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Part I: Fundamentals of Dielectric Spectroscopy

1 — Electrochemical interfacial processes

2 — Principle of impedance spectroscopy

3 — Ideal Circuit elements

4 — Case study 1: the RC element

5 — Representing EIS data: Bode and Nyquist plots
6 — Treatment of a ZARC element

7 — Faradaic reaction: the Randles circuit
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Part Il: Practical aspects and data treatment
1 — Impedance measurements
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3 — Non-linear systems: Total Harmonic Distorsion



1) Fundamentals of EIS

1) Electrochemical interfacial processes
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1) Fundamentals of EIS

1) Electrochemical interfacial processes
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1) Fundamentals of EIS

2) Principle of impedance spectroscopy

i / Local ASR (Area Specific Resistance) |
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Only measures dissipators !




1) Fundamentals of EIS

2) Principle of impedance spectroscopy
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i(w) = ipc + Ai sin(wt)
' U(w) = Upe + AU sin(wt + o(w))

Small excitation amplitude
S Harmonic free linear response

. Measure of the complex impedance:




1) Fundamentals of EIS

2) Principle of impedance spectroscopy
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1) Fundamentals of EIS

3) Ideal circuit elements

~

Element U(w), i(w) Phase shift ¢ Z(w)
Resistor i : 0 =0
—— v "t | current and volage in Z(w) =R
| phase
Capacitor \ - _ T
I I N Current leads the Cw
voltage
. T
Inductance />< 0 = +§
IYYY | & \>4/ > Z(w) = jLw

Current lags behind
the voltage
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1) Fundamentals of EIS
4) The RC element
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1) Fundamentals of EIS
5) Representing EIS data
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1) Fundamentals of EIS
5) Representing EIS data
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1) Fundamentals of EIS

6) Treatment of a ZARC element
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Z=R
R  R%Cw —
1+ (RCw)?2 71+ (RCw)? 1
1
?jcw
Nyquist Plots
Distinctive values:
Z(ww ©0)=0
Z(ww—0)=Zz, =R
_ B 1
Zpe(wo) = —Zpm(wg) = wo = RC
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Ideally polarisable electrode

Electrode

EDL |

Lﬁsenes

Electrolyte

Electrolyte resistance R;

Electrical double layer capacitance: C

1 1

Ca Z=Rg—]

Cdla)
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

w g
o =
o o
- o
O (5
Q Q
L L

Electrolyte resistance R;
Electrical double layer capacitance: C

Charge transfer resistance R,

Rct . RthCdl(‘)
1+ (R Cqw)? & (ReeCa1w)?
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

2"
Q B E R
_8 Z < < > 1
= O Car = 5——
46 43 RctwO
D D
L L
zl
Electrolyte resistance R;
Electrical double layer capacitance: C

Charge transfer resistance R

Rct . RthCdl(‘)
1+ (R Cqw)? & (ReeCa1w)?
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction
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zl
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RT
| T RT
hence R . = & iy =
- : Fi ZFR ¢
_AG)*(,Red —azZFAdeq
iop = zF[Ox]Breq - €Xp RT -exp RT
_AG;(, Ox (1-a)zFA¢eq

= zF[Red]Bo, - €xp RT -exp  RT



1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer reaction

In io A e R
| AG? poq + azFA |
nip = - —%2° Peq + In(zF[0x]Breq)

: RT
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R MGy ox  (1-2FAdeq
ct = zF[Red]Bp, - exp RT -exp  RT
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

[Ox]¢! and [Red]¢ are time dependent

Ohmic resistance of the circuit R

Electrical double layer capacitance: C

% EDL |

v / I Diffusion layers S

8 -
| Ox + ne

— —

Charge transfer resistance R,

Warburg Impedance Z, for diffusion
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

N
E
Semi-infinite linear
diffusion layer
Cha
Ohmic ____i_rio _______
resistance R,
kHz Re(Z)=
Il \ A )
,II Ohmic resistance of the circuit R,
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! dl : —
Rg, ‘ Charge transfer resistance R,
——— Z
R ! W Warburg Impedance Z, for diffusion
! ct

- ———
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-Im(Z)

