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Abstract: Today technical electrodes in batteries and fuel
cells rely on complex multiphase microstructures that fa-
cilitate electronic, ionic and, in case of fuel cells, diffu-
sive gas transport to the active reaction sites distributed
in the electrode volume. The impedance of such electrodes
can be described by the well-established transmission line
model (TLM) approach. In a TLM, transport, charge trans-
fer phenomena and capacitive effects are coupled consid-
ering microstructural features of the electrode. Its applica-
tion for impedance data analysis of technical cells is chal-
lenging as the TLM impedance extends over a wide fre-
quency range and quite often a strong overlapping with
other contributions takes place.

In this paper the application of the distribution of re-
laxation times (DRT) to the analysis of technical electrodes
in batteries and fuel cells is elucidated. Different exam-
ples how to apply the DRT to analyze impedance spectra
of solid oxide-, polymer electrolyte- and lithium ion-cells
will be discussed. It will be shown that the TLM is usually
represented by multiple peaks in the DRT, which might be
strongly affected if contributions of different electrode lay-
ers overlap in the spectra. Related error sources and coun-
termeasures are illustrated. Approaches how the DRT can
be applied for the analysis of measured spectra and how it
is able to support CNLS-fitting are presented.

Keywords: Electrochemical impedance spectroscopy, dis-
tribution of relaxation times, transmission line model,
lithium ion battery, fuel cell, LiB, SOFC, SOEC, SOC,
PEMFC.

Zusammenfassung: Technische Elektroden in Batterien
und Brennstoffzellen beruhen auf komplexen mehrphasi-
gen Mikrostrukturen, die elektronischen, ionischen und
Gasphasen-Transport zu den im Elektrodenvolumen ver-
teilten aktiven Reaktionszonen realisieren. Die Impedanz
solcher Elektroden kann mit Kettenleitermodellen be-
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schrieben werden. In diesen werden Transportprozesse,
Ladungstransferphdnomene und kapazitive Effekte un-
ter Beriicksichtigung mikrostruktureller Eigenschaften der
Elektrode gekoppelt. Ihre Anwendung in der Impedanz-
analyse technischer Zellen ist anspruchsvoll, da sich die
Kettenleiterimpedanzen iiber einen weiten Frequenzbe-
reich erstrecken und hiufig starke Uberlappungen der Im-
pedanzen unterschiedlicher Prozesse in der Zelle vorlie-
gen,

In diesem Beitrag wird die Anwendung der Ver-
teilungsfunktion der Relaxationszeiten (DRT: Distribu-
tion of Relaxation Times) in der Analyse technischer
Elektroden in Batterien und Brennstoffzellen beleuch-
tet. Es werden verschiedene Beispiele fiir die Einsatz der
DRT zur Entfaltung der Impedanzspektren von Festoxid-,
Polymerelektrolyt- und Lithium-Ionen-Zellen diskutiert.
Die Beispiele zeigen, dass die DRT der Impedanz por6-
ser Elektrodenstrukturen haufig mehrere Peaks aufweist,
die durch Uberlagerung der Beitrége verschiedener Elek-
trodenschichten beeinflusst werden. Daraus resultieren-
de Fehlerquellen, mégliche Gegenmafinahmen und Ansat-
ze, wie die DRT fiir die Analyse gemessener Spektren und
den CNLS-Fit von Impedanzdaten eingesetzt werden kann,
werden vorgestellt.

Schlagworter: elektrochemische Impedanzspektrosko-
pie, Verteilungsfunktion der Relaxationszeiten, Kettenlei-
termodell, Lithium-Ionen Batterie, Brennstoffzelle, LiB,
SOFC, SOEC, SOC, PEMFC.

1 Introduction

Electrochemical devices as lithium ion batteries, fuel cells
and electrolyzers enable a reversible electrochemical en-
ergy conversion between electrical energy and chemical
energy stored either in the active materials of the bat-
tery’s electrodes or a fuel, mostly hydrogen. In such de-
vices, high conversion rates per unit cell area are manda-
tory to meet size, weight and last but not least cost require-
ments of the system. To achieve a high area specific con-
version rate, a large number of active reaction sites per
unit area is required. This can be achieved by extending
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the electrochemical reactions at the 2-dimensional elec-
trode / electrolyte interface into the 3-dimensional vol-
ume of the electrodes. Such approach is not at all new, al-
ready in the beginning of electrochemistry and fuel cells,
more than 170 years ago, it was observed that a “notable
surface of action” can be achieved by a “spongy platina”
electrode [1]. The porous electrode structure enhances the
area specific conversion rate as active reaction sites are
extended into the electrode volume and are no longer re-
stricted to a planar interface. This approach is state of the
art in electrochemistry since many decades. Today nearly
all electrochemical devices for energy storage and con-
version rely on porous, multiphase electrodes and there
is only a very limited number of devices, as for example
thin film batteries, where the charge transfer reaction is
restricted to a planar interface between electrode and elec-
trolyte.

Even though a qualitative understanding of the ad-
vantages of porous electrode structures was available right
from the start, the quantitative electrochemical and mi-
crostructural characterization and subsequent modelling
is still a hot topic in battery and fuel cell research. There
are numerous publications related to the development and
characterization of porous electrodes and full cells exhibit-
ing two of them respectively.

