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Introduction and Theory
* Anatomy of the solid oxide fuel cell (SOFC)
* |IS/EIS experiments, configurations, ranges
* Equivalent circuit elements and their significance
* Elaboration on the constant phase element (CPE)
e Other circuit elements in brief

Examples from the world of SOFC
* Ordinary fitting and the extraction of Crear equivalent
* Distributed Relaxation Time analysis
* Contstrained fitting
* New directions
* Summing up
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Overview a solid oxide fuel cell

Active components

* Electrolyte: stabilised zirconia
e.9. Zr,YOoypp  (YSZ) Anode ®
* Anode: NI/Zr1 -XYXOZ-X/Z cermet Electrolyte

* Cathode: el. conducting oxide

e.g.La,,SrMnO; (LSM) Cathode & W e

* Interconnect: metal or
electronically conducting oxide

Sl component§ Objective of SOFC studies
* Seals: glass/ceramic

*  Current collector layers
* Gas distrubutor structures

* Electrochemical characterisation
with breakdown of losses.

* Gain extra insight into behaviour

Fuels S
of individual cell components

* H,, CO/H,, reformed HC

Operating temperature
* 600-850°C

* Phenonenologial approach
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Cell configurations for studying SOFC components
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* DC polarisation — apply or not apply?

* Advantages of different geometries
Issues of instrumentation and frequency range




d=1mm
A=1cm?

RISO

Typical SOFC system
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R1 R2 Rs3 R4
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Q1,n1 Qz,n2 Qgz,n3 Q4,n4

Voigt circuit and reasons for preference.

RISO

Measurement models

® Built by regression of line
shapes to the data.

* Allow us to identify character
of a data set and facilitate the
selection of a process model.

see Agarwal et al. J. Electrochem.
Soc. 139, 1917 (1992)




Definition and pedigree . o
Parallel with R: ZARC ﬁ

Maximum frequency L_j_-' _L—L_,_ | =
~T }'}_ “ e

Distribution of time constants

(a) ib}

Nearly equivalent capacitance Fic. 2. Theoretical complex plang loci of the complex

dielectric constant and equivalent circuits for dielectrics;
(a) Debye theory, (b) as required by experimental

Transient response evidence.
K.S. Cole and R.H. Cole, Dispersion and absorption

in dielectrics, J. Chem. Phys. 9, 341-351 (1941).

He  v@ro (o)

Y(@) =R ' +0 (io)!

Ny Z(w) = (R_l +0. (ia))”j_l
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s From derivative of Z,(w)
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Z' (kQ) Near-equivalent capacitance
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__10°® Che =
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© 107
s J. R. Macdonald, Solid State lonics 13,147 (1984)
' ' ' ' ' ' ' C. H. Hsu & F. Mansfeld, Corrosion 57, 747 (2001)
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Probably has been discovered many times ...




Distribution of time constants

F(s)ds =

1 sin{(l — n)f[}

The transient response of a ZARC is not
trivial, see van Heuveln, J. Electrochem.

Soc. 141, 3423 (1994).

XFORM=Re1/(1+Re1*YO1*EXP(n1*LOG(S)))

ZARC.Reon)p R1

PARAMETERS: & AWV
PARAMETERS: i, o 1
;Ol 6e-7 ELAPLACE

b 4e5 V(%IN+, %IN-)

ni 0.8

H1 /O
— Y

H

=0
2=1e-6
TD=1.75us

~~, TR=0.5us

TF=0.5us
PW=10s
PER=20s

U (mV)

27t cosh(ns) — cos{(l — n)ﬂ'}

Voltage transient calculated using PSPICE software.

400 -

300 -

200 -

100 -

— RQ voltage transient
— RC voltage transient

0.001 0.01 0.1

t(s)
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Pt electrode Impedance of junction at zero dc bias (small signal response)

CE ‘3
YSZ
g 4 N,(90%)/H,(9%)/H,0(1%)
o) I
RE1 9 a
\___ > X
RE> = = [400kHz _ oo y
N ee "e
T ¥ 60 mHz
WE 0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
Pt electrode
5 10 15 20
YSZ: Yttria stabilised o _
zirconia (oxide ion
conductor)

SCY:Yttrium doped
strontium cerate

SrCe1.yYyO: (partial 0 ' ' ' ' ' ' ' !
protonic conductor)
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* Symmetr. cell, YSZ, with ‘cathode’ on either side
* Five-layer graded cathodes based on LSM, YSZ

* Polarisation resistance <100 mQ cm2, air, 850°C

% LSM
100

Electrolyte, tapecast TZ8Y

Micriostructure/performence
P. Holtappels and C. Bagger,
J. Europ. Ceram. Soc. 22 ,41,
(2002).

Re-evaluation of impedance

N. Bonanos, P. Holtappels and
M.J. Jorgensen, 5th European
SOFC Forum, Science and
Engineering of SOFC, 01-05
July 2002, Luzern, Switzerland.

T T 0 L3 | L4 | L5 |
5um 7um 15 pum 15 pum 40 pm
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Case (2) Impedance spectrum

Impedance for symmetrical cell, measured in air at| 400°C
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Case (2) Arrhenius analysis of resistive elements

Temperature dependence of the resolved resistances and some combinations thereof

10° - 103
102 ¢ Ro 102
o R1

& 100 - & 10
= =
O O
S S
c 100 | c 100

10" | 10"

102 ' ' ' I 102

08 10 12 14 16 |
1037 (k1) 1037 (k1) ~ AH=100  AH =120

kJ/mol kd/mol
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Deconvolution analysis

| 10° Distribution function g

Data
Z R J' dT 08t _Fi.t f\
1 _I_ l a)/z- = = =Single peaks P
0.6

Method involves:

Fourier transform and

filtering of frequencies

log, , freq

* Method first used on dielectrics by Misell & Shephard in 70s (QEC, London).

