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This study presents a physically-based model for the impedance simulation of the oxygen reduction reaction in
porous strontium-doped lanthanum manganite (LSM) cathodes. The model describes the surface mechanism
only, taking into account the co-limited adsorption/diffusion of oxygen and the charge-transfer reaction at the
three-phase boundary (TPB). After calibration with experimental impedance spectra, the model is used to iden-
tify the transition of kinetic regime from the surface to the bulk pathmechanism,which occurs at cathodic dc bias
of ca. 0.2 V within 700–800 °C. The transition is highlighted by a significant decrease in impedance and the ap-
pearance of a low-frequency inductive loop. The model consistently reproduces the impedance spectra before
the transition of kinetic regime with a single set of parameters, allowing for the deconvolution of two features,
one associated with the co-limited adsorption/diffusion process (ca. 5 Hz) and another minor contribution due
to the charge-transfer at the TPB (ca. 35 Hz). The model and its parameters, which quantitatively agree with
the literature, can be used as a basis to optimize the microstructural and surface properties of technical LSM-
based cathodes, showing that the TPB length is not the main parameter to be maximized.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are a promising technology to produce
electric power from the electrochemical conversion of a fuel. Besides
low emission of pollutants, fuel flexibility and capability to be scaled
up from kW to MW-range applications, SOFCs can operate in principle
with high efficiency of energy conversion [1–3]. However, especially
for intermediate and low temperature operation, the electrochemical
performance is still far from the theoretical upper bound of efficiency.
One of the causes of the non-optimal performance stems from the po-
larization resistance of the electrodes. In particular, in hydrogen-fuelled
SOFCs, the activation of the oxygen reduction reaction (ORR) in the
cathode represents the main source of energy loss [4,5]. Despite exten-
sive research in this field, the fundamentals of the ORR remain still un-
clear [4,6]. A thorough understanding of the kinetic mechanism would
allow researchers to optimize the catalytic and microstructural
ganite; ORR, oxygen reduction
d zirconia.
properties of electrodematerials in order to reduce the activation resis-
tance and thus improve the performance of the whole cell [7].

For one of the most studied and commonly used cathode mate-
rials such as strontium-doped lanthanum manganite (LSM), there
are several experimental indications suggesting two kinetic regimes
for the ORR: a surface path and a bulk path. In the surface path,
molecular oxygen is adsorbed onto the LSM and diffuses on the sur-
face towards the three-phase boundary (TPB), wherein it is incorpo-
rated into the electrolyte, which is typically yttria-stabilized zirconia
(YSZ). On the other hand, in the bulk path oxygen is reduced at the
LSM surface, then ions diffuse within the LSM grains or along grain
boundaries and reach the electrode/electrolyte interface. The transi-
tion between the two regimes depends on the operating tempera-
ture and the applied bias: the surface path is favoured at low
temperature (below ca. 700 °C) and low cathodic overpotential
(below ca. 0.2 V), while the bulk path at high temperature and high
cathodic overpotential [4,8–11].

Recently modelling studies [12–18] have emerged to provide a
mechanistic interpretation and quantitatively corroborate these exper-
imental evidences, providing deeper insights than those obtained from
the application of phenomenological equivalent circuits [19–21].
Nielsen and Hjelm [15] applied the porous electrode theory to interpret
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Fig. 1. Schematic representation of the surface path of the ORR considered by the model,
showing the co-limited adsorption/diffusion of oxygen on LSM followed by the charge-
transfer at the TPB at the electrolyte interface.
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the impedance spectra of composite LSM/YSZ cathodes over a wide
range of temperatures. Based on their analysis, the authors rejected
the adsorption and surface diffusion mechanism proposed in the litera-
ture. However, it must be mentioned that they used a non-physical ele-
ment, such as the constant phase element (CPE), to describe the ORR in
their de Levie model, thus they did not completely elucidate the reac-
tion mechanism. Liu and co-workers [12–14] published a series of pa-
pers presenting a physically-based numerical model taking into
account both the surface and bulk pathmechanisms. Themodel was ap-
plied to simulate both polarization curves and impedance spectra, fo-
cussing on the transition overpotential between surface path and bulk
path, identified between 0.2 and 0.4 V under cathodic bias. Despite the
valuable insights provided by these papers, further efforts are necessary
to estimate the parameters required by themodel. A valid study regard-
ing the parameter estimation wasmade by Fu et al. [16], who proposed
an impedancemodel of the surface path. Their model showed to consis-
tently fit the impedance spectra in LSM/YSZ electrodes for different mi-
crostructural characteristics and oxygen partial pressures, although
their results are limited to open circuit conditions. More recently,
Banerjee andDeutschmann [22,23] have considered two elementary ki-
netic models of the ORR, discussing about their validity and sensitivity
for composite LSM/YSZ cathodes.

