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Abstract

Current research on fuel electrodes of solid oxide cells (SOCs)

is done either on model-type pattern electrodes or by inter-

pretation of impedance spectra measured on ‘‘real’’ porous

paste electrodes. However, results obtained by both methods

are not always straightforward to compare. To bridge this

gap, in this study impedance spectra of 3D porous composite

electrodes with a well-defined geometry are simulated using

elementary parameters from model-type experiments. By

independent variation of these elementary parameters, it is

possible to analyze the influence of the individual elementary

processes on the overall electrode performance without the

issue of changing its microstructure, which usually occurs

when changing materials in case of real porous electrodes.

The obtained results identify the electrochemical reaction

resistance as the parameter with the highest impact on the

polarization resistance of porous electrodes. This study thus

provides a basis for a knowledge-based improvement of

existing and novel composite fuel electrodes.

In addition, the developed transmission line model is used

for critically examining the common method of deconvolu-

tion of impedance data measured on real porous composite

electrodes, which often relies on the assumption of elemen-

tary processes being represented by a serial connection of

simple R‰‰C elements.

Keywords: Cermet Anode, Deconvolution of Impedance

Spectra, Microstructure, Ni/GDC, Ni/YSZ, Polarization

Resistance, SOFC

1 Introduction

Solid oxide cells (SOCs) provide a very efficient way of

directly converting chemically bound energy to electricity (sol-

id oxide fuel cells, SOFCs) and vice versa (solid oxide electroly-

sis cells, SOECs). Due to their elevated operating temperature,

this type of cells offers rather wide fuel flexibility from hydro-

gen to hydrocarbon-based fuels or alcohols, thus making them

compatible to the existing fuel infrastructure [1–7]. Owing to

this fuel flexibility, SOCs can play important roles in future

energy supply scenarios: (i) SOFCs for stationary electricity

generation [4, 8], (ii) metal-supported SOFCs for mobile appli-

cations [9–13], and (iii) SOECs for storage of excess electricity

in the form of chemical bonds [2, 14–16].

For all three cases, a deeper fundamental understanding of

the electrochemical processes and the reaction kinetics of the

fuel electrodes is needed to increase the power density and

long term stability of SOCs thus enabling them to commer-

cially compete with existing systems such as combustion

engines. In this context, the following issues have to be

addressed: (i) for stationary SOFC applications, H2S induced

performance losses of the fuel electrode need to be minimized

to reach cell lifetimes above 40,000 h [1, 4, 17–19], (ii) in case of

metal-supported SOFCs – due to the sintering process in

reducing environment – the anode suffers from a suboptimal

microstructure, which constitutes an obstacle on the way to

higher power densities [4, 9, 12, 20], (iii) running Ni/YSZ fuel

electrodes in electrolysis mode makes them prone to micro-

structural changes, which leads to an electrochemical perfor-

mance loss of SOECs [3, 14]. To develop efficient counter

strategies for the electrode-related performance issues the

complex interplay of electrochemical elementary processes

–
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and the microstructure of the fuel electrode needs to be well-

understood.

Characterization of relevant electrochemical processes on

Ni-based fuel electrodes is mainly done by two different

approaches. One approach employs micro-patterned model

electrodes for fundamental investigations of elementary pro-

cesses [21–26]. Since geometrical properties of these electrodes

can be tailored rather easily, microelectrodes are also a very

powerful tool for investigating different electrochemical reac-

tion pathways [27, 28]. The second approach relies on decon-

volution of impedance spectra obtained on ‘‘real’’ porous cer-

met electrodes with the aim of separating individual processes

[3, 17, 29–37]. Unfortunately, due to the completely different

geometry of model-type pattern electrodes and porous cer-

mets the results on both systems can often be only compared

with difficulties. Therefore, the knowledge gained on model-

electrodes has so far only slowly appeared in the interpreta-

tion of impedance results of cermet electrodes and only very

few studies strive for a physically all-embracing interpretation

of impedance data obtained on ‘‘real’’ porous electrodes

[24, 38, 39].

As an illustration for the fundamental problem of compar-

ability between strongly simplified model electrodes and

‘‘real’’ porous cermets the question of predicting the electro-

chemical performance change for the case of changing the ion

conducting phase in a cermet should be briefly discussed. This

question is particularly interesting since Ni/ceria based

cermets have been shown to be a promising alternative to

Ni/yttria-stabilized zirconia (YSZ) fuel electrodes, especially

for intermediate temperature cells [7, 40–42]. However, the

reasons for the superior electrochemical performance of

Ni/ceria cermets are mechanistically not completely under-

stood, since definitely more than one property is changed

when using Gd or Sm doped ceria (GDC or SDC) instead of

YSZ:

(i) The ionic conductivity in the cermet is increased [43, 44].

