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Abstract: Detailed insight into electrochemical reaction mechanisms and rate limiting steps is crucial

for targeted optimization of solid oxide fuel cell (SOFC) electrodes, especially for new materials

and processing techniques, such as Ni/Gd-doped ceria (GDC) cermet anodes in metal-supported

cells. Here, we present a comprehensive model that describes the impedance of porous cermet

electrodes according to a transmission line circuit. We exemplify the validity of the model on

electrolyte-supported symmetrical model cells with two equal Ni/Ce0.9Gd0.1O1.95-δ anodes. These

anodes exhibit a remarkably low polarization resistance of less than 0.1 Ωcm2 at 750 ◦C and OCV, and

metal-supported cells with equally prepared anodes achieve excellent power density of >2 W/cm2

at 700 ◦C. With the transmission line impedance model, it is possible to separate and quantify

the individual contributions to the polarization resistance, such as oxygen ion transport across

the YSZ-GDC interface, ionic conductivity within the porous anode, oxygen exchange at the GDC

surface and gas phase diffusion. Furthermore, we show that the fitted parameters consistently scale

with variation of electrode geometry, temperature and atmosphere. Since the fitted parameters are

representative for materials properties, we can also relate our results to model studies on the ion

conductivity, oxygen stoichiometry and surface catalytic properties of Gd-doped ceria and obtain very

good quantitative agreement. With this detailed insight into reaction mechanisms, we can explain

the excellent performance of the anode as a combination of materials properties of GDC and the

unusual microstructure that is a consequence of the reductive sintering procedure, which is required

for anodes in metal-supported cells.

Keywords: impedance spectroscopy; porous electrodes; Adler-Lane-Steele model; transmission line

1. Introduction

Metal-supported solid oxide fuel cells (MSCs) offer a variety of advantages over anode, or

electrolyte supported cells, such as lower material costs, easier stacking (e.g., by welding) [1,2],

mechanical robustness and fast heating rates. These properties, together with the potential for high

power densities (>2 A/cm2) proven on cell level tests [3,4], render this cell type most suited for mobile

applications [3,5–9]. The operating temperature of MSCs should be not more than 700 ◦C to prevent

excessive oxidation of the metallic substrate [10], which requires the use of thoroughly optimized

electrodes to achieve the power density desired for a successful application in the automotive sector.
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Recently, power densities above 2 W/cm2 [11] at 700 ◦C were demonstrated for metal-supported fuel

cells with Ni/Ce0.9Gd0.1O1.95-δ (Ni/GDC, or gadolinium-doped ceria) cermet anodes prepared equally

to those used in this study. For these cells, electrolyte and cathode processing also had to be thoroughly

optimized [3,4,7,11,12]. Additionally, MSCs with PrOx cathode and Ni/Sm-doped ceria anode catalysts

infiltrated into porous zirconia backbone exhibited reasonably high performance [13].

Ceria-based anodes are a key component with remarkably low polarization resistance, which

enables high power density at intermediate temperatures of 600–700 ◦C. This low area-specific

polarization resistance (ASR) is likely caused by the high ionic conductivity and mixed ion/electron

conduction of acceptor doped ceria, which was already broadly investigated in literature [14–16] and

the high activity of ceria for catalyzing redox reactions [17,18]. For further optimization, detailed

insight into the reaction mechanisms on such electrodes is of technological and scientific interest.

For this task, electrical testing on full cells gives usually rather limited insight into the individual

contributions of anode and cathode. Therefore, this study focuses on the electrochemical impedance

spectroscopy (EIS) measurements on symmetrical cells with two identical Ni/Ce0.9Gd0.1O1.95-δ cermet

anodes. In such model cells, the materials, processing conditions and microstructure are equal to

electrodes used in high-performing MSCs, so all fitted kinetic parameters are representative also for

metal-supported cells in real operations. The processing steps required to successfully integrate these

electrodes in functional cells are elaborated in references [11,12].

Although we only present experimental results for Ni/GDC anodes, the presented equivalent

circuit model is applicable to other porous cermet and single-phase mixed ion and electric conductor

(MIEC) electrodes. In literature, the most common model to fit impedance spectra is a series connection

of resistor|constant phase elements that matches the number of observed arcs. While this method is

simple and can describe the shape of almost any impedance spectrum, the impedance model is, in

most cases, not justified by the laws of physics but rather acts as a pragmatic way of parametrization.

Physically motivated equivalent circuit models for dense mixed ion and electron conductors

(MIECs) were derived numerous times in literature, e.g., by Jamnik and Maier [19], or in a less general

but more comprehensive way, by Lai and Haile [20]. In porous electrodes, electrochemical reaction

kinetics within the porous structure must also be considered, for which a mathematical model was

derived by Adler et al. [21], also known as the Adler-Lane-Steele model. This model has so far mostly

been applied to describe the kinetics of mixed conducting cathodes [22,23], although we can show that

it can also be valid for SOFC anodes [24].