Despite the good achievements reached so far, a detailed mechanis-
tic study on the transition of kinetic regimewith overpotential, support-
ed by experimental data in real LSM cathodes, is missing. In this study, a
combined experimental andmodelling study based on impedance spec-
troscopy (EIS) analysis is presented in order to quantitatively confirm
the transition from surface path to bulk path. The second part of this se-
ries of papers focuses on model development, mechanistic interpreta-
tion and identification of the transition overpotential. The model,
which is an extension of that proposed by Fu et al. [16] and is similar
to that developed by Kenney and Karan [17], which in turn is based
upon van Heuveln et al. [24,25], considers the surface path only and it
is kept as simple as possible to reduce the number of unknown
parameters.

The paper is organized as follows. In Section 2 themodel for the sim-
ulation of impedance spectra is described. The results of the study,
concerning model validation, discussion of parameters, mechanistic in-
terpretation of experimental data and identification of the transition of
kinetic regime, are presented in Section 3. The general conclusions of
the study are reported in Section 4.

2. Modelling

The model represents an extension of that proposed by Fu et al. [16]
and simulates only the surface path. The ORR mechanism is decoupled
into two steps: co-limited adsorption/diffusion of oxygen onto the elec-
tron-conducting phase and charge-transfer reaction at the TPB with the
electrolyte.

Fig. 1 provides a schematic illustration of the phenomena considered
by the model for a porous LSM electrode on YSZ electrolyte. Molecular
oxygen is adsorbed onto the surface of the LSM (i.e., the electron-
conducting phase el) following a dissociative adsorption mechanism:

O2 gð Þ ⇄2O el;sð Þ ð1Þ

Oxygen adatoms diffuse on the surface of the cathode and reach the
TPB at the electrolyte interface, wherein they undergo a charge-transfer
reaction with the electrons carried by the electronic conductor, as fol-
lows [17]:

O el;sð Þ þ 2e−elð Þ⇄O2−
ioð Þ ð2Þ

to form oxygen ions, which are incorporated into the electrolyte (i.e.,
the ionic conductor io, which is YSZ in this case).
These processes are mathematically described by the model, which
is presented in Sections 2.1 and 2.2 in time and frequency domains, re-
spectively. Before entering into the details, it is worth summarizing the
main assumptions of the model:

• the adsorption/desorption reaction follows a dissociative Langmuir ki-
netics [17];

• the Fick law is adopted to describe the surface diffusion of oxygen
adatoms [26];

• the charge-transfer reaction takes place at the TPB only and follows a
linear Butler-Volmer kinetics [27]. The elementary steps of the reac-
tion are not explicitly simulated in order to reduce the complexity of
the model. Nevertheless, the formation of reaction intermediates in
the charge-transfer reaction at the TPB is taken into accountwith a lin-
ear capacitance;

• electron transport and gas transport along the electrode thickness are
neglected as they are expected to bemuch faster than the adsorption/
diffusion process in the porous LSM electrodes considered in this
study;

• the electrode microstructure is not explicitly resolved, instead it is
treated as a continuum of LSM and porous phase. Material-specific
and microstructural properties are assumed to be uniform, resulting
in a 1D model along the cathode thickness;

• uniform temperature is considered in the model.