(ii) Ceria, in contrast to YSZ, exhibits additional electronic

conductivity under H2/H2O atmospheres, which leads to

a completely different electrochemical reaction mecha-

nism [45, 46]. While the reaction on Ni/YSZ predominant-

ly occurs close to the triple phase boundary (TPB) [22, 23],

the electrochemically active region is largely extended

along the free GDC/SDC surface [47–49]. Both situations

are sketched for model-type thin film electrodes in

Figure 1; the red highlighted parts indicate the regions of

electrochemical activity. For obtaining geometry normal-

ized elementary parameters, these different reaction sites

lead to length-related resistances in case of Ni/YSZ and to

area-related resistances in case of Ni/GDC or Ni/SDC.

Therefore, the question which cermet will be electro-

chemically more active cannot be straightforwardly

answered from these model experiments.

(iii) In addition, also the microstructure of the respective cer-

mets plays an important role. Owing to different sintering

behavior of YSZ and GDC/SDC as well as to different

wetting behavior of Ni on these oxides, the microstructure

of the Ni/YSZ and Ni/ceria cermets can be expected to be

also significantly different [12, 50]. This additional differ-

ence makes prediction of electrochemical performance

even more challenging.

To bridge this gap between results from model and ‘‘real’’

porous electrodes the introduction of an intermediate level of

abstraction is suggested in this contribution. This is done by

simulation of impedance data for 3D porous composite elec-

trodes with a geometrically well-defined microstructure. For

this artificial porous electrode, a transmission line type equiva-

lent circuit is employed considering the physical relationships

of the contributing elementary processes on composite elec-

trodes. With this transmission line model, the influence of the

different elementary parameters such as ionic and electronic

conductivity as well as electrochemical reactivity on the total

polarization resistance of a porous composite electrode is

studied without the issue of changing the microstructure of

the electrode. This analysis reveals the electrochemical reactiv-

ity as the most impactful parameter for a performance increase

of porous electrodes and thus yields valuable knowledge for

developing improvement strategies for composite fuel elec-

trodes.

2 Modeling Approach

The impedance model presented here is derived with the

aim of representing the physically relevant elementary pro-

cesses as well as their electrochemically correct connection for

the case of a composite fuel electrode. On such a dual-phase

electrode, two electrical pathways for ions and electrons are

active, which are connected via the electrochemical reaction.

Both phases can principally also show dielectric behavior,

modeled by capacitors in both rails. Moreover, the electrode

capacitance needs to be considered, which originates either

from the electrochemical equilibrium at the phase boundary of

Fig. 1 Sketch of electrochemical reaction pathways on (a) micro-pat-
terned Ni/YSZ model electrodes and (b)GDC model composite elec-
trodes with embedded metallic current collectors. The red highlighted
zones indicate the region where the electrochemical reaction takes
place.
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the two respective materials or from a chemi-

cal capacitance. (It should be noted that the

dielectric capacitances in both rails are

usually much smaller than the electrode

capacitance and thus effects from these capa-

citors can only be observed at very high fre-

quencies. Here, the dielectric capacitances are

considered for the sake of completeness, but

the capacitive behavior of the investigated

cermets is almost exclusively governed by

the electrode capacitance – see results.)

This situation is sketched for the example of

a Ni/YSZ cermet electrode in H2/H2O atmo-

sphere in Figure 2a: The percolating YSZ net-

work serves as the ion conducting rail with the

electrolyte as the ionic current collector. The

percolating Ni phase is the electron conduct-

ing rail and the electronic current collector in

case of a real SOC is either the substrate or the

metallic interconnector. The electrochemical

reaction couples the ionic to the electronic cur-

rent and for Ni/YSZ this reaction is assumed

to be restricted to the triple phase boundary

(TPB). The same situation is sketched in a geo-

metrically simplified version in Figure 2b.

Here, the two pathways are established by

two straight and geometrically well-defined

columns of octagonal cross section contacting

each other. The electrochemically active TPB

in this case is indicated by the red line. A three

dimensional visualization of the simplified

cermet structure is depicted in Figure 2d.

From the available current pathways in

the cermet electrode the equivalent circuit in

Figure 2c is derived as follows: Along both

ionic and electronic rail charge transport

occurs either via a short range displacement

polarization or via a long range current. The

first process can be characterized by the

dielectric behavior of the materials and is represented by dif-

ferential capacitors cx in the rails of the equivalent circuit in

Figure 2c (x denotes the index ‘‘ion’’ or ‘‘eon’’). The second pro-

cess is characterized by the conductivity of the materials and

is represented in the circuit by differential resistors rx. These dif-

ferential capacitors and differential resistors are connected to

the absolute capacitances Cx and absolute resistances Rx as well

as to the permittivity ex and the conductivity sx by Eqs. (1)–(4).

