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Si Operating principle of SOFC
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Converts the chemical energy into electrical energy
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Current —voltage curve

Water l T Hydrogen

Oxidation

Concentration losses

Voltage [V

2H, (g) + 20> — 2H,0(g)

Activation losses

Current density /A cm?

Overall reaction :
2H,(g) +O,(g) — 2H,0 + heat + electricity

.
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Istomin et al. Russian Chemical Reviews 82(7) (2013) 686 2



UCCS Decreasing the operating temperature

Temperature (°C)
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Good mechanical et chemical stability

——— Mediocre conductivity under 700°C

——— Mechanical instability, chemical reactivity, electrode microstructure



UCCS Decreasing the operating temperature

Temperature (°C)

900 800 700 600 500 400 300
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_5 [ M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
08 09 10 11 12 13 14 15 16 1.7 18
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In order to decrease the operating temperature,
/ two approaches are possible : \
. Electrolyte with a better
Decrease the electrolyte |:> Limited Y

thickness ionic conductivity
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Temperature (°C)
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Electrolytes for Low Temperature SOFC (LT-SOFC)
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Reduction Ce**—> Ce3*

Electronic contribution



Air
Maximum power density O Qo SIS Q SENQ o z
Electrolyte Thickness mW.cm2 at g o> O o
650°C  700°C e ~ 5 Q€ ‘
de
GDC 6 pm 198 263 315 0,5 Electrolyte | GBC oLy l oLy l oLy l
Anode e Q Q O © o
o o ~ & 8 O F

l T

Water Hydrogen

AE _(1000°C) ~1V
theoretical Electronic contribution

AEexperimental = AEtheoretical_ RI _/ n anode/ - / n cathode/

Cho et al., Electrochim. Acta, 56 (2011) 5472 3



Maximum power density

Electrolyte Thickness mW.cm2at
650°C 700°C

Electrolyte 1

GDC 6 pm 198 263 315 0,5
YSZ/GDC 330nm/6um 188 430 587 0,67 Electrolyte 2
YSZ/GDC  1pm/6pm - 301 438 1,05
Anode
YSZ blocks the electronic contribution
AE,. . (1000°C) ~1V Water Hydrogen

AEexperimental = AEtheoret/cal_ RI _/ n anode/ - / n cathode/

Cho et al., Electrochim. Acta, 56 (2011) 5472 7
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UCCES:: Bilayered electrolyte
Temperature (°C) Air
. 900 800 700 600 500 400 300
E 1 Q_Blizos 1 1 1 1 l
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Conductivity > 10 mS.cm’
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s CegoGdy ;0 o5

8vsz >

3 Zro8aY0,16025 n

log(o) (IS.cm'll)

Electrolyte 2

d

GDC ~10um ©* l

Y - .a.-Bi.zo.s N L.ao'?sto'zéa?'sl\.ngf'z%%".' Anode - e o O L 0o ¢ Qo@D
08 09 10 11 12 13 14 15 16 1.7 1.8
1000/T (K1) l T

Water Hydrogen
Maximum power density ~ 1.5 W.cm™ at 650°C with
Lag goSFo 20MN0; s/ Biy sEry ;05 (LSM/ESB) cathode or 1.95 W.cm™
with Bi,Ru,0,-ESB cathode

Ahn et al. Electrochem. Comm., 11 (2009) 1504
Wachsman, American Ceramic Society Bulletin, 39 (2014) 773
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Current density (A cm®) Water Hyd rogen

Maximum power density ~ 1.5 W.cm2 at 650°C with
Lag gSrg20MnO; ¢/ Biy sEry sO; (LSM/ESB) cathode or 1.95 W.cm™
with Bi,Ru,0,-ESB cathode

Ahn et al. Electrochem. Comm., 11 (2009) 1504

Wachsman, American Ceramic Society Bulletin, 39 (2014) 773
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Current Density / A cm™ Water Hydrogen

Maximum power density ~ 1.62 W.cm at 650°C with
Lag g0SFo 20MN0O; 5/ Biy sEr 505 (LSM/ESB) cathode