2.1. Model equations in time domain

This Section describes the model equations for EIS simulation of a
porous LSM electrode in time domain. In the model, the coordinate x
represents the distance from the electrolyte interface: the electrode/
electrolyte interface is located at x=0,while x= Lc represents the cath-
ode thickness (see Fig. 1). The list of symbols used during the model
derivation is reported at the end of paper.

The Faradaic contribution of the charge-transfer reaction is assumed
to occur at the TPB at x = 0, according to the Butler-Volmer kinetics
[27]:

iTPB ¼ i00
θ0

1−θ0

� �1−α

exp α
2F
RT

ηact

� �
− exp − 1−αð Þ2F

RT
ηact

� �� �
ð3aÞ

ηact ¼ −
RT
2F

ln
θeq
θ0

1−θ0
1−θeq

� �
− Vel−Vioð Þ ð3bÞ
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In Eqs. (3a) and (3b), a unitary activity of oxygen ions in the electro-
lyte is assumed [28]. On the other hand, the LSM surface is treated as an
ideal solution of free sites and oxygen adatoms, whose activity is thus
equal to aθ= θ / (1− θ) according to non-equilibrium thermodynamics
[26]. θ0 represents the surface coverage fraction of oxygen adatoms at
x = 0 while θeq is the surface coverage fraction in equilibrium with
the gas phase, that is, in open circuit condition (see Eq. (7)). The activa-
tion overpotential ηact, considered positive for cathodic current produc-
tion, takes into account the equilibrium potential difference [29], which
is basically a concentration contribution [30,31].

Since the electron transport is neglected, the difference – (Vel− Vio),
calculated at x = 0, represents the total overpotential applied to the
cathode ηcat. In EIS simulations, ηcat consists of a steady-state dc
overpotential ηbias and a sinusoidal ac perturbation Δηac·ejωt. In addi-
tion, as the activation overpotential is expected to be small, the Butler-
Volmer kinetics can be linearized to simplify the expression. Thus, Eqs.
(3a) and (3b) become:

iTPB ¼ i00
θ0

1−θ0

� �1−α 2F
RT

ηact ð4aÞ

ηact ¼ −
RT
2F

ln
θeq
θ0

1−θ0
1−θeq

� �
þ ηcat with ηcat ¼ ηbias þ Δηac � ejωt ð4bÞ

Within the electrode thickness, oxygen adsorbs onto the LSM surface
and then diffuses towards the electrolyte to take part to the charge-
transfer reaction at the TPB (see Fig. 1). According to Langmuir dissocia-
tive adsorption and Fick surface diffusion, the conservation of adsorbed
oxygen atoms along the electrode thickness results as follows:

Γavel
∂θ
∂t

¼ −
∂Nsurf

O

∂x
þ Γavelkdes KpO2 1−θð Þ2−θ2

� 	
ð5aÞ

Nsurf
O ¼ −ΓavelD

eff
s

∂θ
∂x

ð5bÞ

where Eq. (5b) represents the flux of oxygen adatoms per unit of elec-
trode area. In Eqs. (5a) and (5b) Γ is the number of adsorption sites
per unit of LSM surface area while ael

v is the LSM surface area exposed
to gas phase per unit of electrode volume. The effective diffusivity Ds

eff

in Eq. (5b) takes into account the surface diffusivity of oxygen adatoms
corrected for the surface tortuosity factor Ds

eff=Ds/τs [32].
Eqs. (5a) and (5b) are coupled with the following boundary condi-

tions that, along with Eqs. (4a) and (4b), close the mathematical prob-
lem:

x ¼ 0 : Nsurf
O ¼ −

iTPBλs
TPB

2F
−

cTPBλs
TPB

2F
∂ηact
∂t

ð6aÞ

x ¼ Lc : Nsurf
O ¼ 0 ð6bÞ

Eq. (6a) states that the flux that reaches the TPB is converted into
two contributions: a Faradaic contribution, which is related to the
charge-transfer reaction Eq. (4a), and a capacitive contribution, which
takes into account the formation of reaction intermediates at the TPB,
proportional to the time derivative of the activation overpotential. cTPB
in Eq. (6a) is a lumped parameter to take into account the buffer effect
of reaction intermediates associated with the charge-transfer reaction
at TPB, which is expected to occur in a multi-step process. Both the Far-
adaic and capacitive contributions are assumed to be proportional to
λTPB
s , which is the TPB length per unit of interfacial area between elec-