The impedance model presented in this paper is therefore not conceptually new. In the way

we derive the equivalent circuit, all fundamental parameters describing conduction and reaction

are expressed as easily measurable electrical quantities. Additionally, the relation of these circuit

parameters to the electrode microstructure and materials properties is elaborated in detail, in order to

aid knowledge-based improvements of electrode kinetics. In this paper, we compare model predictions

to real impedance measurements and find very good quantitative agreement, with which we can

explain the very low polarization resistance of the investigated electrodes. Moreover, we deliver a

simple method to quantify the gas phase diffusion resistance and experimental strategies to minimize

this phenomenon, which is especially critical for high-performance anodes with polarization resistance

of less than 0.1 Ωcm2.

2. Impedance Model for Porous SOFC Electrodes

2.1. Porous Electrode Impedance Models in Literature

Although impedance measurements are experimentally simple, the mechanistic interpretation of

impedance spectra is a demanding task that requires good insight into the electrochemical reaction

mechanisms in the investigated system. Mathematical modeling predicts that especially systems in

which electron and ion mobility coexist are usually best described with circuit models consisting of a

ladder network of infinitesimal resistors and capacitors, so-called transmission line circuits [19,20].
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Nevertheless, impedance spectra of very different samples ranging from polycrystalline ion conductors

to symmetrical model cells to full SOFCs are often fitted with an equivalent circuit containing

a series connection of several discrete resistor|capacitor or resistor|constant phase element (CPE)

blocks. If such models are used for fitting porous electrodes, they are, in most cases, not based on

physical or electrochemical equations but rather chosen intuitively to reproduce the shape of the

spectrum. Due to the lack of mathematical justification, such models therefore rather represent a

phenomenological parametrization of the impedance spectrum. The mechanistic interpretation of such

circuit models should thus be performed with care and is prone to conceptual errors. Another widely

employed analysis technique of impedance analysis is the distribution of relaxation times (DRT) [25–27].

This mathematically demanding analysis method does not imply a circuit model but is an advanced

method data representation in which resistive magnitude is plotted versus time constant. For systems

that are well-described by a series connection of resistor|capacitor or resistor|constant phase element

blocks (e.g., the brick-layer model for polycrystalline materials), the DRT plot will show a number of

peaks corresponding to the number of processes in the system, with peak area corresponding to their

resistive magnitude. DRT is therefore a valuable way of plotting and comparing impedance spectra.

For impedance functions that are expected for porous electrodes, such as the Gerischer impedance,

the DRT result depends strongly on the used algorithm [25], and often, two or more peaks appear in

the computed DRT, although the Gerischer impedance has only one time constant.

Impedance models for porous electrodes [21,23,28,29] or mixed ion/electron conductors [19,20]

are conceptually different to a series connection of discrete resistor|capacitor (or resistor|CPE) blocks.

In these cases, either transmission line circuits [19,20,29,30] or differential equations without any

equivalent circuits [21,23] are used to describe porous SOFC electrodes.

The impedance model that we present in this paper is conceptually similar to the Adler-Lane-Steele

(ALS) model [21], and the mathematical similarities are elaborated in Appendix C. This model

is widely accepted and successfully employed to investigate SOFC cathodes, e.g., consisting

of La1-xSrxCo1-yFeyO3-δ (LSCF) [21,31], LSCF-GDC composites [32], La1-xSrxMnO3-δ (LSM)-YSZ

composites [33] or LaNiO4 [22]. The underlying concept that can be modeled with a transmission

line circuit was also shown to be applicable to the impedance of Ni-YSZ anodes [24,30,34]. The main

difference of the model presented here to the ALS model, however, lies in the mathematical and

graphical presentation. The ALS model is mathematically expressed in very abstract quantities, such

as the oxygen vacancy thermodynamic factor, as well as diffusion and reaction coefficients. In contrast,

the model presented here is based on electrical quantities, such as ionic and electronic conductivity.

This simplifies the equations describing charge transport and electrochemical reactions and allows a

more intuitive representation in the form of an equivalent circuit model. Notably, the equivalent circuit

model is mathematically equivalent to that by Bisquert et al. [28], which was developed for porous

electrodes immersed in a liquid electrolyte. The decisive new contribution here is a mathematically

rigorous and comprehensive proof that a transmission line-type circuit is the mathematically correct

impedance model of any porous electrode in which ions and electrons are mobile. Importantly, we

also explain how the values gained from impedance fitting are linked to defect chemistry, conductivity

and catalytic properties, as well as the microstructure of the used materials.