UCCESH Objectives

l Air
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Ni-YSZ commercial half- Ni-GDC half-cells with Water l T Hydrogen
cells with YSZ GDC
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Fuel cell technology mw - i
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TECHNOLOGIES

Deposition of a thin dense ESB layer
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UC,_C.§.=. Optimization of Erbium Stabilised Bismuth Layer Hz 30th of May
Material /binder/ dispersant / plasticizer / solvant N
Large cracks

Closed porosity

ESB/PVB ratio
= Ink viscosity
= Mineral charge

Temperature profile
—> Drying process
= Burn off step
—> Sintering temperature

Quantity of the plasticizer
= Mechanical
properties of the
green film

Starting material

— G@Grain size

— Dispersant
= Milling conditions

Cey4Gdj 10, o5

L




UCCS Optimization of Erbium Stabilised Bismuth Layer

18 % ESB / 10% PVB / 1% TEA / 5% PEG400 / 66 % Ethanol

Dispersion
Ball milling for 24 h
700 rpm

Starting material
—> ESB (citrate route)

Dispersant
— Triethanolamine

Binder/Plasticizer
= Polyvinyl Butyral/PEG | Pipette pasteur

400 N,

Solvant
— Ethanol
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18 % ESB / 10% PVB / 1% TEA / 5% PEG400 / 66 % Ethanol
Increasing thickness

Surface Surface

14
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UCC Ink versatility
Bi, cErg 05 Bi 50,503
Spin Coater Screen printing Spin Coater

Surface Surface Surface

Cross-section

d)

1pm - .
—  Cross-section Cross-section 1pm




:......';." ' B o ‘b Fuel cell technology
UCCS Elcogen cell with ESB | ESB-La, ¢ — Cell composition = plcogen

'''' r— 4

Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

Composition Epaisseur (en pm)
Electrolyte 8YSZ 3 Electrolyte 1
Anode fonctionnelle NiO-3YSZ 30 Electrolyte 2
(& © O r o QO ~
. Anode e O O S O
Anode support NiO-3YSZ 370 & 6 Ox o0 Q8

l T

Water Hydrogen
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UCS Cell performance — Elcogen cell with ESB | ESB-La
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Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

Air : 600 ml/min mm—_—
Hydrogen : 150 ml/min | {12
1.2 e . —_
\ <4 1.0«
Temperature (°C) OoCcVv Maximal power density | E
2 1
(V) (W'Cm ) e 1'0 -1 0.8 %
650 1,2 0,29 2 . S
= 3]
2 800°C 0.6 32
700 1,2 0,48 R —750°c | Z
= —T0C |5y -2
750 1,2 0,77 0 =T | 2
’ o
<4 0.2 8
800 1,2 1,16
0.4 } < 0.0
X | 1 1 A 1 " 1 L 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Densité de courant (A.cm™)
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UCES:: Cell performance compared to literature
Compared to literature
1-4 L | - 1 * I 3 1 L I * 1
<412
Maximal power 2K 410 fg
: -2
Anode Electrolyte Cathode density (W.cm™) é
700°C 650 °C o0 1% %
e ]
5 800°C 0.6 ;
.- YSZ (7 l,lm) / La0’8sr0’2MnO 'a K 7 ! -E
Ni-YSZ ESB (5 I.lm) 3-ESB 2,08 1,62 [ #] 5 0.8 — 750 °C a
~ ——700°C |44 3
——650°C o
._ YSZ (3 l.lm) / La0’68r0’4MnO 06 g
NYSZ  ESE 0.4 um) T 0,48 0,29 o2 2
0.4 p < 0.0
i | 1 1 " 1 " 1 L | A 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Densité de courant (A.cm™)

ILE] 10.1149/1.3570175




UCCS Cell composition - Post-Mortem

Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

Cathode :
Pesp - La06 = 13 UM

! ESB-LSM
Electrolyte : '
Pesp = 0,38 pm

Pgysz = 2,9 Pm -

e s i, ik

ESB-8YSZ

AFL :
@=14 um

Anode :
@Pni-3ysz= 370 pm

19



Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sr,MnO,
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Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