A common method for the electrochemical charac-
terization of batteries and fuel cells is impedance spec-
troscopy. Theoretical background and practical informa-
tion can be found in a number of handbooks [2, 3, 4, 5].
Within the impedance measurement the electrochemical
cell is considered to be a LTI system, even if electrochem-
ical systems are usually neither linear nor time invariant.
Thus the electrochemical impedance has to be measured
via a rather small sinusoidal perturbation in the range of
a few mV; aiming at a stimulation of the cell in a linear or
at least linearizable range. Any additional impact of the
perturbation signal on the cell’s temperature or state of
charge (SoC) should be carefully avoided. The variation of
the perturbation frequency over several decades (mHz to
MHz) provides the electrochemical impedance spectrum.
For the subsequent analysis of a measured spectrum any
kind of error source as improper wiring or unsuitable set-
tings [6] has to be avoided. The validity testing of mea-
sured spectra is indispensable. Algorithms based on the
Kramers-Kronig relation enable a detection of errors due to
nonlinearities, time variance or external noise in the spec-
tra[7, 8, 9].

Electrochemical impedance spectroscopy (EIS) is of-
ten applied to determine or compare the performance
of cells and electrodes. Such performance evaluation
is straightforward and does not require any complex
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impedance data analysis. If the different physicochemi-
cal processes in a cell are of interest and the develop-
ment and parameterization of an electrochemical model
is in focus, impedance data analysis becomes mandatory.
In a first step, a deconvolution of the spectra by methods
as the distribution of relaxation times (DRT) [10] is use-
ful. The DRT enhances the resolution in the frequency do-
main and is able to resolve processes invisible in common
impedance representation as Nyquist or Bode plots [11, 12].
Based on their relaxation frequencies and operating pa-
rameter dependencies, the peaks in the DRT can be as-
signed to physicochemical processes in the cell [13, 14] and
thus provides fundamental information for electrochemi-
cal modelling.

In case of technical cells with porous electrodes ap-
propriate electrochemical models, representing the cou-
pling of transport processes and electrochemical reac-
tions, are required. There are different types of complex
electrochemical models for porous electrodes. Homoge-
nized approaches based on equivalent circuit theory [15]
or a set of differential equations [16, 17] date back to the
60", The Newman model for lithium ion battery electrodes
is a prominent example [18, 19], which was later on ex-
tended in various ways [20, 21]. In case of fuel cells, el-
ementary kinetic models of reaction and transport pro-
cesses were employed [22, 23]. With increasing computing
power and the availability of 3D electrode reconstructions
by FIB-SEM [24, 25] and X-ray tomography [26, 27] space
resolved models of porous electrodes became popular [28,
29, 30]. Such homogenized as well as space resolved ap-
proaches have also been used to model impedance spec-
tra of electrodes and cells [21, 31, 32, 33, 34]. As these mod-
els cover complex nonlinearities related to charge trans-
fer and diffusive processes with dozens of material and in-
terfacial parameters they are mostly too complex for a di-
rect quantitative correlation to measured impedance spec-
tra.

In case of impedance spectroscopy the fundamental
requirements — linearity (or linearizability in the operat-
ing point), time invariance and causality — simplify the
modelling. Linear and time invariant (LTI) modelling ap-
proaches as equivalent circuit models (ECM), based on
electrical standard components as resistors and capaci-
tors, can be applied. Thus computing time as well as num-
ber of model parameters can be drastically reduced. The
model parameters can “easily” be determined by a com-
plex nonlinear least square (CLNS) fit [35] using appro-
priate tools [36, 37], which are nowadays part of most
impedance analyzer software packages.

ECMs differ with respect to the correlations between
equivalent circuit elements and physicochemical pro-
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Figure 1: Transmission line equivalent circuits for different types of electrodes (a) general 2 channel transmission line model with x; and x,
representing ionic and electronic resistances coupled by the charge transfer impedance Z, (b) simplified single channel approach commonly
applied in case of negligible electronic resistivity, (c) finite length and (d) finite space Warburg impedance, (e) Gerischer impedance and

(f) three channel transmission line model coupling ionic and gas phase transport via a charge transfer reaction.

cesses. In black box approaches the ECM just reproduces
the system dynamics. It is mostly based on a series connec-
tion of a sufficient number of RC-elements (parallel con-
nection of a resistance R and a capacitance C) whereby the
equivalent circuit elements do not have any physicochem-
ical meaning. Such models are applied in battery-module
and BMS-development [38, 39, 40]. Despite of their non-
physical character they enable reliable simulations in the
frequency and time domain [41]. In case of physicochem-
ically meaningful ECMs, quite often electrode processes
observed in the spectrum are represented by R-CPE ele-
ments (parallel connection of a resistance R and a con-
stant phase element CPE) [13, 42, 43, 44]. With this sim-
plified approach the overall impedance of each electrode
process becomes available but any quantitative correla-
tion with material properties or microstructural features
of the porous electrode is impossible. For a more detailed
modelling appropriate equivalent circuit elements as War-
burg [45, 46] or Gerischer impedances [47] are required.
Such equivalent circuit elements are all based on trans-
mission line models (TLM) — physicochemically meaning-
ful ECMs that represent the coupling of transport, reac-
tion and/or storage in the volume of a porous electrode
[48].

In this paper examples of DRT-analysis and trans-
mission line modeling of porous electrodes in solid ox-
ide cells, polymer electrolyte membrane fuel cells and
lithium ion batteries are compared. Requirements con-
cerning impedance spectroscopy, data quality and DRT-
analysis are discussed and different approaches for model
parameterization are presented.

2 Theoretical background

The general transmission line equivalent circuit sketched
in Fig. 1(a) represents the impedance of a porous electrode
with a thickness L.