trode and electrolyte.
Finally, the equilibrium surface coverage θeq at open circuit equilibri-
um in Eq. (4b) is calculated according to the Langmuir equilibrium [16]:

θeq ¼
ffiffiffiffiffiffiffiffiffiffiffi
KpO2

p
1þ ffiffiffiffiffiffiffiffiffiffiffi

KpO2
p ð7Þ

The current circulating in the cathode at the electrode/electrolyte in-
terface is equal to the electrochemical contribution due to Eq. (6a) plus
the current associated with the electric double-layer capacitance be-
tween LSM and YSZ as follows:

I ¼ −Nsurf
O

���
x¼0

2F þ cdla
s
dl
∂ Vio−Velð Þ

∂t
ð8Þ

The system of Eqs. (4a)–(6b) can be solved at steady-state by
neglecting all the time-dependent terms in order to obtain the electrode
response to the dc overpotential ηbias. The steady-state solution, repre-
sented with a bar sign, satisfies the following equations:

0 ¼ −
dN

surf
O

dx
þ Γavelkdes KpO2 1−θ

� 
2
−θ

2
� 	

ð9aÞ

N
surf
O ¼ −ΓavelD

eff
s

dθ
dx

ð9bÞ

x ¼ 0 : iTPB ¼ i00
θ0

1−θ0

 !1−α
2F
RT|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1=rTPB

ηact ¼
ηact
rTPB

ð10aÞ

ηact ¼ −
RT
2F

ln
θeq
θ0

1−θ0
1−θeq

 !
þ ηbias ð10bÞ

N
surf
O ¼ −

iTPBλs
TPB

2F
ð10cÞ

x ¼ Lc : N
surf
O ¼ 0 ð11Þ

and allows for the calculation of the dc current density circulating in the
cathode upon the application of the bias ηbias, as follows:

I ¼ −N
surf
O

���
x¼0

2F ¼ iTPBλs
TPB ð12Þ

The steady-state solution provides some interesting insights. For ex-
ample, Eq. (10b) can be rearranged as follows:

ηbias ¼ ηact þ
RT
2F

ln
θeq
θ0

1−θ0
1−θeq

 !
ð13Þ

In this form, Eq. (13) shows that the applied dc overpotential ηbias is
split into two contributions [30]: an electrochemical contribution, equal
to the activation overpotential ηact , which activates the charge-transfer
reaction, and a concentration contribution, equal to the equilibrium po-
tential difference, which is indicative of the potential loss associated
with the adsorption/diffusion process. The relative proportion between
these two contributions indicates if the total energy loss in the ORR is
mainly due to the charge-transfer reaction or to the adsorption/diffu-
sion process.

In Eq. (10a), the term in curly bracket represents the inverse of the
charge-transfer resistance referred per unit of TPB length rTPB. Notably,
rTPB depends on θ0 for α ≠ 1, which in turn depends on the applied dc
bias. In particular, for α b 1 rTPB increases as θ0 decreases. θ0 decreases
as the applied dc bias increases since oxygen adatoms are removed
from LSM surface by the charge-transfer reaction, thus rTPB increases

as ηbias increases and becomes infinite when θ0 approaches 0, which



Zads/diff

Cdl

CTPB

RTPB

Fig. 2. Schematic representation of model equations representing the impedance
contributions of surface path of the ORR mechanism. Note that this circuit is not used to
compute the impedance, which is obtained by solving numerically the system of Eqs.
(5a)–(11) and (15a)–(19).

Table 1
Microstructural and geometrical properties of the LSM porous electrode sintered at
1150 °C.