Ohmic

resistance R,

1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit

Charge transfer and
double layers
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1) Fundamentals of EIS

/) Faradaic reaction: the Randles circuit
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1) Fundamentals of EIS
8) Constant phase element (CPE)

The Electrical Double Layer is not an ideal capacitor

There are distributed elements at the electrode/electrolyte interphase

_ £
l ]
Zo = - with 0<sa<l1
< Q(jw)*
2x
— a = — s
R H O !
7 = |
ZARCT N RO
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1) Fundamentals of EIS
8) Constant phase element (CPE)

The Electrical Double Layer is not an ideal capacitor

There are distributed elements at the electrode/electrolyte interphase

-Im(2)

_

1 .
Zg = QG with 0sa=<l1
2x
— a = —
P ~ R H 0
AARCT 14 RQw))

R + w*R?Q cos (% n)

Re = o
1+ 2w*RQ cos (7 n) + (w*RQ)?

—w%*R2Q sin (% ﬂ)
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1) Fundamentals of EIS

8) Transmission lines:
De Levie model for porous media

A conductive pore in an ionic conductor

RS
Cdr:l::l::l::l::l::J_Q
T

rel? _ 2.1 _ 2p.%jwCy

z 17 o r

A R
Zpore — %coth (Al/z) A =

28



1) Fundamentals of EIS

element impedance process
(R) serial R contact and
resistor electrolyte resistance

(RQ) resistor — RQR;(jw)n doubl_e layer
and a constant capacitance and
phase element charge-transfer

in parallel reactions in parallel
(G) Gerischer v f;fg:hem combination of

element

electrochemical
charge-transfer and
diffusion

(W) Warburg

RW tanh[(jwT)]

diffusion processes

(jwT)>
element
(TLM) Heflont (7, 4 __2) +  porous electrode
Rel+Rion,L SlIlh(L/)\)
transition line \ R2+R2 | o (L electrochemistry
model TLM R+ Rion,1 o ATLM




1) Practical aspects, analyses, and applications

1) Impedance measurements

AV AR
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Visual control of harmonics
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To ensure the system linearity, we typically target AE = 10 mV .



1) Practical aspects, analyses, and applications

1) Impedance measurements

Potentiostat/galvanostat
+ Frequency Response Analyzer

FRA
® 000

~| EC 2-electrodes cell |~

WE CE

Possible to measure a 2-electrodes EC-cell

Complex equivalent circuit
- difficult to interpret
- deconvolute processes
- parametric study necessary
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1) Practical aspects, analyses, and applications

1) Impedance measurements

Potentiostat/galvanostat
+ Frequency Response Analyzer

[00]

T A

I |
\4

4-electrodes EC-cell easier to interpret
H‘| RE1 RE2 [

_| EC 4-electrodes cell F Separation of cathodic and anodic elements

WE CE
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1) Practical aspects, analyses, and applications

1) Impedance measurements

Suppressing the wire inductance

{

WA
"~ ] @ Wire induct Its f
ot e Ire Inauctance resulits rrom

-

W\,
U@T\j@" ] Magnetic @ opposite currents flowing
through parallel wires
VY

=  Cument = Magnetic Field

Compensation of inductive
currents by uniform twisting —

of the wires N e e A E \
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1) Practical aspects, analyses, and applications

2) Data treatment

Electrodes/electrolytes system

Electrochemical Theory
Impedance measurement Expected equivalent circuit
Validation of EIS data Physical/mathematical
(Kramers-Kronig test) model
i i Simple . o
E.IS data manllpulatlon. P R Equivalent circuit
(e.g. inductance correction, smoothing) system
Complex | system
_ _ . Complex Nonlinear
Tlmg d'omaln decqnvqlutlon Least Squares
(Distribution of Relaxation Times) CNLS