It exhibits the TLM-impedance Zp;y according to
eqn. (1):

K~Xf +X§ -coth (E)
X1+tX2 K
oy
The series elements y; and y, account for the ionic,
electronic or diffusive transport pathways in the porous
electrode. Regardless of the type of transport process i,
(index i: ion, electron, diff), they are mostly represented
by an incremental ohmic resistance per unit length r;
(Q/m), which is suitable because of the linearization
in impedance spectroscopy. In case of capacitive effects
along the transport path an RC or RCPE-element can be
used instead. For ionic or electronic transport in an elec-
trical field r; is depending on the bulk conductivity o; and
the structural factor ;, the ratio between the volume frac-
tion ¢; and the tortuosity t; of the corresponding phase:

X1X2 <
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A diffusive transport of neutral gaseous species (gas
diffusion in the pores of the electrode) respectively ions
in a mixed ionic-electronic conductor (MIEC) with a dom-
inant electronic conduction (as oxygen ion diffusion in
MIEC cathodes of solid oxide fuel cells (SOFC) or Li-
diffusion in intercalation electrode materials of lithium ion
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batteries) can be described by a diffusion resistance r s
(Q/m) that is depending on the effective diffusion coeffi-
cient D; . = ¥;D; of the diffusing species and its concen-
tration c; (mol/m>). In case of gases the partial pressure
p; = RT - ¢; of the diffusing gas species is commonly used.
z; is the valency of the diffusing ion or, in case of neutral
species as gases, the number of transferred electrons in
the related electrochemical reaction respectively. The re-
sistive character of such diffusive process is related to the
coupling of the concentration gradient required for diffu-
sion according to Fick’s law and its impact on the electrode
potential via the Nernst equation.

Diesr Pi Acen
€)
The localized processes within the porous electrode
volume as charge transfer reactions and/or capacitive stor-
age are represented by the shunt branch impedance {
given in Q-m. The ratio x of shunt branch impedance ¢ and
the sum of the series elements y; and y, provides informa-
tion about the local distribution of transport processes, re-
action and storage in the electrode volume.

K= — (%)
X1tX2

In case of large k-values the transport is sufficiently
fast and homogeneous conditions are achieved. The same
holds for y; = x», as long as both transport pathways ex-
hibit a similar resistance there will be no preferred section
where reactions will take place. If y; > y,, a common situ-
ation for most electrodes exhibiting an electronic conduc-
tivity that is orders of magnitude above their ionic conduc-
tivity, it is suitable to neglect the resistive contribution of
X, resulting in the single channel TLM (Fig. 1 (b)) with the
simplified impedance expression:

/ .12
Zrpmse (W) = K-X1~coth<§) = ‘/('X1 . coth Xl(L ©)

Under this condition (y, = 0) the ratio k corresponds
to the penetration depth A = +/{/r, providing informa-
tion about the active thickness of the electrode. Within the
distance A from the electrolyte/electrode-interface into the
electrode volume 67 % of the electrochemical conversion
takes place.

There is a large number of dedicated transmission line
models available describing the impedance for a partic-
ular coupling of transport, charge transfer and/or capac-
itive effects in battery and fuel cell electrodes. The Fi-
nite Space Warburg impedance Zrgy, and Finite Length

RT 1 1 1 RTV 1 1 1
Xi = Taif = ( )

- ZI_F
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Warburg impedance Z; ; consider a coupling of diffusion
and capacitive storage in an electrode. They correspond to
the equivalent circuits in Fig.1 (c) and (d) with short cir-
cuited and open end respectively. The related time con-
stant Ty = Ty - Cair - L? considers the overall resistance
rqif - L and capacitance cgyy - L of the layer:

coth \JjwT g

VW gy

tanh jwT g
\JWT gy
™)

Whereas Zggy, describes the diffusion of species from
alimited reactant source represented by ¢ as the lithium
stored in the active material of a battery, Zg;y is repre-
senting the diffusion of species from an infinite reactant
source (as the gas channel in a fuel cell) through a porous
layer. Here the capacitive behavior of the pore volume as
well as adsorption of gaseous species at surfaces is repre-
sented by cgy. To account for non-uniform electrode pa-
rameters quite often a generalized form (Z;psy /Zgrrw) iS
applied where +[jwt  is replaced by (jwt )" with phys-
ically meaningful exponents of n < 0.5.

The Gerischer impedance Zg,ischer Originally dates
back to studies of coupled chemical and electrochemi-
cal reactions [47], different applications are summarized
in [49]. It describes an electrode with an infinite thick-
ness (L — oo) that is represented by an equivalent cir-
cuit according to Fig.1 (e). Its impedance is given by
eqn. (8) wherein the coth-term becomes 1 for L/A > 1. The
Gerischer element is often applied for MIEC electrodes in
SOFC [50]. In this approach only oxygen surface exchange
and oxygen ion diffusion in the MIEC bulk is considered
whereas electronic conduction and gas diffusion are ne-
glected [51].

L
Zpsy () = K~rdiff~coth<;> =Ty - L-

L
ZFLW (w)=x- Taiff - tanh(;) = gif L.

