC electrolyte
Single-layer (SL) ESD Double-layer (DL)
Ry = 0.72 Q em? at 600 °C Rpo = 0.50 Q em? at 600 °C
e - ) T(C)
2E IpSoEnt/Sytr)nnflt(\evtrlcal measurement) 0} ) 0 0 60 s 500 50
EC-Lab software Bio Logic Instrument ' ' - - - -
Sh SL ESD
Frequency analyzer: Autolab 10-2- 106 Hz o, : Shz:mz EDL ESD)+ ) el P : :
Signal amplitude: 20 mV, air, OCV, 450-700 °C « Vibhu (SL SP) TL » Improvement in the design and
e interfaces  leads to  Dbetter
1- o
- electrode activity
z | e Rool » (LP)SAN2 in the ESD layer is
0.1 ; e pol | .
) found to be -electrochemically
100 1.05 110 115 120 125 130 135 1.0 active
1000/T (K™Y

NI Khamidy et al., Journal of Electroanalytical Chemistry 2019
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1. Durability in symmetrical cell (SOEC and SOFC modes)
EIS before and after ageing under polarization at 700 °C for 960 h in air Anodic current
Counter electrode / (+300 mA cm?) SOEC
0.47  Nyquist _ o (CE)
— 03l Anodic pol_arlzatlon Reference — _.8
e (electrolysis mode) electrode (RE) —6be_J "LPNO-DL
302 eeennd, e tzor E) MRS pid
i “Bea, o t=060h Ag wire |
N, 0.14:% vvorking electrode +— Cathodic current
Eool %go .......... (WE) (-300 mA cm2) SOFC
- - o4 08 2 08 Y9 5 Almost no change on the R,
Re[Z]-Rs (Q cm’) of the anodic side (SOEC) - 3-electrode measurements
0.4, 100 °C ) Symmetrical cell of double-layer
ocp = . T _ _ electrode (38 um thick)
<= 0.3 /D/D/D/ D\D\D\ » Strong Increase of the R, on
é 0.2 Cathodic polarizatiojm\ the cathodic side (SOFC)
E 01. 2 (fu.el (t;e_-lld -ﬁl-ode) 1
= fgl o t= 960N ,\% LPNO: degradation in SOFC, stable in SOEC - in line with a
B YR study from ICMCB, Bordeaux for La,_Pr,NiO,,; (x =0, 0.5, 2)

Vibhu et al, J. Energy Chem. 46 (2020) 62-70

Re[Z]-Rs (Q sz)
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ON NO
2. Preliminar durability on a real SOEC (complete cell)

Commercial hydrogen electrode-supported half-cell at 700 °C for ~ 900 h
H,O/H, = 90/10, steam conversion rate = 20%

Anodic polarization of 200 mA cm2 on the oxygen electrode (electrolysis mode)
Glass sealing was carried out at 860 °C for 1.5 h.

Air WE
RE1

Au grid / aldss
I —— O, Electrode (LPNO) /Pt
*>~ GDC barrier layer (by screen printing)
\ Electrolyte (8YSZ2)

Steam (H,0)

H,

11



Resistance (Q cm?)
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2. Preliminar durability on a real SOEC (complete cell)

EIS before and after ageing under anodic polarization and time (SOEC mode)

700 °C, OCV
: D =9 Nl/h
04. Nyqu|st tot,SOEC
€ 03 - 1 Eomon
S OO L . —e—t=168h
\C.}/ 8i: v':::?./‘/./ 3 f“‘“‘l“m%v}v >"--l nat 'p' ‘/‘\‘\v _\.\- A—1=480h
Eo:of'.'vf/.'...-""e.......1.........+..t:900h
_§ 0.8 2 14 16 18 20 22 24 26 28 30
Improvement on the contact  Re[z] (© cm?) 1
164 . ] e
14l e e Improvement.on the elgctrpde 1.28- Cell voltage versus time
121 . Ry Vs time performance in the beginning, < 1.26-
1.0 . followed by a stable < 104
0.8 I— performance g 1.0
0.6 R, vs time S
0.4 LPNO is also stable in SOEC | 3 1207
0.2 operation for the complete cell 1.184 N—
0.0 1.16-

0 200 400 600 800 1000
t (h)

0 200 400 600 800 1000
Time (h)
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Summary on durability

Symmetrical cell Complete cell
SOFC Strong degradation
(rate 15.5 V% kh1; 219 mV kh1)
SOEC Stable performance Stable performance

Conclusion

Different behavior in SOFC and SOEC operation

» Microstructural changes
» Structural destabilization >
» Interdiffusion, reactivity .