A 4

Direct peak treatment




1) Practical aspects, analyses, and applications

2) Data treatment

EIS data

Contents lists available at ScienceDirect P
< ;
« Journal of Power Sources .
A A
é N journal T pls iy o
Data truncation from =
. : 0
highest and lowest frequencies : o L
_ y — Model-assisted identification of solid oxide cell elementary processes by )
A electrochemical impedance spectroscopy measurements e
g P. Caliandro™’, A. Nakajo ™", S. Diethelm *", J. Van herle
A A P b .
-~ ~ he] Group of Energy Materials (GEM), £cole Polytechnique Fédérale de Lausanne, 1951, Sion, Switzerland
—_— * SOLIDpower SA, 1400, Yverdon-les-Bains, Switzerland
Kramers-Kronig validation @ Cm
O EIS data residual calculation v HIGHLIGHTE
H H H H » Operating conditions influence on DRT signals of experimentally recorded data.
2 Ohmic and polarization resistance )| e g oy g v oo e 10
» Peaks-to-processes attribution supported by the DRT of numerically modeled spectra.
« Influence of test cell geometry and frequency range on the deconvoluted spectra.
L 2 ARTICLE INFO ABSTRACT
4 d A ) Keywords Electrochemical Impedance Spectroscopy (EIS) is extensively used to characterize Solid Oxide Cells (SOCs) to
Electrochemical (EIS) y loss i
Truncated EIS data noise reduction, Do o ot X0 . ety ot i deened e i s leton . P
- s method for discriminating process contributions is the analysis by the Distribution of Relaxation Times (DRT).
smooth and extrapolation Dyl sy bt moid The de.convoluted spectrum of SOC generally presents, six peaks from iz to hundreds of ke, DRT peak-to-
\_ ) process attribution is often obtained by experimental sensitivity analysis. In the study, six parameters have

been systematically varied: temperature, current density, partial pressure of 02 at the oxygen electrode, partial
pressure of steam at the fuel electrode, total flow rates and fuel composition. The effect of wires inductance and
different cell geometries has also been analyzed. The study provides detailed information about the contribution
of the elementary processes to the total losses over a wide range of operation regimes. It further refines peak-to-
v process attributions by using a dynamic numerical model that includes gas and solid phase transport coupled

with charge transfer and chemical reactions. Moreover, the non-univocal literature attribution of processes in the
middle frequency range is clarified: strongly overlapping peaks cannot be separated even by DRT.

DRT deconvolution based on
Tikhonov regularization

1. Introduction costs and lifetime limitations.

Equivalent circuit model based on

Schonleber, M., Klotz, D. and Ivers-Tiffée, E., 2014. A method for improving the robustness of linear Kramers-Kronig validity tests. Electrochimica Acta, 131, pp.20-27.
Boukamp, B.A., 1995. A linear Kronig-Kramers transform test for immittance data validation. Journal of the electrochemical society, 142(6), p.1885.

energy transition. In parallel, the interest in electrolysers is ever
increasing for the storage of the excess energy produced by renewables.
Despite the significant technological advantages, the wide scale

\_ J (EIS) is a powerful non-
Solid Oxide cells are highly efficient electrochemical devices able to destructive characterization technique. It is relevant for improving the

directly transform fuel into electricity (fuel cell mode) and vice versa  durability of SOC devices, by identifying the effect of degradation phe-

(electrolyzer mode). nomena taking place in a stack under operation. The technique consists

The high operating temperature provides fuel flexibility, allowing  in measuring the system response upon the application of a periodic

¥ the use of gas, such as methane, syngas, ammonia. Methane in particular  stimulus perturbation (voltage or current) over a specified range of

Vs ~ is of interest because the use of the existing network can help a softer  frequencies. Since phenomena such as gas-phase transport from/to

electroactive sites, solid state oxygen vacancy diffusion and charge
transfer, have different dynamics, they manifest themselves at different
ies, which i allows their di: inati

fu I RQ elements of the SOC is slowed down by remaining Since these time constants are highly overlapped, the measurement
4 vy
* Corresponding author.
E-mail address: priscilla.caliandro@epfl.ch (P, Caliandro),
hitps://doi.org/10.1016/j jpowsour.2019.226838
A 4 Received 2 May 2019; Received in revised form 23 June 2019; Accepted 1 July 2019

4 A Available online 31 July 2019

03787753/ 2019 The Authors.  Published by Elsevier BYV. This is an open access article under the CC BY-NCND license