Rchem

V1+JWT cpem

Z Gerischer (w) =

. RT 1 T-y?
with R =—. . ,
MM IF? Ay \j<1—e>~Da~a-c$nc~k6
co-(1-¢€)
t =L = - 8
chem a-cmc-k5 ( )

Both processes are affected by material (oxygen ion
diffusion coefficient D‘s, surface exchange coefficient k5,
density of oxygen lattice sites c,,., 0xygen ion concen-
tration ¢y, thermodynamic factor y) and microstructural
properties (porosity €, MIEC tortuosity 7, surface area den-
sity a of the porous MIEC electrode. Considering the equiv-

alent circuit in Fig. 1(€) Repem = Ts * Tp @nd Tepeyy = 1y * Cp-
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Figure 2: Nyquist plot of Gerischer, GFLW and single channel TLM impedance with parameter sets resulting in rather similar spectra and
related DRTs. In the DRT plots different regularization parameters of 1073 (left) and 107 (right) were applied.

In Fig.2 (a) impedance spectra of Gerischer, GFLW
and single channel TLM according to the equations given
above are displayed in a Nyquist plot. The parameters were
selected in a way that quite similar spectra are obtained.
It should be noted that these parameters were all kept
in physicochemically meaningful ranges observed for dif-
ferent kinds of SOFC electrodes tested under technically
meaningful operating conditions. Considering noise and
minor errors unavoidable in impedance measurements,
the selection of an appropriate TLM based on the mea-
sured spectrum only is hardly possible.

Below the DRTs of the spectra are displayed. Instead
of y(1) a corresponding function g(f) is commonly dis-
played, which is logarithmically weighted in a way that
the area under each peak corresponds to the resistance of
the related process. This approach enables a quantitative
visualization of the polarization resistances and a direct
correlation to their relaxation frequencies. Despite of the
fact that only one electrode process is present in each
spectrum, the DRTs contain, next to a dominant peak at
the main relaxation frequency, a number of side peaks
at different frequencies. This behavior is related to the
numerical calculation of the DRT y(r).

ﬂ@=&+4ﬂ@=&+{ﬁ§%ﬁ ©)
0

The solution of the equation for y (1) is an ill posed
problem that requires special methods to avoid false peaks

and oscillations. In this paper all DRTs were calculated us-
ing a Tikhonov regularization algorithm according to [52],
which is based on stabilizing a minimization problem by
introducing a regularization operator that is weighted with
a regularization parameter A. In case of distributed ele-
ments as in a TLM, the highly asymmetric spectrum has to
be emulated by a discrete number of RC-elements with re-
laxation frequencies dispersed over several orders of mag-
nitude. Thus, there will always be a strong impact of the
selected regularization parameter on the shape of the DRT.
In Fig.2 (b) a regularization parameter A = 107 is ap-
plied. This value is in a suitable A range for the analysis of
experimental data, smoothing out noise and minor errors
and suppressing artificial peaks. The DRTs of the different
TLMs show some differences with respect to the ond peak
at 100 Hz to 1kHz. If a much smaller regularization param-
eter is applied (Fig. 2 (c)), which is only suitable for noise
and error free synthetic spectra and would result in severe
deviations for experimental data, a different shape much
closer to the analytical DRTs of the different elements [12] is
obtained. It is obvious, that number, shape and positions
of the peaks are affected by the selection of the regular-
ization parameter. The existence of these side peaks and
their dependency on calculation procedures and param-
eters complicates the DRT-analysis of porous electrodes.
The straightforward approach to attribute each peak in the
DRT to a single polarization process in the cell and to quan-
tify its resistance contribution directly from the DRT can
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Figure 3: Polarization processes in the porous electrodes of an anode supported SOFC. Transport and electrochemical reactions in the MIEC
cathode and the cermet anode (ceramic-metal compound of oxide ion conducting ceramic electrolyte and electronically conducting nickel)
can be described by appropriate TLMs, a Gerischer impedance (P,¢) and a transmission line model (Pt ya) respectively. Due to limited ionic
transport in the MIEC and the electrolyte, the thickness of the electrochemically active regions is in the range of a few pum only. In the re-
maining parts of the porous electrodes and supports electronic conduction, gas diffusion and catalytic conversion of the fuel has to be con-

sidered.

lead to significant errors. A simple straightforward DRT-
analysis of experimental data does not provide direct ac-
cess to a physicochemical meaningful TLM as different
processes like the gas diffusion through a porous layer
or the oxygen reduction reaction in a MIEC cathode can
provide quite similar spectra and DRTs. In the following
some examples for the analysis of porous fuel cell and bat-
tery electrodes by transmission line models are discussed
and critical aspects concerning their parameterization are
shown.

3 Application to porous electrodes
in fuel cells and batteries

Transmission line models can be applied to evaluate and
predict the behavior of porous electrodes in different
ways. The complex nonlinear least squares (CNLS-) fit-
ting of a physicochemically meaningful ECM to measured
impedance spectra can be used for the quantification of
the individual losses related to the different polarization
processes occurring in the investigated cell. The gathered
information enables an assessment of the cell, provides
a correlation to material and microstructural parameters
of its electrodes and reveals approaches for its optimiza-

tion. For this approach (i) a physicochemically meaningful
ECM has to be developed, (ii) starting parameters for the
CNLS-fit have to be determined and (iii) the CNLS-fit has to
be performed considering appropriate parameter ranges.
Considering technical cells this is challenging as the elec-
trodes have been optimized. Mostly there is not a single
rate limiting step but different polarization processes with
resistance contributions in a similar range, which might
strongly overlap in the impedance spectrum. Thus power-
ful impedance analysis tools as the distribution of relax-
ation times combined with appropriate variations of oper-
ating conditions are mandatory to resolve the individual
processes.