Parameter Value Reference

Thickness, Lc 2.7 μm Image analysis, Part 1
Porosity, ϕ 0.337 Image analysis, Part 1
Mean particle size, dpart 2 μm Image analysis, Part 1
TPB per unit area, λTPB

s 0.849 μm−1 Numerical reconstruction,
this study

Interfacial area per unit area, adls 0.669 Numerical reconstruction,
this study

Surface area per unit volume, aelv 1.106 μm−1 Numerical reconstruction,
this study

Surface tortuosity factor, τs 2.496 Zalc et al. [32]
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corresponds to the limiting current density that can be drawn by the ad-
sorption/diffusion surface path. This point is further discussed in Section
3.3, especially in Fig. 9.

2.2. Model equations in frequency domain

The mathematical system represented by Eqs. (4a)–(6b) is convert-
ed in this Section in frequency domain in order to compute the imped-
ance of the electrode.

Consider a small sinusoidal perturbation Δηac to the cathode
overpotential (see Eq. (4b)), applied as a boundary condition. Such a
perturbation produces small perturbations of Δθ, Δηact, ΔiTPB, ΔNO

surf

and, ultimately, a current perturbation ΔI. For the generic variable ζ
the perturbation Δζ is defined as the local deviation from the steady-
state solution as follows [33,34]:

ζ−ζ ¼ δζ � ej ωtþϕð Þ ¼ Δζ � e jωt with δζbbζ ð14Þ

By applying Eq. (14) into the system of Eqs. (4a)–(6b), after linear
Taylor expansion and upon subtraction of the steady-state solution
[35], the system of equations in frequency domains results as follows:

jωΓavelΔθ ¼ −
dΔNsurf

O

dx
−2kdesΓavel KpO2 þ θ 1−KpO2ð Þ� 


Δθ ð15aÞ

ΔNsurf
O ¼ −ΓavelD

eff
s

dΔθ
dx

ð15bÞ

x ¼ 0 : ΔiTPB ¼ i00
θ0

1−θ0

 !1−α
2F
RT

Δηact

þ i00
1−αð Þ

θ0
1−θ0

� 	α
1−θ0
� 
2 2FRT ηactΔθ0 ð16aÞ

Δηact ¼
RT
2F

1
θ0 1−θ0
� 
Δθ0 þ Δηac ð16bÞ

ΔNsurf
O ¼ −

ΔiTPBλs
TPB

2F
− jω

cTPBλs
TPB

2F
Δηact ð16cÞ

x ¼ Lc : ΔNsurf
O ¼ 0 ð17Þ

where the terms of order equal or higher than Δζ2 have been neglected.
The current perturbation can be calculated from the conversion of

Eq. (8) in frequency domain as follows:

ΔI ¼ −ΔNsurf
O

���
x¼0

2F þ jωcdla
s
dlΔηac ð18Þ

The impedance of the cathode is calculated bydividing the ac voltage
perturbation by the current perturbation:

Z ωð Þ ¼ ZRe ωð Þ þ jZIm ωð Þ ¼ Δηac
ΔI

ð19Þ

which can be calculated for different frequencies f, where f=ω/(2π). Fi-
nally, the ohmic resistance of the electrolyte is added in series to directly
compare model results with experimental data.

The system in frequency domain Eqs. (15a)–(19) depends on the
steady-state solution θ (see Eqs. (15a), (16a) and (16b)), or, in other
words, the impedance Z depends on the applied dc bias ηbias. For each
applied dc bias ηbias, first the steady-state solution is computed by solv-
ing Eqs. (9a)–(11), then Eqs. (15a)–(19) are solved for each frequency
to compute the impedance of the cathode. The commercial finite-ele-
ment software COMSOL Multiphysics [36] is used in this study to per-
form the numerical simulations.
The impedance of the electrode can be schematized by the equiva-
lent circuit represented in Fig. 2. It is noteworthy that the equivalent cir-
cuit provides only a pictorial representation of the different
contributions of electrode impedance and it is not used to compute
the impedance. Indeed, the value of the elements in the circuit must
be calculated numerically, as both Zads/diff and RTPB depend on frequency
and applied dc bias in a complex way which cannot be represented
analytically.
3. Results and discussion

3.1. Microstructural parameters

The model presented in Section 2 contains parameters such as λTPBs ,
adl
s , aelv , τs and Lc which are related to the microstructure of the cathode.