Therein Ax is the cross sectional area of the respective material

and L is the length of the columns in the well-defined cermet

structure (i.e., the thickness of the porous electrode).

rx ¼
dL

Ax � sx
(1)

Rx ¼
Z

L

0

dL

Ax � sx
¼ L

Ax � sx
(2)

cx ¼
Ax � ex
dL

(3)

Cx ¼
Z

L

0

dL

Ax � ex

0

@

1

A

�1

¼ Ax � ex
L

(4)

The electric currents along ionic and electronic rail are con-

nected by the electrochemical reaction. In the simplest case,

the electrochemical reaction is also characterized by one resis-

tive and one capacitive elementary process. The first originates

from the finite electrochemical reaction rate, which is inversely

proportional to the electrochemical reaction resistance. The lat-

ter emerges from the transient charge transport via the interfa-

cial capacitance. The corresponding geometry-normalized

elementary parameters can be obtained for example by impe-

dance measurements on micro-patterned thin film model

Fig. 2 (a) Sketch of the electrochemical current pathways in a ‘‘real’’ porous Ni/YSZ cermet
electrode. Oxygen ions and electrons are restricted to YSZ (blue) and Ni (gray), respectively.
The electrochemical reaction is assumed to be restricted to the triple phase boundary (TPB),
where YSZ, Ni, and gas phase (i.e., pores) meet. (b) Geometrically simplified picture of the
situation in (a): Ion and electron conducting phase are notionally stretched, thus appearing
as columns touching each other. The electrochemically active TPB is indicated by the red
color. (c) Transmission line circuit describing the current pathways in (a) and (b): Ionic rail
(YSZ) and electronic rail (Ni) are connected via the electrochemical reaction at the TPB. (d)
3D sketch of the geometrically simplified cermet in (b). (e) 2D cut through the porous colum-
nar structure in (d) parallel to the current collectors. The electrochemically active zones at the
TPB are again highlighted in red. (f) Sketch of the 2D cut from (e) after changing the ion con-
ducting phase from YSZ to gadolinium doped ceria (GDC). Owing to the MIEC properties of
GDC the electrochemically active phase extends to its entire free surface.
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electrodes [47, 51, 52]. The differential electrochemical resistor

rreact and the total reaction resistance of the entire transmission

line Rreact can be obtained from the geometry related electro-

chemical reaction resistance R̂react by Eqs. (5) and (6), respec-

tively.

rreact ¼
R̂react

L � dL (5)

Rreact ¼
Z

L

0

L � dL
R̂react

0

@

1

A

�1

¼ R̂react

L � L (6)

Here, L is the density of electrochemical reaction sites per

unit thickness of the porous cermet electrode. (Please note that

the unit of R̂react is either W cm or W cm2 for TPB or area active

electrodes – cf. Figure 1. Consequently, the unit of L is either

TPB-length per length or area per length.) These two cases are

also sketched by the cross sections of the simplified cermet in

Figures 2e and 2f for a TPB and surface active electrode,

respectively. In both sketches the electrochemically active

regions are highlighted by red color.

Analogously, the differential electrode capacitance code and

the total electrode capacitance of the entire transmission line

Code are connected by Eqs. (7) and (8) to the geometry related

capacitance Ĉode, which can again be obtained from model

electrode experiments [53–55].

code ¼ Ĉode � G � dL (7)

Code ¼
Z

L

0

Ĉode � G � dL ¼ Ĉode � G � L (8)

The factor G denotes the contact area between ion and elec-

tron conducting phase per unit length of the porous cermet in

case of interfacial electrode capacitances. In case of a chemical

capacitance – that means a pseudo-capacitance originating for

example from the polarization-driven stoichiometry change of

a mixed conducting phase [56–58] – it denotes the volume of

the respective phase per unit length of cermet electrode.

With these parameters the impedance of the circuit in

Figure 2c can be calculated. The general impedance of this

type of transmission line can be obtained from the literature –

e.g., from papers by Göhr [59] or Bisquert [60]. For the partic-

ular case here it reads:

Z ¼ Zion � Zeon

Zion þ Zeon
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zion þ Zeonð Þ � Zreact

p

�

1þ 2 � Zion � Zeon

Zion þ Zeonð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zion þ Zeon

Zreact

s
 !" #2

v

u

u

t � 1

8

>

<

>

:

9

>

=

>

;

tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zion þ Zeon

Zreact

s
 !

(9)

Zion ¼ Rion

1þ iwCionRion
(10)

Zeon ¼ Reon

1þ iwCeonReon
(11)

Zreact ¼
Rreact

1þ iwCodeRreact
(12)

In Eqs. (10)–(12) i and w denote imaginary unit and angular

frequency (which is connected to the frequency f by w= 2 p f),

respectively.

It should be emphasized that in literature already various

studies can be found with a very similar goal and thus also a

similar approach of setting up the electrochemical model. To

treat the impedance response of porous electrodes, transmis-

sion line circuits have already been suggested in the early

works of Gerischer and de Levie [61–64]. General impedance

models for transmission line circuits considering two charge

carriers and an electrochemical reaction between them were

discussed in Refs. [59, 60, 65–69]. For interpreting the impe-

dance of solid mixed ionic and electronic conducting (MIEC)

materials, a very similar approach can be found [56, 57]. More-

over, for this type of electrode materials simulation of DC

behavior was done by analytical [70] as well as numerical

methods [71, 72]. The special case for mixed conducting SOFC

cathodes can be found in [73, 74], while [75] suggests a calcula-

tion method also including gas diffusion in the pores of a por-

ous mixed conductor. A very similar approach was used for

composite cathodes consisting of a pure ionic and a predomi-

nantly electronic conducting phase [76, 77]. Moreover, also

models for simulation of cermet-type electrodes are based on

the same principle of calculating the transmission line circuit

like the studies mentioned above [11, 17, 78–81].