3.1 Solid oxide fuel cells

One example is the impedance analysis of solid oxide fuel
cells [13] whose impedance is affected by gas diffusion
and conversion in porous supports and electrodes as well
as electrochemical reactions coupled with ionic and gas
phase transport in the electrode volumes close to the elec-
trode / solid electrolyte interfaces (Fig. 3) [13, 53]. Thus a
number of serial connected transmission line models are
required for a physicochemically meaningful ECM of the
cell.
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Figure 4: Impedance spectrum and DRT of an anode supported solid oxide fuel cell operated with a reformate fuel.

Fig. 4 shows a typical impedance spectrum of an an-
ode supported cell (ASC) in the Nyquist plot (top) and the
imaginary part of the impedance vs. frequency as well as
the DRT (bottom). At first glance it is obvious that the DRT
provides additional information as some of the peaks in
the DRT are not observable in the impedance spectrum.

To set up a physicochemically meaningful model the
observable peaks have to be attributed to related polariza-
tion processes. By means of extensive operating parame-
ter variations characteristic dependencies of the individ-
ual peaks can be obtained [13]. Specific operating condi-
tions, which minimize or prevent certain polarization pro-
cesses, can simplify the analysis. Gas conversion (Pg.) can
be minimized by a high stoichiometry and small active
cell area, humidified hydrogen instead of complex refor-
mates eliminates the low frequency process (P,¢) related
to the coupling of water-gas shift reaction and CO/CO,
gas diffusion [53] whereas pure oxygen instead of com-
pressed air suppresses gas diffusion at the cathode (P;c).
Some polarization processes as the diffusive transport of
fuel gas and the related reaction product (P;,) cannot be
prevented but minimized or shifted with respect to the re-
lated relaxation frequency. A CO/CO,-mixture instead of
hydrogen/steam exhibits a much lower binary gas diffu-
sion coefficient. Accordingly the gas diffusion process is
shifted to much lower relaxation frequencies and the cath-
ode process can be uncovered [54]. The concept of a DRT-
based deconvolution of impedance spectra is elucidated
in Fig.5 that shows the DRTs of Gerischer element and

Warburg element (GFLW) representing P, and P, , respec-
tively. In measured impedance spectra only the sum GFLW
+ Gerischer is accessible. In case of H,/H,0-fuel and a reg-
ularization parameter of 10~ — even in case of ideal data
without any noise and errors — the regularization in the
DRT merges Gerischer and GFLW into one peak (Fig. 5 (a)).
Thus no deconvolution is possible. If the regularization
parameter is reduced to 1078 the two processes could be
deconvolved in the DRT, but only if ideal impedance data
would be available (Fig. 5 (b)). In case of small errors (ran-
domly distributed error, |error| < 1.6 mQ) or a limited res-
olution of the measuring device, a low regularization pa-
rameter results in inconsistent DRT-peaks that rule out any
conclusion about the underlying polarization processes
(Fig.5 (c)). It should be stated that even with the use of
the DRT the deconvolution of TLM polarization processes
with narrow relaxation times is challenging. Especially in
case of new, unknown electrochemical cells possible error
sources leading to misinterpretations of the spectra have
to be considered. By far a better approach is to shift over-
lapping processes by changing testing conditions. In case
of a CO/CO,-mixture as the fuel (Fig.5 (d)) a reliable de-
convolution of the two processes becomes possible.
However, in case of TLM-impedances a direct quanti-
tative analysis of the DRT should be avoided as contribu-
tions of the 2" and 3 peak of the GFLW-element are at-
tributed to the main peak of the Gerischer element, result-
ing in an overestimated cathode polarization resistance.
The subsequent CNLS-fit of the impedance spectrum using
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Figure 5: DRTs of the Gerischer element (P,¢) and the GFLW (Py4) and the resulting sum as existent in the impedance spectrum of an anode
supported SOFCs for ideal (top) and noisy impedance data (bottom). The DRTs were calculated with a regularization parameter of 1073 (left)
suitable for experimental data and 1078 (right) leading to artificial peaks in the DRT of noisy impedance data.

an appropriate ECM and starting values provided by the
DRT enables precise quantitative result because the con-
tributions of the side peaks at higher frequencies are cor-
rectly assigned in the fit.

The obtained results can be used to determine charac-
teristic parameters of the electrodes. For the diffusion of
reactants (index: rt) and reaction products (index: rp) in
the anode substrate the diffusion resistance Ry;; obtained
from the CNLS-fit is correlated to parameters of the fuel gas
and the pore structure by an adapted form of eqn. (3):

)
4
Drp “Prp

)2 < (10)

Using eqn. (10), 1, respectively the ratio L/i,,,,, can
be determined and the diffusion resistance R for any de-
sired fuel gas mixture can be calculated. The diffusion co-
efficients, which consider the impact of Knudsen diffusion
and thus require additional information about the pore
size distribution, have to be calculated [55].

With the Gerischer element fundamental material pa-
rameters as the oxygen ion diffusion coefficient D® and the
surface exchange coefficient k% of MIEC-materials can be
extracted from the CNLS-fit [56]. The microstructural pa-
rameters in eqn. (8), which can be obtained by means of
tomography, are mandatory for a precise quantification
[51]. It should also be noted that this approach is limited

RT

ZiF

1
Drt *DPrt

lppore Acell

Rgife = 1aip-L = (

to MIEC-electrodes that fulfill the preconditions for ap-
plying a Gerischer element, which is not always the case
[57].