These parameters are obtained by numerically reconstructing the elec-
trodemicrostructurewith a validated packing algorithm,with input pa-
rameters obtained from SEM images. For a comprehensive description
of the microstructural model the reader is referred to Refs. [37–39]
and to Part 1 for SEM images.

The list of microstructural parameters used in the model and in the
reconstruction is reported in Table 1. The thickness, porosity and
mean particle size of LSM particles are obtained from the image analysis
of polished cross-sections and top views of the electrode. This informa-
tion represents the input parameters of the microstructural model,
which estimates the TPB length and interfacial area, as well as the sur-
face area of LSM per unit volume. The surface tortuosity factor τs is esti-
mated according to Zalc et al. [32].

The microstructural parameters refer to the cathode sintered at
1150 °C analysed in Part 1, whose impedance is discussed in the follow-
ing Sections.



Fig. 3. Calibration of the model (lines) with experimental data (circles) for different
temperatures at OCV and pO2 = 0.21 atm.
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3.2. Calibration of the model

The model is calibrated at OCV by comparing model simulations
with experimental EIS datameasured at different temperatures and ox-
ygen partial pressures. The calibration allows for the fitting of the un-
known material-specific parameters of the ORR, which are kdes, K, Ds,
i00, cTPB, α and Γ (see Table 2). Except for α and Γ, which are assumed
to be constant in all the experimental conditions, the other parameters
are expected to depend on temperature while being independent of ox-
ygen partial pressure. In this study, the unknown parameters are fitted
according to a global calibration approach. This means that model pa-
rameters are not tuned to fit each single impedance spectrum, instead
a global fitting of all the spectra is searched by allowing kdes, K, Ds, i00
and cTPB to vary with temperature while being constant with different
pO2. While this global calibration approach does not allow the model
to perfectly reproduce the experimental data in each impedance spec-
trum, it guarantees the self-consistency of the fitting throughout all
the data set. A complex non-linear least square fitting is used to mini-
mize the sumof squared residuals, weighted for the reciprocal of the ex-
perimental magnitude of impedance [40].

The calibration of the model for different temperatures at OCV and
pO2 = 0.21 atm is reported in Fig. 3. The polarization resistance of the
electrode, which is comparable to that reported in similar studies [25,
41], is high because the cathode is not optimized for performance,
such as a composite LSM/YSZ electrode would be. Employing a porous
LSM cathode with a relatively simple microstructure simplifies the
model calibration because the impedance contribution of the ORR ki-
netics is amplified in the EIS data. This experimental setup allows the
model to focus on the ORR kinetics only, thus avoiding any ambiguity
in the deconvolution of the additional charge and mass transport phe-
nomena that would be present in a composite LSM/YSZ cathode for
technically relevant applications.

In the whole range of temperatures (700–800 °C), the experimental
impedance shows a depressed shape. Especially at 700 °C, the imped-
ance resembles the sumof two different contributions: a smaller contri-
bution at medium frequency and a bigger one at low frequency. The
presence of two impedance contributions is supported by model simu-
lations in the next Section (see Fig. 10). As the temperature increases,
both the contributions shrink, thus the total polarization resistance de-
creases as also reported in the literature [4,8,42]. The contribution of the
low-frequency feature shrinks faster than that at medium frequency,
and at 800 °C the two contributions have a rather similar magnitude,
resulting in a single depressed shape. The characteristic frequency of
the cathode falls between 0.5 and10Hz,which is consistentwith the lit-
erature [4,16,17,41,43,44], and increases as temperature increases,
meaning that the physical-chemical processes that build up the imped-
ance become faster as temperature increases.