2.2. Electronion Conduction and Electrochemical Reactions in a Porous Electrode

For better readability, the meanings of all symbols used in this section are summarized in

Appendix B, Table A1.

Porous SOFC electrodes either consist of a single-phase mixed ionic and electronic conductor

(MIEC) or composites of a mainly electronic conducing and a mainly ion conducting phase, and a

vast amount of possible electrode materials is found in the literature [35–37]. Although this paper

focuses on experimental data of Ni/Ce0.9Gd0.1O1.95-δ anodes, the equivalent circuit model derived here

is based on the general conduction and reaction processes that happen in any effective mixed ion and

electron-conducting material with small-grained microstructure. The term ”effective mixed conductor”





Energies 2020, 13, 987 5 of 30

gas phase species. This mathematical step simplifies the equations describing electrochemical reactions.

For the sake of simplicity, we will assume fast gas phase diffusion, which means that atmospheric

composition and, therefore, µ
gas

O
, remains constant, and the oxygen exchange driving force can be

expressed by deviations from the equilibrium in the form of

∆RGox = 2∆µ̃eon − ∆µ̃ion = −∆µGDC
O . (3)

Delta symbols refer to the difference from a grounded electrode, which is in equilibrium with

the gas phase (i.e., no net oxygen exchange proceeds). When voltage is applied to a porous electrode,

the driving force for hydrogen oxidation is not constant throughout the electrode but depends on the

distance from the electrolyte (y-coordinate, as indicated in Figure 1), due to the overpotentials from

electron and ion conduction. On a macroscopic scale, the effective conductivity of a species x is related

to bulk conductivity and microstructure by [38–41]

σe f f ,x = σbulk,x
ǫx
τx

, (4)

where τ and ε are tortuosity and volume fraction of phase x, respectively. These parameters may be

gained from tomographic techniques [38,40–43]. When both electrical fields and chemical driving forces

are present, the electric current density of a species can be linked to a gradient in its electrochemical

potential µ̃x = µx + zxFφ by

jx = −
1

zxF
σeff,x

dµ̃x

dy
. (5)

With the definition of the y-axis sketched in Figure 1, the electrical current within the electrode is

positive for anodic bias. In order to simplify the equations that describe the impedance, it is useful to

introduce a pseudoelectrical potential φµ, which is proportional to the electrochemical potential and

the unit of volts, which simplifies transport equations.

φ
µ
x =

µ̃x

zxF
. (6)

This step simplifies the drift-diffusion equation to a simple conduction equation in the form of

jx = −σe f f ,x

dφ
µ
x

dy
. (7)

Oxygen ions and electrons can have different pseudoelectrical potentials at the same location

when the electrode is not in equilibrium with the gas phase. This becomes evident when we express

the hydrogen oxidation driving force in terms of

−
∆RGox

2F
=

∆µO,GDC

2F
= η = ∆φ

µ
eon − ∆φ

µ
ion

(8)

For treatment in an impedance model, it is also useful to express the chemical driving force for

hydrogen oxidation by a local overpotential η, which has a unit of volts and varies with distance from

the electrolyte. The oxide ion current density that is reacting at the GDC surface (jsurf) is proportional to

the net rate of the surface oxygen exchange reaction (here, H2 oxidation), which is in turn proportional

to the overpotential

jsur f = 2F
(⇀
R −

↼
R
)
=

η

ASRsur f
, (9)

where ASRsurf is the GDC area-specific resistance normalized to the surface area of GDC. Its value can

be measured by impedance spectroscopic studies of dense thin film model electrodes [18,44,45]. When

oxygen anions are released into the gas phase in the form of H2O (Equation (1)), the ionic current is
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converted to electron current. Moreover, the oxygen nonstoichiometry in the oxide phase may vary

with the local overpotential.

These electrochemical reactions are the reason why ion and electron current density depend on

the distance from the electrolyte. As charge neutrality must remain preserved, the sum of electron and

ion current density (jel) does not depend on the y coordinate, expressed by

djel

dy
=

djion

dy
+

djeon

dy
= 0. (10)

Although the oxygen anion current density varies with distance from the electrolyte, the number

of oxygen atoms and electrons in total is conserved. Hence, divergence (dependence on y-coordinate)

in the oxygen anion current is either related to the hydrogen oxidation reaction (Equation (1)) (gas

phase oxygen has no charge and does not contribute to the current) or a change in the oxygen anion

concentration within the GDC phase, which is written as

djion

dy
= jreact +

2FǫGDCdcion

dt
. (11)

The reaction current density jreact is positive for the hydrogen oxidation reaction and is proportional

to jsurf times the GDC surface area per unit volume Aspec, which is expressed as

jreact = jsur f ∗Aspec =
ηAspec

ASRsur f
(12)

Note that the unit of jreact is A/cm3, although the reaction actually takes place on the surface of

the GDC phase. However, we treat the electrode as an effective medium with an effective specific

surface area Aspec. This quantity can, for example, be measured by tomographic methods [38,39] or

Brunauer-Emmett-Teller (BET) measurements.