Considering the parameterization of TLMs as used for
the coupling of charge transfer reaction and ionic conduc-
tion in SOFC anodes [58] or PEMFC cathodes [59] an ambi-
guity of the TLM has to be considered. In egn. (5) the coth-
term becomes approximately one if the electrode thickness
is exceeding the penetration depth by far. In this case the
impedance is solely determined by ¢ - x;. A CNLS-fit of
eqn. (5) to a measured impedance spectrum will result in
arbitrary sets of { and x; whose product meets the exper-
imental data and therefore no reliable information about
ohmic and charge transfer losses in the electrode will be
accessible. To enable a meaningful analysis it is essen-
tial to measure at least one of those parameters indepen-
dently. This approach was realized in [58] and [60], the
impedance of a nickel / yttria doped zirconia (YSZ) cer-
met anode was investigated by means of impedance spec-
troscopy and corresponding impedance simulations. For
these simulations all model parameters were calculated
based on (i) conductivity data measured on bulk samples
of respective materials, (ii) the line specific charge trans-
fer resistance of the three phase boundary as well as re-
lated charge transfer and interfacial capacities evaluated
by means of patterned model anodes [61] and (iii) mi-
crostructural information as volume fractions and tortu-
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Figure 6: Polarization processes in the porous electrodes of a PEMFC. Transport and electrochemical reactions in the cathode catalyst layer
(CCL) and the anode catalyst layer (ACL) can be described by TLMs considering the coupling of proton conduction in the ionomer, electro-
chemical reactions at the noble metal catalyst, electronic transport in the carbon support and gas diffusion in the pores. To avoid unused
platinum catalyst the thickness of the electrochemically active regions should meet the thickness of CCL and ACL respectively. The gas diffu-
sion layers (GDL) enable a homogeneous current collection and gas supply.

osities obtained by FIB-SEM tomography [62]. It could be
shown that impedance simulations based on reliable ma-
terial and microstructural parameters can provide spectra
close to measured ones without fitting of any parameter.
Under some conditions as a rather dense and thick anode
layer a 3 channel TLM (Fig. 1 (f)) is required that addition-
ally considers the gas diffusion in the electrochemically ac-
tive layer [60].

3.2 Polymer electrolyte membrane fuel cells

In case of PEMFCs the microstructural analysis of porous
electrodes is by far more challenging as microstruc-
tural features extend over several orders of magnitude
(nanoscaled catalysts to several 10 um thick electrodes),
the materials are compressible and their volume is af-
fected by water uptake. Furthermore liquid water in the
pores affects the transport properties. The same holds for
the measurement of reliable electrochemical parameters
of the applied electrocatalysts by means of model systems
[63].

Thus the TLM modeling of PEMFC electrodes relies on
impedance measurements performed under appropriate
conditions. A significant advantage in a PEMFC is that the
overall anode polarization resistance can be minimized
down to ~ 10 mQ-cm? by applying appropriate fuel com-

positions and the impedance spectrum is dominated by
two processes at the cathode - gas diffusion in the GDL
and oxygen reduction [64]. The oxygen reduction can be
described by a TLM considering the electrochemical oxy-
gen reduction reaction (ORR) at the noble metal catalyst
and its coupling with the protonic transport in the ionomer
(see Fig. 1 (e)). The electronic transport can be neglected.
The same holds true for the gas diffusion in the CCL, for
low current densities and no flooding of pores it can be ne-
glected in the CNLS-fit.

An appropriate parameterization of the TLM becomes
possible as characteristic operating parameter dependen-
cies of the TLM-parameters ionomer (r;,, = ) and charge
transfer resistance (r, = r,) can be used. In [59] it is
shown that the resistance of the ionomer r;,, is signifi-
cantly affected by the relative humidity RH of the supplied
gas whereas the current density has only a minor impact
that is limited to high current densities. On the other hand
the charge transfer resistance r., showed a strong depen-
dency on the current but is not significantly influenced
by the humidity. Furthermore the rather small CCL thick-
ness enables operating conditions that extend the penetra-
tion depth where the impact of the proton transport in the
ionomer can be neglected and the CCL is homogenously
utilized (A > L), providing direct access to the charge
transfer resistance.
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Figure 7: Impact of relative humidity and current density on the TLM-impedance of the cathode catalyst layer in a PEMFC. The data is calcu-
lated for a temperature of 80 °C and a fixed current density of 100 mA/cm? (a—c) and relative humidity of 70 % (d-f) applying the parameters

published in [59].

In Fig. 7 impedance spectra, the related DRTs and the
TLM-parameters calculated according to the dependencies
observed in [59] are displayed for a variation of RH and cur-
rent density. To illustrate the dependencies, a TLM equiva-
lent circuit according to Fig. 1 (e) with a constant cp-value
is applied and the gas diffusion impedance is excluded.
With increasing relative humidity the ionomer conductiv-
ity increases. This is resulting in a significant reduction of
the related transport resistance r;,, and an increase of the
penetration depth (Fig. 7 (a)). With diminishing impact of
the transport resistance the whole electrode thickness is
more and more homogenously used. The shape of the spec-
trum changes from the characteristic TLM impedance to
the semicircle of an RC element (Fig. 7 (b)). In the DRT the

main peak at 20 to 30 Hz representing the oxygen reduc-
tion at the Pt-catalyst decreases down to a certain point
(here at RH ~ 50%) were a sufficient proton transport
in the ionomer is achieved and the platinum catalyst is
homogenously used over the entire electrode thickness.
A further increase in RH will have no more influence on
this peak, only the side peaks at higher relaxation frequen-
cies, representing the proton transport through the elec-
trode, are reduced and shifted towards higher relaxation
frequencies (Fig. 7 (c)).