Complex nonlinear least squares fit

o vy
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1) Practical aspects, analyses, and applications
Kramers-Kronig Transform (Linearity test)

1 f i 0.05
R, L Ciny C_ NE '
0 S
| | N0 :
‘ 0.05 R 0.1 0.15 0.2 0.25 0.3I 0.35
- T Ohm VA (Q cm” ) {lnl
1 M
c, =L Cy =2
\ Ci;LLv v Ry, - Ry, Ciny Ryw;Ty
Zpiei = Rs + jooiL + +z =R+z—+'- LN ROk
e = Rs HJOk 4500 F 2 T (o | T LT+ )| O T 0 T AT wrm?
k=1 k=1 =1
Refi Imgy,;
k-1
Zpip = Z s = Z(Refl“ FjIMie) - 1 = RyCy = 10'08100min) = 10810(Tmax) 10810 (min)]
° Z(R N Z ) S= Z’L’[(Rei — Regie )* + (Im; — Imyyg )?]
erir = —_—— _ =
fit £, 1+(a) Tk)z et lhtl.l 1 )
clght-Ai =12 = Re?+Im?
Ryw;Ty, Objective: argminS - VS = 0 - % =0
- J

C:
Imyy, = Z(w-L A N el T
it S o 1+ (o)’

Schénleber, M., Klotz, D. and Ivers-Tiffée, E., 2014. A method for improving the robustness of lineal
Boukamp, B.A., 1995. A linear Kronig-Kramers transform test for immittance data validation. Journa

Unknown parameters: X =

r Kramers-Kronig validity tests. Electrochimica Acta, 131, pp.20-27.
| of the electrochemical society, 142(6), p.1885.

[Rs, L, Cinpy» Ry, Ry, -, Ri ]
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1) Practical aspects, analyses, and applications
Kramers-Kronig Transform (Linearity test)

1 Ry Ry
<—0.05
g Ry L Cipy= C_O
N 0! - |
005.701 015 02 , 025 03\ 035
Ohm VA (Q*Cln‘—) Rlnl - -
C, = 1 Coy = M
. R1 RM
R, as an example with s = Z Ai[(Re; — Repie ) + (Im; — Imgy )] :
i=1
5S SRe 51
ORefiti Myit,i
SR Z[ﬂi - 2(Re; — Reyit ) - 3R, + A - 2(Imy — Imygye ;) TSR
S =1 Iy M S

Cinv RkwiTk

k —r R
- R "=R+Z—' e = L, —
€rit,i s £ 1+ (w;11)2 Mriti = @i w; 1+ (w;Tg)?
ORefir; . SImyie i
" SR ’ 6Rs

z/l 2(Re; — Refir;) = 0

.-.ZARefm z/lRel@R Z/l +2Rk21+(wm ZARel@AX b

Schénleber, M., Klotz, D. and Ivers-Tiffée, E., 2014. A method for improving the robustness of linear Kramers-Kronig validity tests. Electrochimica Acta, 131, pp.20-27.
Boukamp, B.A., 1995. A linear Kronig-Kramers transform test for immittance data validation. Journal of the electrochemical society, 142(6), p.1885. 3 7




1) Practical aspects, analyses, and applications
Kramers-Kronig Transform (Linearity test)

1 Ry Ry
&0.05
l::: RS L Cinv T~
0.05 0.1 0.15 02 , 0.25 0.3 0.35
Ohm VA (Q*Cln‘—) R Tot - -
1 M
N G = R. Cu = R
. 1 M
L as an example with s = Z Ai[(Re; — Repie ) + (Im; — Imgye )]
i=1
N
5S SRefiy 6Imyip i
5= Z[Ai ‘2(Re; — Repyey) - —<— + A 2(Imy — Imygye) - ——]
i=1
& R Coy o R
k inv kWiTk
“ Re iti:RS+z—J Im itizwiL— - P T—
1 L1+ (0m)? e O 1+ (@)
) 5Refit,i —0 (SImfit,i w
oL ’ oL '
N
6S
ST z/li 2wi(Im; — Img) = 0
y N N N M 5 N
A Wi Tg
z Aiwilmﬁt’i = z&iwilmi (== EliwiL - z - z Rk 2 PR NEEY) = 2 Aiwilmi S AX =0b
¢ ¢ c Cinv ; 1+ ((‘)irk) ’
i=1 i=1 i=1 i=1 k=1 i=1N i=1
Soukarmp, 6., 1955, A ineat Kronl Aramers wanefor tostfo Immiance dats valdation.Joutl of th eecirocnemcrsoiey, 14210 b oete T 38