'_ «  Yobs _ 1. Ni Fm3m (75 %) 2.3YSZ F#_.f‘nmc (21 %)
p e © a=3,5240(8) A a=3,6061(1) A

L —Bragg peaks Rpeagg = 2,21 % °=5*‘_T"5“{"‘

- Rm-d‘?a !'HO

_ 3.8YSZ Fmim (4 %)

a=5.1405(1) A
Ripags = 481 %

Intensite (u.a.)
1
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1 1 1 i 1 | 1 1
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20 (°ACu k)



UCES:i Rietveld refinement - Post-Mortem
Ni-3YSZ | 8YSZ | ESB | ESB-La, ;Sr,,MnO,
A L . Yobs 1.ESB Fm3m (60 %) 4. Bi,Si,0,, I43d (5 %)
| Yeale a=5,4290(4) A a=102848(8) ARy, =8.74 %
Reactivity o Rirogs = 0.27 % ‘
' Bragg peaks 5. Bi,SiO; emem (2 %)
2.3YSZ P4y/nme (5% e
between the : SEM/MME A m1517@) A, b=5360)A
a=3,63114) A c=5334) AR, =349%
felt and ESB ' ¢=5,1403(4) A ‘ bragg ~ 247 70
or LSM ? _— Byigs = 13.2% 6. Er,SiO; P12 /el (3 %)
< r 3. 8-YSZ Fm3m (15%) a~ 9.05(4) A b=6,86(4) A
=k a=5,1467(2) A ¢ =6,64(4) A Rivaga = 29:6 %
2 Riyage = 9:64 % 7.Ni Em3m (10 %)
2 L a=3,5252(2) A Ryroqe = 20,9 %
Q
—
| | | i1 i | 1 f (0]
| | 1 § 3 § 8 i LI S I I R " | ¢
- ! ! 1 §i il I o I 93
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—— “%‘1[ et Tl—.'* SIS 54 A -1 Ao "
New phases :
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UCCS Reactivity between ESB and felt — XRD results

Mortar pestle grinding —— 800 °C—-12 h

Felt - Lag (Sry 4,MnO, Felt — Bi, cEry O,

Feutre - La,, (Sr, ;MnO, i

;\‘\—Juk.hﬁ_ﬁ._

Feutre - Bi, sEr, O,

Intensité (u.a.)
I
Intensité (u.a.)

| Lag ¢Sty 4MnO; L L Bi, sEry 505
L b § e | L L _

Feutre ]
M Feutre

1 1 1 L 1 L | L 1 " 1 " 1

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20 (CACuk,, ,) 20 (°ACuk,, »)




UCCS Rietveld refinement - Post-Mortem

Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

| - Yobs 1. ESB Fm3m (5 %) 4.3YSZ P4/nme (7 %)
Ycalc a=54544(7) A «— a=3,6310(1) A
Yobs-Ycalc  Rirage = 19:4 % c=5,1404(1) A

= . | Bragg peaks - Rippage = 11,9 %

2. B-Bi,0, P72,¢ (46 %)
a=7544(4) A c=5451(4) A
Riyage = 301 %

5. 8YSZ Fm3m (26 %)
a=>5,1467(1) A
Riyage = 7,99 %

3. La, ¢Sty ,MnO;R3c (4 %) 6. Ni Fm3m (12 %)

~
< L a=547532) A ¢=1337(6) A a=3,5253(1) A
= * Rypyge = 284 % Ripgge = 14.5 %
“\Q
=
o p—
2
S
P}
=
e g S A A—\—L&-—-——AL-*
||
I | I (. [ Il I I P1
I I L O L L X TR P2
B T O 0 T e
[ [ | T A I | ©4
I | | [ | | 05

[ I I I I [ 0
'MWW + Yt A

20 30 40 50 60 70 80 90 100
20 (>, \Cuk,, )
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( Rietveld refinement - Post-Mortem