In the present work the impedance of SOFC cermet anodes

is simulated by means of a transmission line circuit, with ele-

mentary parameters being obtained from model-type experi-

ments. The calculation approach allows a systematic and inde-

pendent variation of these elementary parameters to identify

the sensitivity of the polarization resistance of this type of por-

ous SOFC electrodes on the individual properties of the mate-

rials in the cermet.

3 Results and Discussion

3.1 Modeling Results and Discussion of Parameter Variation

In the first step, the model introduced above is used to cal-

culate the impedance of a Ni/YSZ cermet at a temperature of

750 �C in a frequency range of 10mHz to 1MHz. For this means,

the elementary parameters in Table 1 are used. (Please note that

for Ni, since it is a metal rather than a classical dielectric, its

capacitive effect was neglected in the simulations here.) The

geometry factors, which are needed to convert the elementary

parameters in resistances and capacitances (cf. Eqs. (1)–(4)),

are obtained from the geometrically well-defined cermet struc-
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ture shown in Figures 2d and 2e, and are summarized for

1 cm2 projected area of this porous cermet electrode in Table 2.

3.1.1 Thickness Variation

In Figures 3a and 3b the obtained impedance spectra are

depicted for varying thickness L of 1 cm2 of the well-defined

porous Ni/YSZ electrode. From these Nyquist plots it can be

seen that not only the total size of the simulated spectra

decreases with increasing thickness, but also their shape. For

the thinnest simulated electrode it consists of a small 45� fea-

ture at high frequencies and an almost ideal semicircle at low

frequencies. With increasing thickness the spectrum trans-

forms into a teardrop-like feature with a more pronounced 45�

slope at higher frequencies and a less pronounced low fre-

quency semicircle. The transition between these two types of

spectra is determined by the electrochemically active length

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R̂reactsionAion=L

q

of the cermet. For electrodes thinner

than l the spectrum is semicircle-like whereas for electrodes

thicker than l the teardrop-shaped spectrum results. For the

relatively coarse Ni/YSZ (without tortuosity) calculated here

(see Figure 2d) the electrochemically active length is ca. 39 mm,

which is also reflected by the change of the shape of spectra

when increasing the electrode thickness from 30 to 50mm, cf.

Figure 3b.

In [60] the more pronounced 45� feature is explained by the

increased resistance of charge transport along the rails (cf.

Figure 2c) for thicker electrodes, while simultaneously the

total reaction resistance decreases. For the system Ni/YSZ

simulated here this means that the 45� feature is predominant-

ly affected by the ionic conductivity of YSZ (since the electron-

ic conductivity of Ni is orders of magnitude larger its effect is

negligible – see also Section 3.2 below) and the semicircle like

feature is caused to a large extent by the reaction resistance.

The associated capacitance is virtually only the electrode capa-

citance since the dielectric capacitance of YSZ is too small to

be visible in the considered frequency range. The interpreta-

tion of the 45� slope and the semicircle like feature will be

further discussed in terms of a parameter variation in the fol-

lowing sections.

In addition to the Nyquist plots, the low frequency axis

intercept, which represents the DC polarization resistance of

the respective cermet, is plotted as a function of electrode

thickness in Figure 3c. The obtained curve depicts that increas-

ing the electrode thickness up to the electrochemically active

length l shows a strong effect on the polarization resistance.

For thicker electrodes, however, a further increase of thickness

Table 1 Elementary parameters used for simulation of a Ni/YSZ cermet
at 750 �C.

Parameter Value Reference; Comment

Ionic conductivity of
YSZ, sion

0.015 S cm–1 [83]

Electronic conductivity
of Ni, seon

105 S cm–1 approximate value

Reaction resistance,

R̂react

106W cm [21, 51, 78]; mean literature
value for p(H2):p(H2O)» 10

Permittivity of YSZ
(e = eR�e0)

25�8.85�10–14 F cm–1 [90, 91]

Electrode capacitance 300 mF cm–2 [53, 92]

Table 2 Geometry factors for 1 cm2 of geometrically well-defined
Ni/YSZ cermet electrode.

Geometry factor Value

Area of ion conducting phase, Aion 0.414 cm2

Area of electron conducting phase, Aeon 0.414 cm2

Contact area between ion and electron conducting
phase, G

8,284 cm2 cm–1

TPB-length density, L 4�108 cm cm–1

Fig. 3 (a) Nyquist plot of impedance spectra calculated by Eqs. (9)–(12)
using the elementary parameters and geometry data from Tables 1 and
2 for varying thickness L of the synthetic cermet in Figure 2d. (b) Zoom of
(a). (c) Low frequency axis intercept (i.e., DC polarization resistance Rpol)
of the spectra in (a) plotted logarithmically versus the thickness of the por-
ous electrode. The inset shows the same curve in a double logarithmic
plot.
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has only very small effects. Thus, for the geometrically well-

defined porous cermet the practical electrochemical utilization

depth is around 40–50 mm. Consequently, the part of the elec-

trode beyond that thickness is electrochemically inactive.