1) Practical aspects, analyses, and applications
Kramers-Kronig Transform (Linearity test)

1 Ry Ry
&0.05
IE Ry L Cipy= C_
O 0
0.05 R 0.1 0.15 02 , 0.25 0.3 0.35
Ohm VA (Q*Cln‘—) R Tot
T1 M
C1 = R_ CM = R_
. 1 M
Linear algebra AX = b:
N N 1 N
Ai 0 0 Z—lz Z /11-Rel-
N N N N
lLiw?t
0 lewlz —2/11' _21—11\42 Rs Z/li(l)ilmi
i=1 i=1 =1 1+ (witm) L =
i# _iz iﬂ _i AiTm i | = ZN:A" Im
l . —_—
i=1 1+ (0im)* i=1 i=1 W i=1 1+ (witm) Ry = @i l
N : N : N N ) N )
Z Ai Z ATy _ z ATy z Ai[1+ witiy] Z Ai(Re; — w;TyIm;)
T 2 2 2
1t @Tn)” L1+ (wiTM)Z = i1+ (wiTm)’] = w1+ (wiTy)’] 1+ (w;Ty)*

Singular value decomposition (SVD) to solve X.

Schénleber, M., Klotz, D. and Ivers-Tiffée, E., 2014. A method for improving the robustness of linear Kramers-Kronig validity tests. Electrochimica Acta, 131, pp.20-27.
Boukamp, B.A., 1995. A linear Kronig-Kramers transform test for immittance data validation. Journal of the electrochemical society, 142(6), p.1885.
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1) Practical aspects, analyses, and applications
Smooth, LC correction, extrapolation based on KK test

Ry Ry
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1) Practical aspects, analyses, and applications
Smooth, LC correction, extrapolation based on KK test

-Z" [Ohm-cm2]

0.3 0.4 0.5
Z' [Ohm-cm2]

Truncated
B Smooth

0.2 0.25
Z' [Ohm-cm2]
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1) Practical aspects, analyses, and applications
Smooth, LC correction, extrapolation based on KK test

-Z" [Ohm-cm2]

0.3 0.4 0.5 0.6
Z' [Ohm-cm2]

Truncated

Bl LCcorrect

0.25
Z' [Ohm-cm2]
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1) Practical aspects, analyses, and applications
Smooth, LC correction, extrapolation based on KK test

-Z" [Ohm-cm2]

0.3
Z' [Ohm-cm2]

Truncated
B Extrapolation

0.2 0.25
Z' [Ohm-cm2]
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1) Practical aspects, analyses, and applications
Distribution of Relaxation Times (DRT)

ohm"‘z

=R;C;

Discrete function

Z(w) =
1+]wT,

RI RZ R3 Ri
R e, T ey N
_:_. senene
[ Il I
| 1l I
CI CZ Cj’ Ci

Generalized Voigt model

Continuous function

& 0.057

-Z" (*cm

0

().()SR 0.1 0.15

02 ., 025
Ohm Z' ($2%em")

0.3 R,

>  R(1)

Z =R d
() Ohm+f0 1+ jwt t
(0. @)
Y (7)
Z =R R d
(W) = Ropm + polfﬂ 1+ jor T

0.35

R(T) = Rpo1 -y (7)

f y(T)dr =1
0
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1) Practical aspects, analyses, and applications

Distribution of Relaxation Times (DRT)

20) = Rotm =Rpot | 2 d
Z(@) = Rypm + R foo o, o LT
(@)= Botm* Rpot | 1 07 & Zw)=Z ) +jZ" )
R(1) = Rpor-y(7) Z' (@) - Ropm =R fooﬂ
- po (w) ohm pol 0 1+ @1)2 ar
=1 oo .
fo ymdr Z" (@) = Ry f 22D
g 0o 1+ (wT) Y.
N