When an AC signal is applied, the (volumetric) concentration of oxygen anions within the GDC

phase (cion) also varies with time, so the second term in Equation (11) becomes important and leads to

a capacitive current density jcap expressed by

jcap = 2FǫGDC
dcion

dt
= 2FǫGDC

dcion

dη

dη

dt
(13)

This current is proportional to the change of the overpotential with time, which is characteristic

for a capacitive current. Hence, we can introduce the chemical capacitance, which is a measure for

how much the oxygen anion concentration in the GDC phase depends on the overpotential, and can be

expressed by [46–48]

Cchem = 2F
dcion

dη
. (14)

Using the chemical capacitance, we can write the capacitive current density in the form of

jcap = ǫGDCCchem
dη

dt
. (15)

Although capacitive currents are irrelevant in DC operating conditions, the chemical capacitance

is a key parameter for describing the defect chemistry of mixed conductors, which is a measure of the

oxygen nonstoichiometry of a mixed conducting material. The formal oxygen partial pressure in the

GDC phase and overpotential are linked by Nernst’s equation, which can be written in differential

form as dη = RT/4Fd(ln(p(O2))). The oxygen nonstoichiometry δ in the stoichiometric formula
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Gd0.1Ce0.9O1.95-δ is connected to the volumetric anion concentration cion and the molar volume Vm by

dcion ×Vm = −dδ :

Cchem = 2F
dcion

dη
= −

8F2

VmRT

dδ

d
(
ln

(
pO2

)) . (16)

This term is proportional to the slope in an oxygen nonstoichiometry isotherm. Such measurements

are in large quantity and good reliability available for pure and acceptor-doped ceria [49–51], as well

as for common mixed conductors used in SOFC cathodes, such as LSC and LSCF [52]. In cases where

defect interactions are weak or known, the chemical capacitance is also a measure for electronic and

ionic point defect densities [47], which are also in detail described for doped ceria [16,46].

So far, we have derived equations that describe how conduction and reaction currents depend on

spatial and temporal variations of the electrode overpotential. In order to derive impedance functions,

we need boundary conditions for both electronic and ionic currents at the electrode-electrolyte and

electrode-current collector interfaces.

At the electrolyte interface (y = 0), the entire current is carried by oxygen anions, expressed by

the equation

jeon(L) = 0 (17)

At the top of the electrode (current collector interface, (y=L)) the entire current is carried by

electrons expressed by an open circuit in the r.h.s. end of the ionic rail or the equation

jion(0) = 0 (18)

For calculation of the electrode impedance, we can assume a fast-conducting electrolyte with a

reversible, grounded counter electrode, which means that the pseudoelectrical potential of oxygen

anions is constant at the electrolyte interface

∆φ
µ
ion
(L) = 0 (19)

At the electronic current collector, the AC signal of the impedance analyzer is applied:

∆φ
µ
eon(0) = UACeiωt, (20)

and the impedance of the electrode is then the current divided by the voltage:

Z =
∆φ
µ
eon(0)

jeon(0)
, (21)

The analytic solution of a mathematically isomorphic set of differential equations to derive

Z was already done in the literature, e.g., by Bisquert et al. [28,53], who applied a very similar

model to electrodes immersed in a liquid electrolyte. Here, we will therefore not focus on more

complicated mathematics but rather explain how these equations are translated into a more intuitively

understandable equivalent circuit model. Additionally, we will elaborate how the parameters depend

on materials properties and microstructure.

2.3. Equivalent Circuit Representation of Reactions in Porous Electrodes

Although the differential equations presented above are sufficient to describe the impedance of a

porous electrode, as shown, e.g., by Adler et al. [21,23], the representation of these equations in the

form of an equivalent circuit describing the impedance per unit area is more intuitive. This equivalent

circuit model is a connection of differentially thin slices of the electrode in a transmission-line-type

circuit. First, we look at an infinitesimally thin slice of thickness dy, as sketched in Figure 2a.
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Cchem,eff = jcap

(
dη

dt

)
−1

= Cchem ∗ ǫGDC (26)

The equivalent circuit representing a full electrode is a serial connection of the infinitesimal

elements, sketched in Figure 2b. The boundary conditions given in Equations (17)–(20) are realized

by the terminals. On the left-hand side, the current enters in the ionic rail because the electrolyte

only conducts ions, and the ion overpotential is zero. On the r.h.s (interface to the current collector),

all currents are electronic, and the electron overpotential equals the applied AC voltage.