Please note that for a real cermet the electrode layer thickness

is expected to be about a factor 2–3 smaller than the effective

ion travel distance due to tortuosity of the YSZ phase.

3.1.2 Variation of Ionic and Electronic Conductivity

Figure 4 shows the simulation results for a variation of the

ionic conductivity sion, while all the other elementary parame-

ters are kept constant. In Figures 4a and 4b the spectra for a

constant thickness of 30 mm are plotted with the blue dotted

curve indicating the original spectrum from Figure 3a (i.e.,

with elementary parameters from Table 1). In accordance with

the above mentioned interpretation, the 45� feature becomes

less pronounced for the simulation with higher ionic conduc-

tivity. In case of lower ionic conductivity the spectra become

teardrop-like with a larger 45� feature. The larger semicircle-

like feature in this case can also be understood when looking

at the corresponding decay curves of the DC polarization

resistance in Figure 4c. The smaller the ionic conductivity, the

shorter is the electrochemically active region. Consequently,

less TPB is electrochemically active resulting in an absolutely

larger reaction resistance than in case of high ionic conductiv-

ity, which can be seen in Figures 4a and 4b.

A variation of the electronic conductivity seon leads to

much less pronounced changes in the electrode behavior.

Since the conductivity of metallic Ni is very high, also changes

by orders of magnitude do not efficiently affect the electrode

behavior as can be seen from the plots of the DC polarization

resistance versus electrode thickness in Figure 5. Only if the

electronic conductivity comes rather close to the value of the

ionic conductivity an effect becomes visible. For the curve with

10–7·seon (= 0.01 Scm–1; cf. Table 1) a significant increase of the

DC polarization resistance occurs for electrode thicknesses

larger than ca. 30–40 mm. Again the electrode is not electroche-

mically active for thicknesses larger than this value. But in

addition to the situation above, the rather low electronic con-

ductivity leads to an additional resistance for electrode mate-

rial beyond the utilization length.

For a practical application the following conclusion can be

drawn from this result: Given a sufficient electronic current

collection – that means that the electron conductor in the com-

posite is not needed for carrying a lateral current – an electron-

ic conductivity being about one order of magnitude larger

than the ionic conductivity is way enough to avoid a detri-

mental effect on the total polarization resistance of the com-

posite electrode. Thus, also electron conducting oxides can be

a valid choice for composite electrodes [82]. Of course, effects

of changes in catalytic activity or changes in microstructure,

which may very likely be associated with such an exchange of

a metal against an electron conducting oxide, cannot be evalu-

ated from the results in Figure 5. The influence of catalytic

activity of the two materials or their combination on the total

polarization resistance is discussed in the following section.

Fig. 4 (a) Impedance spectra (Nyquist plot) for a constant electrode
thickness of 30 mm but varying conductivity of the ionic rail. (b) Zoom of
(a). (c) Dependence of DC polarization resistance as a function of elec-
trode thickness for varying ionic conductivity. The blue dotted line is the
curve from Figure 3c.

Fig. 5 Plot of the DC polarization resistance as a function of electrode
thickness and for different conductivities of the electronic rail.
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3.1.3 Variation of Electrochemical Reaction Resistance

The results of the variation of the electrochemical reaction

resistance R̂react are shown in Figure 6. Here, a qualitatively

similar picture than for the ionic conductivity can be found

(see Figures 6a and 6b and compare with Figures 4a and 4b).

For higher reaction resistances and thus lower electrochemical

activity the spectra consist of a small 45� feature at high fre-

quencies and a relatively large semicircle in the low frequency

region. In case of lower reaction resistances (i.e., higher elec-

trochemical activity) the spectra turn into teardrop-shaped

features. From a quantitative point of view, however, the var-

iation of the reaction resistance shows a much stronger effect

than changes of ionic conductivity. This becomes even more

obvious when looking at the plot of the DC polarization resis-

tance as a function of electrode thickness (cf. Figure 6c). The

variation of Rreact by two orders of magnitude affects the DC

polarization resistance by one to almost two orders of magni-

tude, depending on electrode thickness. Therefore, the varia-

tion of the electrochemical reaction resistance is the most effec-

tive screw one can turn to increase the electrochemical

performance of a cermet electrode.

The effect that for smaller reaction resistances the 45� feature,

which was above interpreted to be predominantly affected by

the ionic conductivity, also becomes smaller can also be under-

stood when looking at the decay curves of the DC polarization

resistance in Figure 6c. For small R̂react the utilization depth of

the cermet becomes significantly shorter. Therefore, ions travel

shorter distances in the ionic rail, which leads to a smaller 45�

feature in the Nyquist plot (see Figure 6b).