> Delamination on the cathodic sides

Post-mortem analyses are required to understand the different behavior
of LPNO under cathodic and anodic polarizations

NI Khamidy et al, Journal of Power Sources 450, 2020, 227724
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Microstructural characterizations: FIB-SEM and 3D reconstruction

FIB-SEM Images
%ﬁg” - E.M’ ¢ m 1‘:. "‘w

lon Source

lon extractor

Beam defining aperture

Focusing condenser lens

Deflectors and scanning electrodes

_ FIB :
“ reconstruction

Focusing objective lens

Target Computation of microstructural properties

(porosity, tortuosity factor, specific surface
area, etc...) by in-house MATLAB codes
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SEM. cross-section

Pristine double-layer

Part I:

Part I1:
Durability Study

Part 111:

Conclusion

Post-mortem Analyses

O] JOIOI0I0I0le
Microstructural characterizations: SEM and 3D reconstruction

AR RSTE TR R AW IR e I

ic side (SOEC)

', SRR

e

DR 3 s BN N D P
i i-YSZ electrode

electrode /
/ / (700 °C, 960 h, iy, =300 A cm-2)

Ano Complete cell operating in
symmetrical cell SOEC symmetrical cell
(700 °C, 900 h, iy, = 200 A cm™2) (700 °C, 960 h, iy, =300 A cm2)
Pristine electrode Anodic side

symmetrical cell SOEC

Porosity (%) 59.02 63.06 * Stable performance

Mean particle diameter *  Nodelamination
(um) 0.22 0.18 *  No microstructural changes
Specifi((::rl:]g;ace area 1.86 1.70 SOEC
Tortuosity factor 1.69 1.49 Strong_deg_radatlon
* Delamination
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Structural characterization: Synchrotron u-XRD and p-XRF

On a beamline at Swiss Light Source (SLS), Paul-Scherrer Institute (PSI), Switzerland
In collaboration with Federico Monaco (CEA-Liten) and Dario Ferreira Sanchez (PSI)
Objectives: detection of phases and elemental distribution in the volume of the electrode

KB mirrors Sample
focusing system (YRD
O + Energy of 17.99 keV (just bellow Zr K-edge); o,
! — « Pencil beam, spot size smaller than 1 um?;

» 2D projection, XY scans;
« XRF + XRD patterns measured simultaneously;

- 11/6/2018 HV cuee | r7I1ag o | ilt : 50 pm : .
| 1133:51AM_ 30.00kV_ 24pA | 1500x | 60° V ION - CEA LITEN « Standard step sizes used: 500 nm, and 250 nm for zoom over selectedlareas




Introduction

Part I:
Design & Performances

Part I1: Part I11:
Durability Study Post-mortem Analyses
OO00e0000

Conclusion

Structural characterization: Synchrotron u-XRD and p-XRF

n-XRD across the electrode thickness

Pristine double-layer
electrode

Intensity (a.u.)

32

I T J T I T
e Experimental é:iata (b)

SP

20, Cu-Ka. (°)
50 28 30
N Fitted data
. —— GDC
Surface | | pPNO
+2%m5 t - —— (LP)3N2
T i PrGOll
+18——---> % ’
+15.5
+6
+44—--= |
+2-1
Interface

20, synchrotron (°)

GDC ——————ll
electrolyte 14 ‘|_|i5

PrsO,, in both ESD
and SP layer

(not detected with lab XRD)

(LP)3N2 only in
ESD layer

(in line with lab XRD)

17
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Structural characterization: Synchrotron u-XRD and p-XRF

Prlstlnedouble Iayer Thralg ESD layer (SC) Coe cell perng in
electrode (700 °C for 1000 h in air) symmetrical ce SOE
(700 °C, 960 g, = 300 A cm?) (700 °C, 900
ZZZ ZZZ Quite stable under oap ., o, 007
.06+ .06 - 1 o % e 0.06
0.05- 0.051 temperature g:ii_ ’ oe 0.05 (LP)4N3/LPN O
"1 Pr,O4/LPNO ' X
0.04 | 0.04 0.04 A
oS Pr6011/LPNO 0.10+ . 5
0.087 Pr.O,,/LPNO 7.~ JEEE All secondary phases are electrochemically active
R T et TS e LALLM ORI > reserve the electrochemical activity of the
R P (LP)3N2/ LPNO aox IUM clectrode during operation in SOEC mode
00 5 10 5 a0 2 %% 5 10 5 20 25 0% 5 10 15

