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Alternauverviaterials

+ ReplacerceramicecompeRenits wWith' low-
COoSt, RMIgh=SteERagrstalpliess steel

+ [ThIS IntrediceEsTIewWaRaIerals Issues Including
metall oxidationNCIZ@HPNEading ol ASR rise and
Cr VaperzatehNCaileder peIsening)

+ Might- laerelliminate My Acoatings

+ Develop electredennifiltration technology to
Improve: cell PEreRancE:

+ Enables oreaueipCheICErGirelectrede materials
duer teN eVWEINIROCESSINO EMPErature

+ Need e demeEnsheihe Iong-term staility.



Use eifFighrConauctivity
SpIRENCEANNES 0N S.S.

+ LBNLE describedithernuse of protective
MnCo;0), spinel’'coatingsior stainless steel at

SECA core technologyseview!in Boston, May
11-13, 2004

+ A numberoilabsthave duplicated the results

+ Ceramic Euel Celisiitoimited described the use
of spinelicoatingsionisteel interconnects Iin
U.Si Patent'S;9425s4 9 Badwal; Eoger, Zheng,
Jattrey)ilednnsoo6 '



ConducHvityAeirOxide Films

MnCo,0,, GINP; SInterea a0 0°@; | 31.6
MnCrCoO,, GINR; sinterenaris00e 6.3

M, :Cr, -0, GNP, sinterediatiiis00°c 7.9%1072

MnCr;0,, GNRJSIntered atsis00° @ 2.5*107°
Undoped Cr; 0%, FHaiifeantis| 0ChAEY 1) iG] ';
E]rl'iered At 1i200°C 0,15
I
Undoped Cr,0s, Parkand KimN@eEe) o] |
90195 sintered ALL00°G . 3.02*1072

Undoped 203, Netejetl gt el (L9893) [20] N
99.9% slniiarac at 12009C 5,271053




Conductivity of Potential Coatings
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Spaliationreitncoated 430
C)<lele i

220N IdNIERIEICY/CIES:
| L.\
S0 CCHOIRIPEISOCE/ MR cooling

- ARUSIRIOIEIYECHRIODEE /mm ftup
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Coated SS’s 10x lower ASR - even with 240 thermal cycles

LOG ASR, ohmCM’
S

—p—430SS fired at 800°C/180h in air Ea=0.92eV
- C 0ated 430SS fired at 800°C/60h in air Ea=0.99eV
/ﬂ’ — = Coated 430SS fired at 800°C/60h in air, then 240
/ thermal cycles (180h of oxidationintotal) Ea=0.85eV

— e 4 30SS fired at 800°C/60h in air Ea=0.87eV
Pure I'slfln{:«:rziilt1 Ea=0.76eV

0.9

1.0 1.1 1.2
1000/T (K



Exhibit 10x
Lower OxidationiRate & 10x Higher o

Q) lelilon Famme. 0 K
(¢) omst)  (cmesY

1.8*107%
4,1*101°

Sample 3 (430)
Sample 2i(coated)

NEUENSINAORCIZOBNE 5,21 /cm3



Cr Voelauizate)

@)<lelzit|0)g) of 250 S Pxidauion ofi coated SS

Volatilizati ST ISIEdEtermined by
HANSPITEUOHNTEaSUTEMENLS



Chromium gas species

© Equillibriuim partial piessuies
Aiii Sidle:: Py= 2 % 10% Pay, P,0= 2% 103 Pa
0 T - T . T

CrOy(OH),

CrO(OH)
CrO(OH)
)

2

log ( Pc: gas species / Pa)

BB. Ebpinghaus, Combus. Flame., 93 (1993) 119

N

0.8 09 1 11
T1 X103 /K!




Cr vaporization - mechanism

® Mechanism ® Efect - deposition on electrolyte and electrode

Alloy interconnect
C50ﬂ9
Cr,04(s) + 3/2 0,(g) + 2 H,0(g 2 Cr0,(OH),(g)
A|F~ W
2 CrO,(OH),(g) +6 &  Cr,04(s) + 2 H,0(g) + 3 0%
Cathode

Electrolyte
Anode
FUBBEEE 3 H,(g) +30% 3H,0() +6 e o 0%
Cr,0, on LSCF
Cr,04(s) Jiang et al., J. Europ. Ceram. Soc., 22 (2002) 3610

Alloy interconnect

Hilpert et al., J. Electrochem. Soc., 143 (1996) 3642 Decreases Three-phase boundary



Cr Volatilizatien
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Cr transpeiEsas a function of
CarierGaspEiovwiRate (Cr,05)

equilibrium zone : non-equilibrium zone
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Results - cr vaporization from OO,