The current density shows an even stronger impact on
the polarization resistance as r.; is decreasing significantly
with increasing current density. As a result the penetra-
tion depth is decreasing too. This is related to the charge
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Figure 8: Sketch of a lithium ion battery exhibiting two porous intercalation electrodes coated onto the current collectors. The ionic trans-
port in the electrolyte is significantly affected by the microstructure (porosity and tortuosity) of separator and electrodes. For a sufficient
electronic conductivity in the cathode a carbon black / binder phase connecting the active material particles is mandatory.

transfer current density distribution in the CCL. Due to a
limited proton transport in the ionomer, at high current
densities a major part of the charge transfer takes place
close to the membrane, the penetration depth is below
the CCL thickness and the characteristic TLM impedance
is observed (Fig.7 (d, e)). Concerning the catalyst utiliza-
tion under these conditions a certain part of the catalyst far
away from the membrane is used to a lesser extent. At low
current densities in the range of a few 10 mA/cm? the high
re-value is the limiting factor whereas the proton trans-
port is sufficiently fast, resulting in RC-type impedance
and a single peak at the related relaxation frequency in
the DRT (Fig. 7 (f)). In the plots shown here the relaxation
frequencies are only determined by the r-value, any cur-
rent density or RH dependency of the double layer and
charge transfer capacity, as well as capacitive effects along
the transport path, is neglected. Furthermore it has to be
stated that the current density dependency of r; will lead
to a variation of this value over the CCL thickness, which
will increase with the current density. Such variations are
not considered in the TLM impedance according to eqn. (1)
and eqn. (5) respectively. To consider any kind of material
or microstructural variation over the electrode thickness
more advanced numerical TLM calculation approaches as
presented in [60] can be applied.

3.3 Lithium ion batteries

Fig. 8 displays the layer structure of a lithium ion bat-
tery exhibiting particulate electrode layers that are coated
onto thin metal foil current collectors. Electronic and ionic
transport in the porous cathode and anode are coupled via
the charge transfer reactions at the particle surfaces. Con-
sidering the coupling of those processes one TLM per elec-
trode is required to model the cell’s impedance.

In TLMs for lithium ion battery electrodes a much
more complex shunt branch impedance { is required, con-
sidering at least charge transfer reaction at the liquid elec-
trolyte / active material interface and Li-diffusion in the ac-
tive material. Furthermore resistive layers on particle sur-
faces, as the solid electrolyte interface (SEI), as well as dif-
fusive processes in the electrolyte volume close to the ac-
tive material are of relevance. In case of a low electronic
conductivity of the electrode y, = rjectron has to be consid-
ered in addition to the ionic conductivity x; = r;,,. Further-
more diffusive processes in the binary electrolyte, exhibit-
ing mobile cations and anions, affect the impedance of a
lithium ion battery electrode. Thus rather complex ECMs
as displayed in Fig. 8 have to be applied. One should notice
that this ECM contains a TLM describing the Li-diffusion in
the active material within a TLM representing the overall
electrode.
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Figure 9: Transmission line impedance of a graphite anode in lithium ion batteries. Due to the high electronic conductivity of graphite
(rion > rep), electronic resistance r,; and contact resistance R.,, are often negligible. The shunt branch impedance { represents the pro-
cesses at the active material / liquid electrolyte interface (SEl and charge transfer impedance: Zsg, Z;) and the Li-diffusion inside the par-
ticles described by a finite space Warburg impedance Zggy,. The image in the center displays one graphite particle extracted from a pCT-
reconstruction of a graphite anode. Diffusive processes in the electrolyte are not considered in this TLM.
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Figure 10: Impedance spectra and DRTs of the equivalent circuit and its
values given in Table 1 and further parameters listed in the text above.

The spectra and related DRT’s of the different ele-
ments are displayed in Fig. 10. The parameters for the dif-
ferent equivalent circuit elements in the TLM are taken
from Table 1 (high power cell), the Li-diffusion in the ac-
tive material is described by a finite space Warburg ele-
ment according to eqn. (6) with 7455 = r;aphite/DLi (av-
erage graphite particle radius: rggppie = 6pm, lithium
diffusion coefficient in graphite: D;; = 107'° cm?/s [65])
and rgig - L = Tgapnite/ (Co - Dy;) (volume specific capacity:
Coy = 29KkF/ cm?). In the DRT the rather slow Li-diffusion in
the active material is clearly separated from the interfacial
processes at the graphite / liquid electrolyte interface. Fur-
thermore the low frequency part of the spectrum is barely
influenced by the ionic transport of lithium in the pores.
At higher frequencies clear differences between the shunt
branch impedance only ({/L 04, Which equals Zyy . for
Tion = 0) and the TLM impedance Zy; . are obvious in the

elements as displayed in Fig. 9. The parameterization is based on the

spectrum and the DRT. Due to the limited ionic conductiv-
ity in the pores of the electrode, the two processes, which
are represented by a resistance and a parallel capacitance
each, are expanded towards higher frequencies. It should
be noted that the total polarization resistance of the TLM
impedance Zyy . is exceeding the polarization resistance
of the overall shunt branch impedance {/L,,4.- Despite
of the DRT peak height ratio at ~ 20 and ~ 100 Hz, the total
area underneath the DRT-curve of Z7; . is exceeding that
of {/ Lanode-