The impedance of the transmission line circuit was already derived mathematically in literature

by Bisquert et al. [28], with the rather bulky equation

Z =
RionReon

Rion + Reon


L +

2λ

sinh
(

L
λ

)

+ λ

(R2
ion

+ R2
eon)

Rion + Reon
coth

(
L

λ

)
, (27)

where

λ =

√
1(

1
Rreact

+ iωCchem,e f f

)
(Rion + Reon)

. (28)

In many electrodes, the effective electronic conductivity is quite high (>> 1 S/cm) (such as in

Ni-GDC), and electron transport in the y-direction therefore contributes far less than 1 mΩcm2.

In this case, the impedance can be approximated by setting Reon to zero, leaving the much easier

impedance function

Z = λRioncoth
(

L

λ

)
(29)

Fitting measured impedance spectra with this impedance function delivers effective parameters for

Rion, Reon, Rreact and Cchem,eff. These fitting parameters depend on microstructural and material specific

properties, as given by Equations (23)–(26). Consequently, when microstructural parameters are known,

the EIS fit delivers information on materials-specific parameters, and when material-specific parameters

are known, impedance fitting can provide microstructural information, e.g., for the tortuosity factor, as

elaborated in Section 4.4.

2.4. The Need for Parameter Constraints in “Thick” Electrodes

Especially electrodes with high kinetics used in real fuel cells have sufficient electronic conductivity

to be described by Equation 29. Additionally, they are usually significantly thicker than the

electrochemically active thickness (L > 2λ at ω→ 0). Under these conditions, one can approximate

coth(x > 2) ≈ 1. With this approximation, Equation (29) can be simplified. The resulting impedance

function is isomorphic to the Adler-Lane-Steele model (see Appendix C for details) [21] and Gerischer’s

impedance [54], reading

Z∞ = λRion =

√
Rion

1
Rreact

+ iωCchem,e f f

= R∞

√
1

1 + iωτe f f
, (30)

with

R∞ =
√

RionRreact; τe f f = RreactCchem,e f f (31)

This expression for the impedance is, however, over-parametrized, because Gerischer’s impedance

function has only two parameters, whereas three parameters are used in the mechanistically motivated

equivalent circuit. Consequently, the microscopic parameters Rion, Rreact and Cchem,eff in “thick”

electrodes are only accessible by an equivalent circuit fit when one of them is known from a

complementary measurement method.
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In the case of high current densities, a gas phase diffusion limiting the current density can be

calculated by Equations (33) and (34) and, assuming that the pressure at the electrode active layer

approaches zero, yields

jlimit,x = −
zeFǫporeDx

νxRTτporel
p0

x. (38)

Hence, H2 diffusion determines the positive limiting current (for SOFC mode), and H2O diffusion

determines the negative (SOEC mode) limiting current. For quantifying the gas diffusion kinetics of a

given electrode, it is therefore possible to strongly dilute the gas phase until the gas phase diffusion

limitation is observed.

2.9. Gas Diffusion ASR for Typical Testing Conditions

In the anode support structure with pores > 1 µm, the prevalent diffusion mechanism is binary

gas phase diffusion, where the diffusion is dominated by a collision of gas molecules. Binary diffusion

coefficients can be found tabulated in the literature, e.g., [60,61]. Often, SOFC anodes are supported on

a porous substrate consisting of coarse Ni-YSZ cermet or high-temperature resistance metals. Typical

geometrical parameters of such substrates are 40% porosity, 1mm thickness, a tortuosity factor of the

pores of ca. 2 and operation at 750 ◦C [30,39,62]. For this geometry, binary diffusion coefficients and

gas phase diffusion ASR values are calculated for common anode gas compositions (either used for lab

tests or SOFC operation) and summarized in Table 1. (for comparison, diffusion coefficients for oxygen

are also shown).

Table 1. Binary diffusion coefficients and diffusion ASR for 1-mm porous support with 40% porosity

and tortuosity factor 2 at 750 ◦C.

Gas Phase Pressures (mbar) Dbinary (cm2/s) [60] ASRdiff (Ωcm2) Jlimit (Acm−2)

25 H2 + 25 H2O + 950 Ar 6.3 (H2-Ar); 2 (H2O-Ar) 0.27 0.75
500 H2 + 500 H2O 7.2 (H2-H2O) 0.005 16
990 H2 + 10 H2O 7.2 (H2-H2O) 0.14 32
45 H2 + 25 H2O 110 (H2-H2O) 0.006 21
150 O2 + 850 N2 1.7 (O2-N2) 0.01 2.3
10 O2 + 990 N2 0.15 (O2-N2) 0.15 0.16