Inverse ill-posed problem

A= - -1
— (AT T
A solution exists; Z= Ay _ c11r+Jrnwi:1(||Z — aylP) » y=(4"4) A"z
The solution is unique Y g Y Y

The solution’s behavior changes continuously with the initial conditions

/ A
Tikhonov regularization (A as regularization factor)

0.2

y = argmin(llay - ZI? + 2Ly |1? o

» Y = (ATA + ALTL)_IATZ » é(Jm /\
| W

) .
107! 10° 10! 10? 10° 10 10°
Frequency [Hz|

1 .-
1

1 1
L=1]1 1

45



1) Practical aspects, analyses, and applications
DRT for Solid Oxide Cells (650-850 °C)

Cell type 1

RQ7 RQ6 RQS5 RQ4 RQ3
0% surface Negatrode and Positrode Negatrode
Gas P + !
s exchange in positrode  gas  charge charge
conversion GDC diffusion transfer transfer
Parameters - statistic (> FU > pyo T > ppo T>pu>pmo T>AU i=FU=>T
Temperature T N < < l ¢ N
Current density T
at fixed FU/AU ™ ~ N \-' N
Current density T
at fixed gas flow N~ ~ 7 : :
H; partial pressure T 1 — - Ve
H;0 partial
pressure (SH) 7 e ~ - 1
0, partial pressure T A N -
1-50 Hz (Par-
Frequency 0.1-1 Hz 0.1-10 Hz tally overlapped 5 501, L 50 b2
with O surface
exchange)

)

~-50mA - cm

—~100mA - cm
~-150mA - cm
~-200mA - cm
—+-250mA - cm™?*
—300mA - cm~?

P7

€
5]

—~-18.5kPa
- 27.8kPa

~-50.6kPa

0
/

7 [ em?

Frequency [Hz|

«~50mA - em™?
100 mA « cm

- 150mA - cm

« 200 mA
250 mA - cm™
—300mA - em

P7

8.3kPa

+0kPa 16.7kPa

«13.9kPa . 41.7kPa

~27.8kPa . 83.4KkPa
55.6kPa

107

=~
10 FAU

cm”e

—-850°C
—--800°C
—--T750°C
—~T700°C

P6

Cell type 2

Pl P2 P P4 P5 P6
C sion  Fuel y Fuel High f. peak
diffusion at low pOz diffusion/ (fuel and oxygen charge (€3]
transport in oxygen electrode electrode transfer
reforming mixture reaction + solid transport)
state diffusion
Parameters pO;>P Froe > pH 0> pH0> 1> pH,0>T>P  T>i>pH,0>P T
P>i poy> P
Temperature (T) | - - - 1 ~N ]
Current density (i) | - o e ! N -
Oxygen partial pressure (20)1 N - | - -
Steam partial pressure (p/0)] - 1 1 ~ N
‘Total flow rate (Fy,,) - ~ - - -
Pressure (P)1 — 7 I 1 |
Frequency <1Hz 1-10 Hz 10-100 Hz 0.1-0.5 kHz 0.5-upto 100kHz*  5-upto 200 kHz *
Single cellno L 0.1 4 50 05 20(2) 200 (6)
Segmented SRU 0.3 4 40 03 1 5
Short Stack 0.2 1 20 0.1 04 2

* Characteristic frequency influenced by inductance and frequency range
() values obtained in a different experiment with respect to the sensitivity one

0.06 |

—

s

rl;_
5004
0.02
O

0
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1) Practical aspects, analyses, and applications
DRT for Proton Conducting Cells (400-600 °C)