» 873~1273K,P,,,, = 1.0x10* Pa
1

==-CrO2(OH); (Ebbinghaus)
0 4 ——=CrO3 (Ebbinghaus)
 _— = Experimental
-1 -
© ]
o
~ 2 i
a . —a__ |
o 31 )
L . Experimental value
1] AH (1073) =110.1 kJmol™
5 The enthalpy| of the va  rization reaction of
gaseous Cr species ovi  Cr,O,(s) at 1073 K
'6 T | T T f 1 . 1 L
0.7 0.8 0.9 1.0 1.1 1.2
103 x T-1/ K1
Calculation with thermodynamic values
3
Cr04(9) + 50,(6) + 2 H,0(9) — 2Cr0,(OH),(g) AH°(1073) =124.3 kimol*

‘Crzos(s) + goz(g) — 2 CrO,4(9) AH?(1073) =469.2 k\]mOI-l

M. W. Chase et al., JANAF Thermochemical Tables 3rd Edition (1986).
B.B. Ebbinghaus, Combus. Flame., 93 (1993) 119




Criterion measures for Cr expos Imi

O OSHA PEL (Permissible exposure limit)
0.001 mg Cr(VD/m3 (TWA)
0.5 mg Cr/m3 (TWA) for Cr(1l) and Cr(I11) compounds
1.0 mg Cr/m3 (TWA) for chromium metal and insoluble salts.

© NIOSH REL (Recommended exposure limit)
0.001 mg Cr(VI)/m3 (TWA)
0.5 mg Cr/m3 (TWA) for chromium metal and Cr(Il) and Cr(l11) compounds

“ NIOSH IDLH (Documentation for Immediately Dangerous to Life or Health Concentrations)
15 mg Cr(VI)/m3 25 mg Cr(111)/m3

ACGIH: American Conference of Governmental Industrial Hygienists
O ACGIH TLV (Threshold Limit Value)

0.5 mg Cr(111)/m? (TWA)
3

TWA: e time-weightied aveiage concenitiation for a conventonal 3-howir worlkday and 40-hoiur
wokneek. This i tihe concentiation to wihich it IS believed meaily alll wokeis may be iepeatedly
exposed, day after day, witthoult advense healtih effeets.




Experimental values and expos Imi

The range of operating temperatures

: T

— Thiswork | 25 mg/m?3: NIOSH IDLH Cr(Ill)
L (Po=1.0x10*Pa) | - - — _ _ _ _ 15 mo/m%: NIQSH IDLH Cr(V])
24 | —— Gindorf et al.
(PH,0 = 0.2x10* Pa)

log (Cr/ gm-3)

Safety zone Cr Vaporization Should e decreased
1~2 oider of magnitude
0.7 0.8 0.9 1.0 1.1 1.2 1.3

103 x T-1/ K-






Results - Uncoated and coated 430 u——

0 1073 K, 86.4 ks (24 hrs), P, = 1.0x10% Pa, 3.33x10° m3st (200ml/min)

Sample Cr transport rate Comparative
/ ngm-2s1 reduction factor
Uncoated 430 968 -
430 + LSM (dip) 32 ~30
430 + MnCo,0, (dip) 337 ~3




<dq J — Urico

107811, 8614 KSH (24115 RN =R BEaRsiasxd 0-ims (200ml/s)

alloy , scale, coating alloy | scale, coating

Relative units
Relative units
Relative units

8 10 12 14 16 18 20 0 8 10 12 14 16 18 20 0 8 10 12 14 16 18 20
Distance / um Distance / um Distance / um




ImpreveEarVinee50, Coatings

& “
(b) AHC co-precipitation |
Y - 1 L

i
L

L8P

¥

ry electron micrograplis of MnCo0,04 powder synthesize
synthesis) and AHC co-precipitation methods.




I . -
Cr Vappizaten: INeXt Steps

+ VieasurerCravaperzauoniiem S.S. With
-\/MJ Wirl€a, 0, el rmn

+Novel coatings= EENIE and industry
teams
+ Arcomace NEsS ProVidEd Cos
1) Crofier 22 APU (uncoated)

.'l..-

\

;

di samples

\I/© = S0min

+Cr ./AOJrugl,r.JorJ MEasuenients are
complEtENMWVAHRENOIMIECE=STresults)



Infiltration Approac

Precursor Solution

Porous Structure

--A low-temperature processii
technique

. -rAllows use of electrode material
| unsuitable for high-temp fabricat

| -rCreate nano-structured features



proving LSM-YSZ
rformance With
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thesis of SSC at Low T¢

Urea+Nitrate




Images of Fractured LSM-YSZ

— e ]

SEIV 50kV  X30,000 100nm WD 6.4mm J




educes Cathode Polarize

LSM-YSZ
LSM-YSZ with infiltrated LSM
LSM-YSZ with infiltrated SSC

ReZ (ohm*cmz)

Rp: Cathode Polarization Resistance

L
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pllity eiCorinilitrated LSV

L

1200

700°C, 2500 mA/cm?
; 800°C, peak 1.79 W/icm?