Ni-3YSZ | 8YSZ | ESB | ESB-Lay ¢Sro,MnO,

553

552 L
5 e

— 551}

R?=0,99764 800°C

A

= : x = 0,25

g S8F a=5,48611 A

% 5,48 - '\
w [
§ . s -

- E 5,47 -

Esasl X~ 0,36

o 4 a=5,4517 A

@ 550 ‘

]

& 545
5,44 F

5}43:14.--.---1.'-4.1.-al-l!-.....l..,..l....l
010 015 020 025 030 035 040 045

Fraction molaire d'oxyde d'erbium dans (Bi,0,), (Er,0,),




GLaoe= 15 pm
| : g Adding a current
-- __ : 3235 5 Pese - Lao,s = 13 UM collector (LSM)
s b W ; to prevent ESB
Pesg = 5,6 UM from reacting

Pgysz = 2,9 pm with the felt




UCCS:: Cell performance — Current collector effect
4 ——r—7 1.0
Ni-YSZ | YSZ | ESB |
. Ni-YSZ | YSZ | ESB| ESB-La,, | La,, los ~
£ With current collector
' = 0,76 W.cm™2
_ 1.0 {06 <
S | 3
= S
S Rz
2 0.8 104 5
= =
2 .
0.6 102 'g Without current collector
= 0,29 W.cm2
0.4 - 0.0
1 1 L | 1 N L | 1 1 L | 1 1 L | 1
0.0 0.5 1.0 1.5 2.0

Densité de courant (A.cm’z)
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UCCES:: Cell performance — Current collector effect
. _ L — 2.0
100/_0 H, (150 mI/_mln) | 500 °C 1.5
Air : 600 ml/min ——650°C )
1.2 ——700°C 416 o~
Température ocV Densité de puissance :;gg g 144 B
(°C) (V) maximale (W.cm2) 1ok i 2
S 412 9
600 1,22 0,35 = g
s 41.0 g
Z 08 |- |7z
650 1,23 0,76 5 los 3
L i O
700 1,18 1,12 0.6 F 1%z
i 404 QO
750 1,26 1,41 il 9 1o
" I S | PN R BRI R ] 0.0
S0 LAe Lofa 00 05 10 15 20 25 30 35 40

Densité de courant (A.cm‘z)



UCCS Cell performance — ESB effect
Ni-3YSZ | 8YSZ | ESB | ESB-La, (Sr,,MnO; |La, (Sry,MNO,

Air

l Afr

Electrolyte 1

Electrolyte

Electrolyte 2

o O g o ~

56 O O g o o Q Q >

Anode | s O 4 Q-So@ O s Anode | (69 5 o (o6 gs
Water Hydrogen Water Hydrogen
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UCCS Cell performance — ESB effect

o
o t00® 0
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\With or without ESB at 650 °C

With current collector

Electrolyte Cathode Maximal
power
density at
650 °C
YSZ (7 um) / ESB (5 um) La0,8-ESB 1,62 |:
YSZ (3 pm) La0,6-ESB 0,56
YSZ (3 um)/ESB (5,6 um) La0,6-ESB 0,76

ILE] 10.1149/1.3570175

Ni-3YSZ | 8YSZ | ESB | ESB-La, ¢ |Lag,

Ni-3YSZ | 8YSZ |

1.4
——Ni-YSZ | YSZ | ESB | ESB-Lay | Lay
' Ni-YSZ| YSZ |ESB-Lag,|Lay,
1.2
0,76 W.cm™
Lo}
2
P 0,56 W.cm™
2
208
Q
F
0.6 |
0.4
" L 1 " M " 1 " M " | " L 1 "
0.0 0.5 1.0 L5 2.0

Densité de courant (A.cm™)

| ESB-Lagg |Lagg

e
o0

<
o

<
=

e
o

0.0

Densité de puissance (W.cm™)
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UCCS Cell performance - Current collector effect

.....