3.1.4 Material Variation

In contrast to the rather synthetic variation of only one ele-

mentary parameter, a possible ‘‘real world’’ scenario is the

change of one material against another one. As already men-

tioned in Section 1, Ni/ceria based cermets were proposed in

recent years to offer a potentially better performing alternative

to Ni/YSZ. The reason for the usually higher performance of

Ni/ceria cermets is not completely understood so far. In litera-

ture the higher ionic conductivity and the higher electrochemi-

cal activity of GDC and SDC as well as the different micro-

structure of the ceria based cermet are discussed as potential

reasons. A clear separation of these effects, however, is not

straightforwardly possible since on real cermets usually all

three properties are affected by an exchange of YSZ against

GDC. The advantage of the simulations in this study is that

such a material exchange can be done without affecting the

microstructure of the cermet. For substitution of YSZ by GDC

the corresponding elementary parameters as well as some ge-

ometry factors need to be adapted in the calculations. First,

the ionic conductivity of GDC is higher than that of YSZ. Sec-

ond, owing to the mixed conductivity of the material, the elec-

trochemical reaction proceeds on the entire free GDC surface

rather than only at the TPB. Third, the source of the capaci-

tance of these electrodes is mainly the chemical capacitance of

GDC, which is significantly larger than the interfacial capaci-

tance. The respective parameters used for simulating the

impedance of a Ni/GDC cermet electrode at 750 �C are sum-

marized in Tables 3 and 4.

The simulation result for a 30 mm thick Ni/GDC cermet is

compared in Figure 7 with the Ni/YSZ result (from Figure 3).

The impedance spectra in Figure 7a directly reflect the higher

conductivity of GDC by the smaller 45� high frequency fea-

ture. Moreover, the smaller low frequency arc as well as the

smaller total impedance indicate that for the given geometry

of the cermet surface active GDC is indeed better performing

than TPB-active Ni/YSZ. From the decay curves of the DC

polarization resistance in Figure 7b one can also deduce that

the utilization length of Ni/GDC is larger than of Ni/YSZ. If

we define the utilization length as the thickness of the cermet,

which leads to a polarization resistance 10% larger than the

Fig. 6 (a) Impedance spectra (Nyquist plot) for a constant electrode
thickness of 30 mm but varying reaction resistance (i.e., electrochemical
activtity). (b) Zoom of (a). (c) Dependence of DC polarization resistance
as a function of electrode thickness for varying Rreact. The blue dotted line
is the curve from Figure 3c.
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lowest possible Rpol (i.e., a thickness allowing 90% of the theo-

retically possible electrode performance) we obtain values of

59 and 83 mm for Ni/YSZ and Ni/GDC, respectively. For prac-

tical application this result means that Ni/GDC anodes of sim-

ilar microstructure than Ni/YSZ anodes need to be prepared

thicker to exploit their full potential.

3.2 Experimental Verification of the Model

To exemplarily demonstrate the practical applicability of

the transmission line model discussed above, this equivalent

circuit was employed to fit impedance spectra measured on

real porous Ni/YSZ cermet electrodes. Electrolyte-supported

model cells with symmetric, macroscopically extended

Ni/YSZ cermet electrodes (9 · 9mm2) were prepared by

screen printing Ni/YSZ paste on 8mol.% YSZ foils

(10 · 10mm2) followed by sintering for 3 h at 1,200 �C in

hydrogen atmosphere. A detailed description of Ni/YSZ paste

and model cell preparation as well as of the electrochemical

measurement procedure can be found in Refs. [10] and [12].

A typical impedance spectrum measured at 740 �C in an

atmosphere containing 25mbar H2 and 25mbar H2O (balance

Ar) is depicted in Figure 8a. The spectrum consists of three

Table 3 Elementary parameters used for simulation of a Ni/GDC cermet
at 750 �C.

Parameter Value Reference; Comment

Ionic conductivity of GDC, sion 0.06 S cm–1 [43, 93, 94]

Electronic conductivity of Ni,
seon

105 S cm–1 approximate value

Reaction resistance, R̂react
10W cm2 [47, 95]

Permittivity of GDC (e = eR�e0) 25�8.85�10–14 F cm–1 assumed to be equal
to YSZ

Chemical capacitance of GDC,
Ĉode

700 F cm–3 [95]

Table 4 Geometry factors for 1 cm2 of geometrically well-defined
Ni/GDC cermet electrode (cf. Figure 2f).

Geometry factor Value

Area of ion conducting phase, Aion 0.414 cm2

Area of electron conducting phase, Aeon 0.414 cm2

Volume density of the GDC phase, G 0.414 cm3 cm–1

Surface area density, L 8,284 cm2 cm–1

Fig. 7 (a) Simulated impedance spectra (Nyquist plot) of a Ni/YSZ and
a Ni/GDC cermet with identical microstructure (cf. Figures 2e and 2f)
and 30mm thickness. (b) Decay curves of the DC polarization resistance
of both cermets.