10001 . |

I]. i
&D— i j !

800°C, peak 1.81 W/cm?

700°C, 1100 mA/cm?2 f
800°C, peak 1.3 W/cm?

650°C, 1100 mA/cm? _
800°C, peak 1.37 Wiem? ‘ A




lete Infiltration of S
Porous YSZ in a Si




Backgrour

YSZ YSZ YSZ

YSZ Perovskite
La,  Sr FeO; etc.

L
Electrolyte

Electrolyte

J. M. Vohs, and R. J. Gorte, J. of Electrochem.

*Require multiplennpfiltrationstepsitoraddisuifici t material for
percolation throughRNPeLOUSNSZNEIWOIKS
*Randomly-distribute JmszerzJ decreases porosity and may
impede gas-phasediffusion

]



One-step
YSZ YSZ YSZ YSZ

Elecirolyie Elecirolyie

+One-step infiltration to form
cost-effective electrodes

+Nano-sized materials distributed
in a mono-layer fashion



Need Additi

With addit

P
A
1 M

60 70

20 (deg)



SEM Image of a Sind
Infiltrated LSM-YSZ

SEI 50kV  X2,300 10um

WD 6. 1mm
i




M Image of an LSM

_ YSZElectrolyte
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Performance of SOFC with Single-step
Infiltrated LSM-YSZ and LSF-YSZ Cathodes

Cell Voltage (V)
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Stability of the LSM-YSZ Cathe

WD B 1mm

100nm

5.0kYV  X30,000

SEI




SimplinEdsS@EEVianufacture

Brraze-seal thermally
maiched to YSZ & SS

A 15
Porous YS U SZNIN=film/Y'SZ electrode



Chromium velatilizZaenNiinem CI=08 exposed to moist air at
700 te 900reEHSsranierdeiroimagRrtude lewer thamn expected
firom thermedynamiccalculsiens:

Coatings are efectuvephysicaliaiiers te Cr vaporization
from metal Intercennecis expPesediter molst air (factors of 3 to
30 reduction elsserved e pPerRelS Coatngs)

Incorporating nNane-SIZzed Sigiy sSiiy €005 - particles into LSM-
YSZ cathoedes dramatcaliy lmpreves cathode and cell
performance’ at oW temperatres:

Due to the unigue distRiiinen einSSE particles in the cathode,
they appears Venry resistanith tor cearsening at 700°C.

SOEC cathoedes (e.g. CSIVIEYSZ) can lve efifectively fabricated
usingl an single-stepnphiteton 2PpreacCH.
Single-steprinhlttionNEedrtomaneEsSIzed LSVl covering the
surface of perelisSHYSZzReWerRESHIa menolayer distribution;
pPerfermance a2t oA EaLUE V\i?s guite geod.

Single-stepimiilteeRiaReENEZE s%als may/ lead te lew-cost
SOECs. ;



	Development of Novel Electrode Structures and Stabilization of Metal Components for Cost Competitive SOFCs
	Fuel Cell Development Paths
	Alternative Materials
	Use of High Conductivity Spinel Coatings on S.S.
	Conductivity of Oxide Films
	Conductivity of Potential Coatings
	Spallation of Uncoated 430 Oxide film
	Preparation of Protective Coatings
	LBNL Coated Samples Exhibit 10x Lower Oxidation Rate & 10x Higher s
	Cr Volatilization Studies
	Chromium gas species
	Cr vaporization - mechanism & effect -
	Cr Volatilization Measurements
	Cr transport as a function of Carrier Gas Flow Rate (Cr2O3)
	Criterion measures for Cr exposure limit
	Experimental values and exposure limits
	Protective Coatings
	Results – Uncoated and coated 430 -
	Results – Uncoated and coated 430 -
	Improved MnCo2O4 Coatings
	Cr Vaporization: Next Steps
	Infiltration Approach
	I. Improving LSM-YSZ Cathode Performance With Nano Sm0.6Sr0.4CoO3-δ (SSC) Particles
	Objective
	Synthesis of SSC at Low Temperatures
	SEM Images of Fractured LSM-YSZ-SSC Cathodes
	SSC Reduces Cathode Polarization Resistance
	SSC Particles Enhance Cell Performance
	Stability of Co-Infiltrated LSM
	II. Complete Infiltration of SOFC Cathodes into Porous YSZ in a Single-Step
	Background
	Goals
	Need Additive
	SEM Image of a Single-Step Infiltrated LSM-YSZ Cathode
	HRSEM Image of an LSM-YSZ Cathode
	Performance of SOFC with Single-step Infiltrated LSM-YSZ and LSF-YSZ Cathodes
	Stability of the LSM-YSZ Cathode
	Simplified SOFC Manufacture
	Summary