Ni-3YSZ | 8YSZ | ESB-La, (Sr, ,MnO; |La, (Sry,MnO,

100% H, (300 ml/min)

With current collector . .
Air : 1000 ml/min

Electrolyte Cathode Maximal ol ——soee owansom, 220 W.em2 ] z;
power 1
density at 170
650 °C 1o F 118 2
S /ES 0,8-ES 62 = Ju's
YSZ (7 um) / ESB (5 pm La0,8-ESB 1, Z 3
(7 pm) (5 pm) |DE|| e 114 =
= B 412 .2
5 | 410 2
YSZ (3 um) La0,6-ESB 0,56 = o 5
0.6 177 .5
106 éé:
YSZ (3 um) / ESB (5,6 pm) La0,6-ESB 0,76 o 1%
“r —40.2
M M " 1 L i M 1 i M " 1 s M M 1 M N M 1 L ] 0.0
0 1 2 3 4 5

Densité de courant (A.cm™)

Promising results !

ILE]] 10.1149/1.3570175
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S3 GDC half-cell with ESB | ESB-La, s - Post mortem

Ni-GDC |GDC | ESB | ESB-La, ¢Sr, ;MnO; Alr

|

O © O r o ~
Q o Q.
O o O o ¢ Q) &

l T

Water Hydrogen

GDC ~4pum Oz‘l




GDC half-cell with ESB | ESB-La, ; - Post mortem

Ni-GDC |GDC | ESB | ESB-La, ¢Sr, ;MnO; Alr

Surface anode

Surface cathode

|

O © O r o ~
0 o ° Q.
o o O 0o ¢ Q) 8
ESB ~1,3 um

Gbc ~4pm O* l o> l

5 °° 80 ° Q0%

@)

@QDQQDG’ QB

l T

Water Hydrogen

P
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UCCS GDC half-cell with ESB | ESB-La, ; — Cell performance
Ni-GDC |GDC | ESB | ESB-La, ¢Sr,,MnO; Air
| |
0.16 I Ni-GDC | GDC | ESB | ESB-La, 4 | La, 4 i -
0.14 - tq;

o
Yt
2

4 0.05 Electrolyte 1

o
S

1

=

R

Densité de puissance (mW.cm”

0.08 Electrolyte 2

d

"o 0 85902057

. GDC ~4um ©O% l
- 0.03

0.06

Tension (V)

4 0.02

0.04 Anode Q)
i ' o o OO0 Q6
0.02 < 0.01
o.ooh - 000 l T
-0.02 -0.01 Water Hydrogen
0.0 1.8

Densité de courant (mA.cm'z)
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= o] S
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o 04 ——750°C 2 2 .
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Densité de courant (A.cm™)

LSM protection

Densité de courant (A.cm™)

I
1.2 ; . , 20
600 °C 1.8
105 ——650°C 0
E ——700°C 41.6 —~
3 s ——750°C 1 &
10 08 < i ——800°C 114 ;
> 8 § EsB-Lsm B =l 5 =
= 3 LFH = | 1 &
g 800 °C 0.6 & " ; & 10 4
e 0.8 —750°C 2 g 0.8 G 2
5 —— 700 °C i =t 108 3
——650°C 9 i 0 2
0.6 2 06 - | g
02 a I 04 O
0.4 | 0.2
0.0 N 1 . 1 " 1 N 1 " 1 . " [ 0.0
1 0.0 0.5 1.0 1.5 20 2.5 3.0 4.0
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i Conclusion & perspectives

100% H, (150 ml/min)
Air : 600 ml/min

——Ni-YSZ | YSZ | ESB | ESB-La | Lay ¢
[ ——Ni-YSZ| YSZ |ESB-Lagg|Layg

1.4

J08
1.2 (‘g—\
0.76 W.cm™ =
S
_10F 406 %
2 3
i (o=
o [+
k= 7
“ 08 | =
5 404 &
= S
L
0.6 E
402 o

04 F

N R M S R i
0.0 0.5 1.0 15 2.0

Densité de courant (A.cm‘z)
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UCCS Conclusion & perspectives

100% H, (300 ml/min)
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