Fig. 8 Comparison of models for fitting the impedance of a screen
printed porous Ni/YSZ anode. (a) Impedance spectrum (Nyquist plot,
open diamonds) measured at 740 �C in an atmosphere of 25mbar H2,
25mbar H2O, balance Ar together with fit results (solid and dashed
curves), which were obtained by employing two different models. (b)
Equivalent circuit used for fitting. For Zode the impedance of 2 R‰‰CPE
elements and the impedance of the transmission line from Figure 2c (i.e.,
Eq. (9)) was used, leading to the solid blue and the dashed red spectrum
in (a). (c) Plot of the fit parameters obtained by the two different models
versus time showing the evolution of the respective parameters upon H2S
addition to the feed gas.
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well-separated main features: (i) a high frequency axis inter-

cept corresponding to the ion transport resistance of the elec-

trolyte, (ii) a depressed intermedium frequency feature, which

is assigned to the impedance of the composite electrode, and

(iii) a low frequency arc due to gas diffusion limitation [12].

These three contributions are also indicated by the arrows

below the spectrum in Figure 8a. From the teardrop-like shape

of the spectrum part attributed to the cermet electrode, it can

already be concluded that the electrode thickness of 15 mm is

of the order of the electrochemically active thickness l (see

Section 3.1.1). This lower value for l compared to the geomet-

rically well-defined structure can be explained by the finer

microstructure of the screen printed Ni/YSZ cermet, which

effectively leads to a lower value for Rreact. This conclusion is

also supported by the higher peak frequency of the cermet fea-

ture in Figure 8a.

In order to prove if the transmission-line circuit suggested

in this paper is able to successfully deconvolute the elemen-

tary processes of the cermet spectrum, it was fitted to the

equivalent circuit in Figure 8b. In this circuit Ryte represents

the electrolyte resistance (i.e., the high frequency intercept),

Zode the impedance of the composite electrode, and Wshort is a

Warburg element used to fit the gas diffusion impedance at

low frequencies. To assess the appropriateness of the transmis-

sion line model, two fit procedures were performed. First, for

Zode the impedance of the transmission line discussed in this

paper was used (Eqs. (9)–(12)) with Rion, Rreact, and Code as fit

parameters for an electrode thickness of 15 mm [12] (Reon

was fixed to 105 S cm–1 for Ni; Cion and Ceon were neglected,

since they are too small to be visible). With this approach

the red dashed curve in Figure 8a was obtained. In a second

fit, for Zode the impedance of two serial R‰‰CPE elements

was used; CPE is a constant phase element with impedance

ZCPE=Q–1(iw)–n (Q and n are fit parameters). This approach

thus represents the assumption of two processes with two

different relaxation times being responsible for the impe-

dance feature of the cermet anode. The corresponding fit

result is depicted in Figure 8a with the blue solid curve.

Even though the transmission line fit has only four free

parameters, the obtained fit quality is virtually equal to the

2R‰‰CPE fit with six free parameters.

The resulting resistive parameters for both models are sum-

marized in Table 5. In this table the parameter Rion was

already converted into an ionic conductivity by estimating a

cross section area of YSZ Aion» 0.2 cm2 per cm2 of projected

electrode area [12] and an estimated tortuosity factor of ca. 3.

The obtained ionic conductivity of ca. 2 · 10–2 S cm–1 is in good

agreement with the expected bulk value of YSZ (see Table 1

and [83]). Since (yet) no reliable value

for the TPB-density of the electrodes

is available, the TPB-density of the

well-defined cermet in Figure 2 was

used (cf. Table 2), which is of the same

order of magnitude than values

obtained by 3D reconstruction [37].

The obtained fit result for R̂react is

somewhat lower than the average literature value used for the

simulations (see Table 2 and [21, 51, 78]), but this is most likely

caused by the underestimation of the TPB density of the cer-

met electrode by using the data of the well-defined structure.

Moreover, this result may also be affected by different impur-

ity levels of the model electrodes and the cermet. Also, a sys-

tematic error due to the Warburg element connected in series

to the transmission cannot be completely excluded. (Please

note that the transmission line fit yields a more accurate Ryte

than the 2 R‰‰CPE fit, but Rgasdiff is overestimated.) To obtain

more accurate results for sion and R̂react the gas diffusion resis-

tance should thus be avoided by optimizing the measurement

conditions, which is the focus of a forthcoming paper. Addi-

tionally, a three dimensional reconstruction of the cermet [84]

would be needed for more accurate geometry parameters –

such a 3D reconstruction, however, is far beyond the scope of

the present work.