The impedance spectra for different oxygen partial pressures are re-
ported in Fig. 4 at OCV and 750 °C. As the oxygen partial pressure de-
creases, the polarization resistance increases, as often reported in the
literature [4,16,43]. In particular, while the impedance is almost unaf-
fected in the high frequency range, the low-frequency feature increases
as pO2 decreases.
Table 2
Material-specific parameters fitted on experimental spectra with the model as a function
of temperature. The values of activation energy Eact in brackets refer to trends not properly
linear in the Arrhenius plot (see Fig. 5).

Parameter 700 °C 750 °C 800 °C Eact [kJ/mol]

kdes [1/s] 0.648 4.569 9.471 (234)
K [1/Pa] 2.0·10−4 1.0·10−4 0.55·10−4 −112
Ds [m2/s] 3.0·10−13 6.0·10−13 10.3·10−13 106
i00 [A/m] 0.99·10−4 1.36·10−4 2.28·10−4 72
cTPB [F/m] 2.28·10−5 1.35·10−5 1.62·10−5 (−30)
α [−] 0.75 0.75 0.75 /
Γ [mol/m2] 4·10−4 4·10−4 4·10−4 /
The experimental data reported in Figs. 3 and 4 are used to calibrate
the model by fitting the unknown parameters of the ORR. As shown
with solid lines, the model reproduces reasonably well the shape, char-
acteristic frequency as well as temperature- and pO2-dependences ob-
served experimentally in the whole range of conditions investigated.
Experimental data are not exactly reproduced by simulation results
for two main reasons: i) the model represents a simplified description
of reality (e.g., the microstructure is not homogeneous, the transport
and reaction mechanisms may be more complex than those assumed)
with the minimum number of fitting parameters, and ii) a global cali-
bration approach is performed with a single set of parameters for all
the spectra analysed, without searching for the best fit of each single
spectrum. Despite these inaccuracies, the experimental trends are con-
sistently and quantitatively reproduced by the model.

The parameters fitted in the calibration are reported in Table 2 and
reproduced in Fig. 5 as a function of temperature. The kinetic parame-
ters kdes and i00 increase as temperature increases, as well as the surface
diffusivity of oxygen adatoms Ds. Since kinetic and transport phenome-
na are expected to be thermally-activated processes, this result is rea-
sonable. On the other hand, the equilibrium constant of oxygen
adsorption K decreases as temperature increases, which is plausible be-
causemolecular oxygen is expected to be less prone to adsorb and stick
on LSM as its thermal energy increases. The capacitance cTPB remains al-
most constant with temperature and does not show a clear trend. How-
ever, since cTPB is a lumped parameter taking into account all the
Fig. 4. Calibration of the model (lines) with experimental data (circles) for different
oxygen partial pressures at OCV and 750 °C.



Fig. 5. Arrhenius plot of the fitted parameters reported in Table 2.
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capacitive contributions related to reaction intermediates in the charge-
transfer reaction at TPB, an intuitive temperature-dependence is not
necessarily expected. Finally, both the number of adsorption sites per
unit of LSM surface Γ and the transfer coefficient α remain constant
with temperature.

The effect of the electric double layer capacitance cdl on model sim-
ulations is reported in Fig. 6. The figure shows the simulated Nyquist
plot for two limit values: cdl =0 F/m2, i.e., no double-layer capacitance,
and cdl = 0.85 F/m2, as reported by Huber et al. [8]. Note that
Mitterdorfer and Gauckler [41] report an intermediate value of cdl
equal to 0.13 F/m2. As shown in Fig. 6, the difference between the two
simulated spectra is minimal, meaning that in the operating conditions
considered in this study the contribution of the electric double-layer is
negligible and can be omitted. In other words, cdl cannot be fitted with
reasonable precision on the EIS spectra analysed above. For these rea-
sons, in all the simulations cdl is set equal to 0 since simulation results
are not significantly affected by this choice.