A very good anode has a polarization resistance below 0.1 Ωcm2 at OCV, so the gas phase

diffusion ASR should be below 0.01 Ωcm2. In laboratories, safety regulations sometimes prohibit the

use of pure hydrogen, and rather, dilute H2 in an inert gas (e.g., forming gas) is used. Furthermore,

the humidification in many impedance-testing stations is limited to about 25 mbar, which is the

saturation vapor pressure of H2O at room temperature. For such testing conditions with very dilute

H2 and H2O gases, we expect a large diffusion ASR of ~0.27 Ωcm2. Working at high vapor pressures of

both H2 and H2O minimizes the gas diffusion ASR. If this is not possible, due to H2O condensation on

cold gas lines and flanges, another effective approach is to decrease the total pressure to ~50–200 mbar

while keeping the H2 : H2O ratio close to unity. At low pressure, the binary diffusion coefficient is

strongly enhanced, which can also produce a gas diffusion ASR of < 0.01 Ωcm2 (see Table 1; 45 mbar

H2 + 25 mbar H2O).

The diffusion geometry of a symmetrical cell-testing setup used in this (and most other) studies

differs from a porous substrate. The model cells here were contacted between two layers of 2-mm-thick

Ni foam (90% porosity) (see Figure 7). These different geometries are plotted in Figure 6b. Although

the in-plane diffusion resistance in our testing setup is larger than in a typical anode support structure,

the very high porosity of the Ni foam leads to a measured diffusion ASR that is very similar to the

prediction for H2+H2O in the order of ~0.3 Ωcm2; see Results and Discussion.
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We can now check how the modeling assumptions relate to the actually measured and fitted

values. For this, the impedance of porous Ni/GDC anodes was measured in 25 mbar H2O + 45 mbar H2

atmosphere in a temperature range of 590–810 ◦C. As an example, the measured and fitted spectrum

measured on an 8-µm-thick anode at 750 ◦C is depicted in Figure 12a (black symbols and solid curve).

The model prediction (red dashed curve) was simulated with the predicted parameters for Rion, Rreact

and Cchem,eff given in Table 2. The elementary parameters obtained by the impedance fitting for three

different electrode thicknesses are summarized in Figure 12 (panels b–f). Black circles symbols mark

the values that were predicted from the literature research and microstructural estimations based on

cross-sectional SEM images. As expected from the circuit model, error bars for different thicknesses

overlap, so we observe no significant influence of electrode thickness on the electrochemical parameters.

The measured ASR of the electrodes (diameter of the electrode arc) plotted in Figure 12b

exhibits constant activation energy throughout the temperature range, confirming that the relatively

temperature-independent contribution of gas diffusion is only a minor part of the total ASR.

For the electrode-electrolyte interface ASR plotted in Figure 12c, no literature reference is available,

as this value is extremely sensitive to the processing route (see Section 4.5).

In comparison with the literature, the effective reaction resistance Rreact plotted in Figure 12d

shows that fitted values are 2–3 times smaller than the corresponding prediction. There exist two

plausible explanations for this behavior. Firstly, thin film electrodes are very prone to impurity-based

ASR degradation, even on the time-scale of a few hours, which is reported in the GDC literature [44,45],

and so, even the initially measured thin film ASR may already be a slightly degraded value. Secondly,

we did not consider catalytic triple-phase boundary (TPB) activity in our circuit model, which is

suggested by model studies of thin films with patterned nickel thin film current collectors [16,18,44].

However, systematic variations of Ni-GDC TPB density (ratio of TPB length to oxide surface area)

on thin films in the literature, Reference [18], was only varied between 150 and 2000 cm/cm2, and

the TPB density in porous electrodes is likely higher, so additional TPB activity cannot be excluded.

Lastly, the uncertainty of the specific surface area estimation from SEM cross-sections also complicates

a quantitative comparison.

As expected, the effective ion conductivity σion,eff shown in Figure 12e has an activation energy

that is close to that of a GDC polycrystal (black line). This already indicates that the grain boundary

contribution to the ion conduction, which has activation energies of 0.8–1 eV [70–72], is relatively low.

A low-grain boundary resistance of GDC is expected in reducing conditions [73]. In absolute numbers,

the conductivity of a dense GDC pellet is 9 ± 1 times larger than the effective conductivity of the

cermet. Together with the volume fraction (ε = 0.3), we can therefore experimentally determine a GDC

tortuosity factor of 2.7 ± 0.4 using the relation σbulk = σeff·τ/ε. We believe that this impedance-based

tortuosity determination is more accurate than a corresponding 3D reconstruction due to the very

small size of the GDC particles, which is at the resolution limit of typical FIB/SEM systems [43].