To further test the appropriateness of the transmission line

model, a sulfur poisoning experiment was conducted by add-

ing 10 ppm H2S to the feed gas. H2S is well-known in litera-

ture to have a detrimental effect on the H2 oxidation kinetics

of Ni/YSZ based SOFC anodes [1, 30, 51, 85–89]. The physical

effect behind H2S poisoning is discussed to be related to block-

ing of hydrogen adsorption sites on Ni leading to a decreased

reaction rate at the TPB. Thus, for the experiment here, the

reaction resistance at the TPB is expected to increase in the

presence of H2S in the feed gas, while the ionic conductivity of

YSZ will hardly be affected. The resulting changes of the

obtained parameters of both fitting models are shown in

Figure 8c. From this figure it can be seen that in case of the

transmission line fit only the reaction resistance is affected by

H2S, whereas the ionic conductivity is virtually unaffected,

which nicely matches the expected behavior. In case of the

2R‰‰CPE fit, however, both resistances significantly change.

For the current case of sulfur poisoning such a model could

thus lead to the delusive conclusion of two elementary pro-

cesses being affected by H2S in the fuel gas.

From these results it can be concluded that the transmis-

sion line circuit discussed in this paper is indeed an appro-

priate model for a physically correct description of the impe-

dance of cermet electrodes. In contrast, a fitting model based

on R‰‰CPE elements – i.e., on the analysis of different

relaxation times – is not feasible for delivering a physically

correct description of the elementary processes in a cermet

electrode.

Table 5 Results of fitting the spectrum in Figure 8a to the circuit in Figure 8b using either 2 R‰‰CPE
elements or the impedance of the transmission line (Eq. (9)) for the element Zode.

Ryte / W sion / W
–1 cm–1

R̂react / W cm R1 / W R2 / W Rgasdiff / W

transmission line fit 0.51 7.7 · 10–3 1.7 · 105 1.35

2 R‰‰CPE fit 0.62 2.06 1.08 2.56
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4 Conclusions

Simulations of the polarization resistance of a porous cer-

met electrode were done based on an equivalent circuit repre-

senting the physically correct connection of electrochemical

elementary processes. The corresponding elementary parame-

ters for calculations were taken from model type measure-

ments. The used simulation approach allows independent var-

iation of the elementary parameters such as ionic and

electronic conductivity as well as reaction resistance to ana-

lyze the influence of the respective parameter on the polariza-

tion resistance of a porous cermet electrode. The strongest

effect on the polarization resistance was found for variation of

the reaction resistance thus identifying it as the most effective

parameter for optimizing the electrochemical performance of

cermet electrodes. The electronic conductivity was revealed to

play only a role in case it comes close to the value of the ionic

conductivity. Consequently, cermet electrodes with electronic

current collectors with much lower conductivity than metals

can be sufficient for a well performing cermet electrode, pro-

vided that ionic conductivity and reactivity are not affected by

such a material exchange.

Substituting YSZ by GDC without changing the micro-

structure of the porous cermet structure yielded a lower polar-

ization resistance. This decrease of the resistance can be

explained to a large part by the increased electrochemical

activity of the Ni/GDC cermet compared with Ni/YSZ and to

a smaller part by the higher ionic conductivity of GDC. More-

over, the decay length of the electrochemical activity was

found to be larger for Ni/GDC, which indicates that Ni/GDC

anodes need to be prepared thicker than usual Ni/YSZ anodes

to exploit the full potential of the ceria based cermet.

In addition to the modeling approach, the transmission line

circuit was also used in a first attempt to fit impedance data

measured on real porous Ni/YSZ cermet electrodes. The

response of the ionic conductivity in the YSZ phase of the cer-

met and the electrochemical reaction resistance at the TPB

upon H2S exposure was compared to the behavior of resis-

tances obtained by a fitting approach based on 2R‰‰CPE ele-

ments (i.e., on different relaxation times). In this H2S poison-

ing experiment, the transmission line fit yielded the expected

behavior of only the reaction resistance to increase upon

hydrogen sulfide addition, while the fit based on R‰‰CPE ele-

ments suggested two resistive processes to be affected.
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for providing the screen printed Ni/YSZ cermet samples.

List of Symbols

Aeon cross section area of electron conductor

Aion cross section area of ion conductor

ceon differential capacitance of the electron conductor

cion differential capacitance of the ion conductor

code differential electrode capacitance

Ceon capacitance of the electron conductor

Cion capacitance of the ion conductor

Code electrode capacitance

Ĉ geometry related electrode capacitance

eeon permittivity of the electron conductor

eion permittivity of the ion conductor

f frequency

i imaginary unit ¼ ffiffiffiffi�p
1

� �

G contact area between ion and electron conducting

phase or volume density of mixed conducting phase

L thickness of cermet electrode

L TPB-length density or surface area density

reon differential resistance of electron conductor

rion differential resistance of ion conductor

rreact differential electrochemical reaction resistance

Reon resistance of electron conductor

Rion resistance of ion conductor

Rreact electrochemical reaction resistance

R̂react geometry related electrochemical reaction resistance

Rpol DC polarization resistance

seon electronic conductivity

sion ionic conductivity

w angular frequency

Z impedance of the cermet

Zion impedance of ion conducting rail

Zeon impedance of electron conducting rail

Zreact impedance of electrochemical reaction
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