The comparison of the TLM impedance Zyy . and its
DRT with and without consideration of the lithium dif-
fusion shows no differences for frequencies above 1Hz.
Due to the different time constants a simplification of the
TLM can be performed to focus on certain processes, e. g.
parts of the shunt branch with low relaxation frequen-
cies as the Li-diffusion can be neglected. With this ap-
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Table 1: Microstructural, electrical and electrochemical parameters of two different graphite anodes.

cell type

high power cell

high energy cell

cell ID (manufacturer: Kokam)

anode thickness Lg,04e

graphite volume fraction &g,qppite

pore volume fraction &4/,

tortuosity of pore phase 7,/

volume specific graphite surface ag,qppite

effective ionic conductivity 0j,,,

TLM charge transfer resistance r (CNLS-fit)

TLM SEl resistance rsg (CNLS-fit)

graphite surface area specific charge transfer resistance r. graphite
graphite surface area specific SEl resistance rsg graphite

exchange current density at graphite / liquid electrolyte interface i

SLB283452 SLPB353452
55pm 90 pm
65.8% 75.2%
34.2% 24.8%

2.5 5.1
0.35cm?m™! 0.31pm™!
0.108S/m 0.039S/m
0.64 Q-cm? 0.43 Q-cm?
4.02 Q-cm? 2.75Q.cm?
12.30Q-cm? 12.2Q-cm?
77.4Q-cm? 77.7 Q-cm?
2.1 mA/cm? 2.1 mA/cm?

CNLS-fit
with
pre-parameterization
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Figure 11: Quantification of the exchange current density by means of a pre-parameterized TLM-fit. The effective ionic conductivity r;,, in the
porous electrode is calculated based on microstructural parameters and the electrolyte’s bulk conductivity and further on fixed in CNLS-fit
of the TLM to the measured spectra. The exchange current density j, of the graphite / liquid electrolyte interface is calculated by relating the
charge transfer resistance to the volume specific graphite surface area obtained from the microstructure reconstruction.

proach essential material and interfacial parameters be-
come accessible by combining electrochemical and mi-
crostructural data in the TLM. One important parameter
is the exchange current density i, at the active material /
liquid electrolyte interface, which is required to model the
nonlinear current/overvoltage relation of the charge trans-
fer process.

To quantify the exchange current density processes
within a porous electrode a pre-parameterization during
the CNLS-fit of the TLM is required to eliminate the ambi-
guity previously discussed. The procedure [66] is sketched
in Fig. 11.

The effective ionic conductivity calculated by eqn. (2)
using porosity and tortuosity values from the reconstruc-
tion is kept as a fixed value in the CNLS-fit of the TLM.
Furthermore, the impact of the low frequency diffusion
processes and the capacitive branch are minimized by ne-

glecting impedance data below 100 mHz in the CNLS fit.
Based on this approach the graphite anodes of two com-
mercial pouch cells were compared by (i) a pCT-analysis
and subsequent microstructure reconstruction and pa-
rameter evaluation as described in [27] and a subsequent
CNLS-fitting of the spectra using the microstructural data
for pre-parameterization. The evaluated parameters are
summarized in Table 1, CNLS-fit results are displayed in
Fig.12.

Whereas clear differences with respect to layer thick-
ness, microstructure and CNLS-fitting results are obvious,
the parameters reflecting the graphite / liquid electrolyte
interface (ro graphites Tsergraphites lo) are identical for both
electrodes. This result shows that the TLM approach can
provide reliable information about electrochemical sys-
tems if the microstructural features of the porous electrode
are appropriately considered.
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Figure 12: DRTs of the spectra of the two cells listed in Table 1. A good agreement between the DRTs of the measured and the spectrum simu-

lated using the fitting result is achieved for both cells.

4 Summary

In this paper examples for the application of impedance
spectroscopy for the analysis of technical electrodes in bat-
teries and fuel cells are presented. It is shown that the in-
herent coupling of transport processes and electrochem-
ical reactions in porous, multiphase electrodes requires
complex transmission line models for a physicochemical
meaningful impedance modeling. The distribution of re-
laxation times is an indispensable tool for the deconvo-
lution of impedance spectra and the separation of over-
lapping electrode processes. In case of a transmission line
impedance the existence of multiple peaks in the DRT is an
error source that impedes the analysis. The resulting DRT
is strongly affected by (i) the impedance data quality and
resolution as well as (ii) the selected regularization param-
eter for the numerical DRT calculation. A proper deconvo-
lution becomes impossible for strongly overlapping TLMs
within an impedance spectrum. Other measures as varied
operating conditions, which affect individual polarization
phenomena and their time constants, are required.

The application of a DRT-based transmission line
modeling is discussed for three types of electrochemical
cells, namely solid oxide cells, polymer electrolyte mem-
brane fuel cells and lithium ion batteries. It is shown that
TLM-modeling relying on impedance data only is prone
to error. In many cases additional information about mi-
crostructural features and effective transport in the in-
vestigated electrode are essential for a physicochemically
meaningful model and a correct parameterization. De-
pending on the type of cell, different approaches were
proven to be feasible as (i) the evaluation of electrode
parameters from model systems, (ii) the use of operating
parameter variations to selectively modify transport pro-
cesses and (iii) the application of microstructural param-
eter obtained by tomography. Based on such approaches
fundamental information about the processes in the elec-
trode become accessible, reliable models can be designed
and material and interfacial parameters can be quantified.
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