A remaining open question lies in the role of triple-phase boundaries, which may enable an

additional reaction path, lowering Rreact. This was observed for very high TPB densities, e.g., achieved

by Ni or Pt nanoparticle depositions on columnar GDC films [74,75]. However, from our data available

so far, we cannot draw definitive conclusions on TPB effects here.
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anodes, as shown in a previous publication [56]. However, GDC is a mixed-conducting, surface-active

electrode material, so the very high GDC surface area and sufficient porosity are decisive for the

electrode kinetics. Moreover, this microstructure was proven to be mechanically very stable during

redox cycling [3].

GDC is known to be a very good catalyst for redox reactions, such as electrochemical H2

oxidation [18,44,76].

According to the ASReff predicted from the impedance model, (Equation (33)), a high ionic

conductivity is as important as fast surface kinetics and a high surface area. GDC is known to be a two

to three times better ion conductor than YSZ at 700–800 ◦C. Moreover, the tortuosity factor of the GDC

phase, which is difficult to measure from 3D reconstructions due to the small particle size, could be

determined by the EIS measurements to a value of 2.7 ± 0.4. Tortuosity values found in the literature

for Ni-YSZ cermet (which were prepared by NiO/YSZ sintering in the air) are typically in the order

of 10 [38,39,62]. The higher specific conductivity and relatively low tortuosity, compared to Ni/YSZ

cermet, substantially increases the electrochemically active thickness and decreases the ASR.

For fabrication of a metal-supported cell, the electrolyte is sputtered on the sintered Ni/GDC

anode. This creates a large interfacial area, while interdiffusion of GDC and YSZ is negligible due to

the relatively low temperatures required for sputter deposition of a dense electrolyte. This processing

minimizes the interfacial ion transfer resistance (Rint in Equation 33). For electrolyte-supported cells,

which were used in this study, coating the electrolyte with a dense, thin GDC layer minimizes the

interfacial resistance and increases adhesion.

Finally, the gas diffusion in the anode active layer is quite good, due to the reasonably high

porosity [11,12]. Furthermore, a metallic anode support can be fabricated much thinner than a Ni-YSZ

support for anode-supported cells, due to the better mechanical properties. This leads to low gas

diffusion overpotential in real cell applications.

5. Conclusions

The impedance of symmetrical Ni/Gd0.1Ce0.9O1.95-δ (Ni/GDC) model anode cells was thoroughly

investigated to show how the low polarization resistance of <0.1 Ωcm2 at 750 ◦C is related to

the microstructure and materials properties. For the mechanistic interpretation of the impedance, a

transmission line-equivalent circuit similar to the Adler-Lane-Steele model was mathematically derived.

The main advantage of the presented model is that it is expressed in a way that allows straightforward

interpretation of the impedance fitting results in terms of the electrochemical parameters, such as the

ionic conductivity, oxygen exchange activity and chemical capacitance or oxygen nonstoichiometry as

well as microstructural properties.

From impedance fitting, effective parameters for oxygen exchange kinetics, ion conductivity and

capacitance were determined. These effective parameters depend on materials properties such as

conductivity or surface-specific ASR and microstructural parameters like volume fractions, tortuosity

and a specific surface area. In order to confirm that the fit values are reasonable, the microstructural

parameters of the electrodes were estimated based on SEM cross-sectional imaging, and material-specific

parameters were taken from model studies of GDC bulk ionic conductivity, oxygen nonstoichiometry

and electrochemical surface reaction rates available in the literature. The effective parameters that were

predicted by this method are in good agreement with the impedance fitting results.

From our impedance analysis of the Ni/GDC anodes, we can conclude that the low polarization

resistance is due to a combination of material-specific and microstructural properties. Thanks to the

mixed ion and electron conduction in GDC, the electrochemical hydrogen oxidation reaction is not

limited to the triple-phase boundary but also occurs at the entire GDC surface area. This area is quite

large due to the small GDC particles. Additionally, the high ionic conductivity and low tortuosity of

the GDC phase improves electrode kinetics by increasing the electrochemically active thickness.
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Table A1. Relation of Zview fitting parameters to the impedance function in Equation (S1).

Parameter Name in Zview Parameter Name in Equation (A1) Fixed/Free Parameter Unit

DX None fixed (11)
None; selector for circuit

model “Bisquert 2”
DX-R None fixed (0) Ωcm
DX-T None fixed (0) F/cm
DX-P None fixed (1) 1
DX-U Rion free Ωcm
DX-A None fixed (0) F/cm
DX-B None fixed (1) 1

DX-C Rreact free Ωcm3

DX-D Cchem,eff free * F/cm3

DX-E None fixed (1) 1

DX-F L
fixed (thickness
measurement)

cm

Qint-P pint
may be free or fixed to a

value 0.8–1
1

Qint-T Qint free Fractional capacitance

* The chemical capacitance may be constrained by the value determined from thermogravimetric analysis (TGA)
isotherms for relatively thick electrodes in order to avoid overparametrization.