® Revived in early 80s by A.D. Franklin and H.J. de Bruin (Australia).
* Adapted by H. Schichlein et al. (Karlsruhe), see J. Applied Electrochem. 32, A610 (2001).

* Present implementation made at Risg-DTU by Jakob H. Jargensen (2007).
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Deconvolution analysis

10000 -
1000 - Deconvoluted
distribution function
100 - :
| ‘ note log scale in
f\/\/\, N ( g y)
10 T T T T T T T T T T T T I\I
105 104 103 102 10! 10° 10' 102 10%® 104 105 10 107 108 10°
1000 -
100 - Relaxations, resolved
by conventional fitting
10 I I I I I I I I I I I I I 1
105 104 10® 102 10 10° 10' 102 108 104 105 106 107 108 10°

f (Hz)
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Case (3) Testing of a solid oxide fuel cell

Testing arrangement for anode —
supported, thin electrolyte SOFC

Air fl : Cathode gas distributor
o /’ ® No ref. electrode

Anode supported cell ® Gas change method
® Anode compartment
: Anode gas distributor * Cathode compartment

Ramos et al. Presented at 213" ECS meeting Phoenix, AR, May 2008

At least six relaxations
associated with anode
and cathode

Fuel row




Cell “A”, thin electrolyte, anode supported cell fed with Hyair 750°C

RISO

0.15 .
i 20% H,0, Air
_ i —Fit
£ 0.10 | Cat|
.g. Ano |
N 0.05 |- ~+ Catll
Diffusion
0.00 L s —— Conversion
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Z'[Q cm?]
0.15 .
: 40% H,0, Air
L —Fit
€ 0.10 ¢ Cat|
g} Ano |
Il:: 0.05 —+— Catll
T o Diffusion
:;' —=— Conversion
0.00 L i
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Z'[Q cm?]

T. Ramos et al. IMCC VI, 213rd ECS meeting, Phoenix Arizona, USA, May 2008
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0.15 r
. — Fit
g 0.10 - Catl
o
g Ano |
N 0.05 | ~+ Catll

Diffusion
0.00 i —x— Conversion
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Z'[Q cm?]
0.15
L — Fit

S Cat |

e 010

o Ano |

S

N 0.05 - —+ Catll

' Diffusion

0.00 — I —x— Conversion
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Z [Q cm’]

T. Ramos et al. IMCC VI, 213rd ECS meeting, Phoenix Arizona, USA, May 2008
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Analysis of differences in impedance spectra (ADIS).

-Z", Q-cm?

AZ', Q-cm?

Example at 750°C employing po, and ph,o variations on different cell from previous one.
Identify cathode or anode related processes by suitable variations of operating conditions

0.40
i —op02=0.02
— p82 =0.05
- —»p0O2 =0.09
0.30 pO2 = 0.19
—» p02 =050
——p02=1.00
020
010 |
O.OO-IIIII 11 11 T 1 1 1 1
00 0.1 02 03 04 05 06 07 08
Z', Q-cm2
0.10
i —+ [p02=0.02] - [pO2=1.00]
o [p02=0.05] - [pO2=1.00]
0.08 | [p02=0.09] - [pO2=1.00]
—+ [p02=0.19] - [pO2=1.00]
0.05 | —+ [p02=0.50] - [pO2=1.00]
0.03 |
0.00 Hitehes
1.0 0.0 1.0 20 3.0 4.0
log f, Hz

0.50
pH28 =0.04
——pH20 =0.08
0.40 o pH20=0.17
pH20 =0.25
0.30 - pH20 =0.33
- ——pH20 = 0.42
—«pH20 =0.50
0.20 r
0.10 r
O-OO 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10 11 1.2
Z, Q-cm?
0.20
- [pH20=0.04] - [pH20=0.50]
—=— [pH20=0.08] - [pH20=0.50]
—+— [pH20=0.17] - [pH20=0.50]
“‘g [PH20=0.25] - [pH20=0.50]
& 010 [PH20=0.33] - [pH20=0.50]
2 : —o— [pH20=0.42] - [pH20=0.50]
et
r h N
0.00 ;g—';:hﬁf‘;(/lﬂiyﬂlA " o1 i St .ﬁ—f.?:.;‘:i"i/‘:ﬁ;.i. A Brgis 1ol big lsl b
-1.0 0.0 1.0 2.0 3.0 4.0 5.0
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S.H. Jensen et al. J. Electrochem. Soc., 154, B1325-B1330 (2007)
see also D. Vladikova et al. Solid State lonics 176, 2005-2009 (2005 )
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New direction: gas change studies with constrained multiple fits

\

R1 R2 R3 R4

B o (I g [ i
Anode gas parameters)
composition
changed — Qi,n1 Qz,n2 Qzn3z  Qa,n4
cathode related
relaxations R1 R3
unchanged

(13 fittable (25 fittable
parameters) parameters)

(13 fittable
parameters) j

Qs3,n3

Q1,n1

With these constraints, the number of parameters is reduced.
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Concluding remarks

* EIS can be applied to materials, cell components and complete cells.

®* C(Canresolve... from relaxations of dielectric constant/conductivity to

relaxations of chemical composition.
* Mainly by use of a Voight measurement model (series connection).
* Mainly R, Q, other elements introduced when strictly necessary.
* Background study of cell components to fix relaxation frequency ranges.
* Results would benefit from increased use of deconvolution techniques.
* Gas change methods are instrumental in achieving resolution.

* Phenomenological approach, but with mechanistic component.
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