FC mode 0, EC mode

H20 \/ \/02
l

- 1 p=——@1.1V 4 10 — 0.8 W H* t T I BCZYYb 1 1 1 H*
NE @1.2V < =T @0.7V 7
G @1.3v | E
c @14V mﬂ c Ni/BCZYYb
N 0O0F - —— - -2 - - - - - — - - = d @ 0.5
E _
: : ! 0.0 ,_f L L 1
0.1 0.2 0.3 0.4 0.5 0.0 0.5 10 15 >0
Re(Z) (Q sz) RE(Z) {Q sz)
—@11V ——@0.8V
0.1 P& —@.2V 104 @07V |
— 1.3V
— @4V .—ic.f
f:.a P1
P3
g P2
<
'_
o
[a)
i 0 10
Frequency (Hz)
107 10 10 10° 100 10" 10° 107 10° 10" 10 108 10 100

Frequency (Hz) Frequency (Hz)



1) Practical aspects, analyses, and applications
DRT for Proton exchange membrane cells (<100 °C)

01

a 1
0.15
2
; g 041 S
. a Yy ;. ks
- R, « >4 Ru SR i 4
Roa & I -« 3
J{ & Experimental Data 4 0.05 | =P
——Fit %
===-=-ZeroLine A
01 T T T T T T 0
0.0 01 0.2 0.3 0.4 -4 -3 -2 -1 0 1 2 3 4
Re Z
[log1o (f)]

Table 1: The DRT peak positions and the corresponding area in ) cm? The peak ASR
values are color coded from red (highest) to green (lowest).

Process Peak Peak Peak Area Literature Refs.
Number Position Position [Q cm?] process
[-] [logio ()] [Hz] assighment
1 0.6069 4.0585
2 1.5484 34.1661
3 2.3875 2421380 [7—10]
4 3.1929 1574. 5163
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1) Practical aspects, analyses, and applications
DRT for Anion Exchange Membrane Cells (<100 °C)

P4' P4

400

1 T T T T T T T T
100 200 300 400 500 600 700 800 9001000 “»
) NE 300 - y
Z'(mQcm’) G
¢ 200+
H O P 9" 530
halff  half  fequency = 14 +—— Py’ /
MEA cell cell range process 0
peaks peaks  peaks (Hz) description refs 10" 10° 10" 10> 10® 10* 10°
P1 1-5 water and gas this work
P2 5-20 diffusion-related extending”* Frequency (Hz)
process of HER,
P3 25-80 OER electrodes REFHER () (+)  REFoeR
P4 P4(i) P4(i)  60—2000 HER, OER charge 24
H, 0,, transfer
P4(ii)
0,

PS P50, 2200— OER ion transport this work

3200 extesnding24
PS5 PSH, 7000— HER ion transport  this work 20/ Al e —

9000 extendingu AEMWE Recirculation 4 J
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1) Practical aspects, analyses, and applications

2) Data treatment

Complex Nonlinear Least Square fitting (CNLS)

R, R, R, —— ——
] . I (o _IC2 I
Hcf i QHF vl

Minimization of the sum of squares function:

N
Z ([Z —Z'mi(wi, x ] | Z" i(wi) = Z" v i (w3, )]2)

where Z(w) and Z,, ;(w,x) are the measured and modeled impedance, respectively

~1
and w; is the weight factor w; = [ZRe,l-2 + Z,m,l-z]



element impedance process
(R) serial R contact and
resistor electrolyte resistance
(RQ) resistor — RQR;(jw)n doublfa layer
and a constant capacitance and
phase element charge-transfer
in parallel reactions in parallel
(G) Gerischer v f;fﬁ:hem Combinatiog of
element electrochemical
charge-transfer and
diffusion
(W) Warburg Ry tané{&%?a] diffusion processes
element
Re Rion.
(TLM) m (L + ﬁ) +  porous electlrode
transition line \ RA+R2 | (L electrochemistry
model TLM R+ Rion 1. cot ()\TLM
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1) Practical aspects, analyses, and applications

3) Non linear systems: Total Harmonic Distorsion

Current

Input current signal

’w@

Anode /'L’tL

\ Cathode

Electrolyte
g Fuel cell
foe] 2
n=2 Yi’l
THD =
|

Oxygen

—

=

\ Intensity

Voltage

Output voltage response

H,/N, — FU

[—— 22.0/78.0 — 84%
| —e— 21.3/78.7 — 87% 1
| —e— 20.7/79.3 — 90 %
| —e— 20.0/80.0 — 93%
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