Distance from electrode/GDC interface | D€sStabilize under anodic pOIarizatiQn

(PN = (LaPONLO) PN = PO, | |
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Structural characterization: Synchrotron u-XRD and p-XRF
2D XRD maps
Pristine DL [€jpl@
electrode
Anodic side jEeinje
(SOEC) Uniform destabilization under polarization regardless of the
symmetrical microstructure (SP or ESD)
cell
o5
2D XRF maps
Pristine DL Anodic side [
electrode (SOEC)
symmetrical
cell

No sign of element diffusion between the LPNO
electrode and the electrolyte
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Structural characterization: Laboratory XRD

*0 (§) GDC + Prox *
* LPNO v (La,Pr),Ni;0¢.5

= (La,Pr);Ni, 055

*0 Cathodic side (SOFC)
C . *V symmetrical cell

0 Cathodic side symmetrical cell:
LPNO + (LP)3N2 + PrO, + (LP)4N3

V:* * ok

\ ¢

Pristine double-layer * Same decomposition products as for the anodic side, but
Lt electrode quantitative comparison is not available

20 25 30 35 40 45 50
20, Cu-Ka (°)

Intensity (a.u.)
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Summary
Thermal aging SOEC operation SOFC operation
ESD layer Symmetrical and complete cells Symmetrical cells
(700 °C for 1000 h) (700 °C for +900 h) (700 °C for +900 h)
Performance Stable

Strong degradation

Interface No delamination Strong delamination

Microstructure No changes
Structural stabilization |  Relativetystable™ Chemical destabilization into the same compounds
/
The chemical destabilization of LPNO | Proposed explanations:
might be accelerated under SOFC .

Depletion of oxygen interstitial under cathodic polarization

—> stronger destabilization especially at the electrode/electrolyte interface
—> Inducing delamination

e o d I, Phylos. .R.
« Phase transition of Pr,0,, under reducing atmosphere s azes 1966 sea.614

(low oxygen partial pressure)

The different microstructures between ESD and SP layers do not affect the destabilization

NI Khamidy et al, Journal of Power Sources 450, 2020, 227724




Part I11: Conclusion
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Introduction

Conclusion

T(C ) . -
Single layer (SL) <) Symmetrical cell ®Electrolysismode, t=0h  Lamella of the [ s cma s
700 650 600 550 500 450 . _ P e % 1pNO
YAy o Lo : : : 700 °C 0 Electrolysis mode, t = 960 h complete cell &S s
10/ © SLESD e Fuel cell mode, t=0h (p-FIB) Ni-y$/
o DL 0.5- o Fuel cell mode, t =960 h -
- v TL ] 50 um
Double layer (DL) “c m’é‘ 0.4 - 2
spipnO0 S S 034 o Yo K-XRD and
ESD LPNO (& « « SLESDJ11] N 0.2 3;.:.,32..-@“'1l ' H-XRF e
0.1 e DL[11] E 011N R XRF @
° = SLSP[9] ' I '\2] Xy | C%(gl detector ,
: R P A A S e 0.0 LA 4 : N
Triple layer (TL) 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 0.0 02 0.4 0.6 08 10 foljurg:;o;;steiampk P,

ESD LPNO

SP GDC

vy
GDC electrolyte

» Microstructure, interfaces, and electrode design play an
important role on the electrochemical activity of LPNO

electrode

1000/T (K™
* AFL = Active Functional Layer
* CCL = Current Collector Layer

*  LPNO = LaPrNiO,,;
+ GDC =Ce;Gdy,0,.5
» ESD = Electrostatic Spray Deposition
* SP = Screen Printing

« Secondary phases ((LP)3N2, PrO,;, (LP)4N3) are

electrochemically active

(SOEC)

» The best electrochemical performance is found for the triple-
layer architecture

LPNO electrode shows a promising durability as an
oxygen electrode for solid oxide electrolysis cell

22

(/e{ecfo
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