Particle Packing Model

For calculation of the effective free surface area, two models were used. From SEM cross-sections,

a mean GDC particle size of 270 nm can be determined. Assuming spherical particles with 60%

of their surface atmosphere are exposed and 40% sintered on other GDC or Ni grains and 30 vol%

GDC, such a microstructure has ~30 GDC particles per µm3 and a free GDC surface of 4 µm2/ µm3.

The second surface area estimate relies on the BET surface of the GDC powder (8.1 m2/g, according

to the manufacturer) before sintering. When we estimate that the atmosphere exposed surface area

decreases by 65% during sintering due to particle growth and sintering necks, this amounts to an

average GDC surface area of 6 µm2/ µm3. For the prediction of Rreact from model studies, we used the

average of both methods: 5 µm2/ µm3.

Appendix B. List of Used Variables

Due to the many different variables, their meanings are given in Table A2.

Table A2. List of used symbols.

Symbol Meaning Unit

∆RGox Gibbs free energy of H2 oxidation J/mol
δ oxygen deficiency, e.g., in Ce0.9Gd0.1O1.95-δ 1
µx chemical potential, species x J/mol
µ̃x electrochemical potential, species x J/mol
τx tortuosity, phase x 1
εx volume fraction, phase x 1

Aspec specific surface area (of the GDC phase) per electrode volume cm2/cm3

ASRsurf ASR of the oxygen exchange (H2 oxidation) reaction normalized to the GDC surface area Ωcm2

ASRtot measurable ASR of a porous electrode normalized to the geometric area Ωcm2

jx (effective) electrical current density per electrode area, carried by species x A/cm2

jsurf electrical current density of released oxygen ions on the GDC surface A/cm2

jreact (effective) density of reaction current per electrode volume A/cm3

σeff effective ionic/electronic conductivity S/cm
z charge number 1
F Faraday’s constant C/mol

∆(x)
perturbation of quantity x relative to the equilibrium with the gas phase and grounded electrical

potential
Unit of x

φ
µ
x pseudoelectrical potential, species x φ

µ
x =

µ̃x

zF
V

η local overpotential in the porous electrode V
ηgas concentration overpotential of the gas phase V

Cchem chemical capacitance of the GDC phase F/cm3

Cchem,eff effective chemical capacitance of the porous electrode F/cm3

Rion,Reon effective ion/electron conduction resistance inverse of effective conductivity Ωcm

Rint ionic electrode/electrolyte interface resistance Ωcm2

D diffusion coefficient cm2/s
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Appendix C. Mathematical Isomorphisms and Differences to the Adler-Lane-Steele Model

The circuit model presented here is mathematically very similar to the Adler-Lane-Steele (ALS)

model, which was explicitly developed for SOFC cathodes in 1996 [21,23]. This similarity is not

surprising, as the fundamentals of conduction and reaction, as well as their boundary conditions, do

not differ between cathodes and anodes.

The main advance of the presented model is the inclusion of electrode-electrolyte interface

contributions; the possibility to include finite electron conductivity (e.g., for pure ceria or pure

perovskite anodes) and a clear representation of the relation of fitted parameters to the electrode

microstructure, ion conductivity of the GDC phase and surface specific electro-catalytic activity.

For comparison with the ALS model, we just consider the technologically most relevant case

of high electronic conductivity (Reon~0) and an electrode that is at least three times thicker than the

electrochemically active thickness, with negligible electrode-electrolyte interfacial resistance. In this

case, the impedance function is simplified to a Gerischer impedance (isomorphic to the ALS model) as

Z = R∞ ×

√
1

1 + iωτchem
. (A3)

Therein, ASR∞ is the DC polarization resistance, and τchem is the time constant of the electrode

dispersion arc, given by

R∞ =

√
τGDCASRsur f

ǫGDCσion,GDCAspec
(A4)

and

τchem =
ǫGDCCchem,GDCAspec

ASRsur f
. (A5)

In the ALS models, these quantities are given by [23]:

RALS =
RT

2F2

√
τGDC

ǫGDCcvDvAspecr0

(
α f + αb

) , (A6)

and

τALS =
cVǫGDC

WAspecr0

(
α f + αb

) (A7)

Therein, cv is the concentration of the oxygen vacancies and Dv the vacancy diffusion coefficient.

W is the thermodynamic factor of the oxygen vacancies: W = − 1
2∂ ln(p(O2))/∂ ln(cV). The term r0(αf

+ αb) is proportional to the dependence of overpotential on the net oxygen exchange rate at the MIEC

surface or, in other words, inversely proportional to the ASRsurf.
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