The parameters fitted during the calibration are compared with
those obtained by Fu et al. [16] in composite LSM/YSZ cathodes. The spe-
cific parameters of the adsorption/diffusion process kdes, Ds and K are in
good agreement with the values reported by Fu et al. [16] as they fall
within the same order of magnitude. In addition, the boundary layer
Fig. 6. Effect of electric double layer capacitance cdl on simulated results at OCV, 750 °C and
pO2=0.21 atm. The simulated impedance is almost unaffected by the value of the double
layer electric capacitance.
length lδ, which is the characteristic length representing the penetration
of the adsorption/diffusion process and calculated as follows:

lδ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ds

2kdes
ffiffiffiffiffiffiffiffiffiffiffi
KpO2

p
s

ð20Þ

is equal to 0.224 μm at 800 °C and pO2 = 0.21 atm, which is similar to
0.29 μmestimated by Fu et al. [16]. In spite of the differentmicrostructure
and fabrication process of the cathodes analysed in the two studies, the
material-specific parameters of the ORR inferred from the EIS fitting are
reasonably similar. It is not possible to compare i00 and cTPB as Fu et al.
[16] modelled the charge-transfer reaction at the TPB with a lumped
R//C element.

Finally, it is interesting to test the predictability of the model in ho-
mogeneous composite LSM/YSZ cathodes. For the sake of conciseness,
the comparison is limited to the polarization resistance calculated at
OCV only. Under this equilibrium condition, the system of Eqs.
(15a)–(19) can be solved analytically to evaluate the charge-transfer re-
sistance rTPB and the resistance of the adsorption/diffusion process rads/
diff per unit length. By using this solution in a transmission line model
[15], which considers the effective conductivity of the YSZ particles in
the composite electrode σio

eff while neglects gas transport and the elec-
tronic resistivity of LSM, the following expressions are obtained for the
polarization resistance of a composite homogeneous LSM/YSZ cathode:

Rp ¼ lσ
σeff

io

coth
Lc
lσ

� �
ð21aÞ

lσ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σeff

io rTPB þ rads=diff
� 


λv
TPB

s
ð21bÞ

rads=diff ¼
RT

2Fð Þ2
1þ ffiffiffiffiffiffiffiffiffiffiffi

KpO2
p� 
2ffiffiffiffiffiffiffiffiffiffiffi
KpO2

p lδ
ΓDs

coth
Ls
lδ

� �
ð21cÞ

where rTPB is calculated according to Eq. (10a) (with θ0 ¼ θeq) and lδ ac-
cording to Eq. (20). In Eq. (21b) λTPBv represents the TPB density per unit
volume while in Eq. (21c) Ls is the half-distance between two TPBs on
the surface of an LSM particle in the composite cathode [16]. In particu-
lar, Ls can be estimated as Ls = ael

v /λTPBv .
Thepredictions of Eqs. (21a)–(21c) are comparedwith thepolarization

resistance of composite LSM/YSZ cathodes produced and tested by
Barbucci et al. [43]. The microstructural properties of the composite elec-
trode are estimated according to theparameters andpercolationmodel re-
ported by Bertei et al. [45] while the material-specific parameters of the
ORR are taken fromTable 2. For a 45 μm-thick composite LSM/YSZ cathode
at OCV in air, the model predicts Rp = 0.73 Ω cm2 (700 °C), 0.34 Ω cm2

(750 °C) and0.21Ω cm2 (800 °C),which are in fair agreementwith the ex-
perimental values equal to 1.03Ω cm2 (700 °C), 0.58Ω cm2 (750 °C) and
0.24Ω cm2 (800 °C), respectively. The inaccuracies in the prediction of Rp
aremainly attributed to the rough estimation of themicrostructural prop-
erties σio

eff, λTPBv and Ls of the composite LSM/YSZ cathode. Therefore, the
predictability of the model when applied to technical electrodes can be
considered satisfactory. A comprehensive discussion about the application
of the model to composite LSM/YSZ cathodes is out of the scope of the
paper and will be subject of further investigations.

Hence, this study confirms the goodness of the model proposed by
Fu et al. [16] and provides further insights by decoupling the charge-
transfer contribution with a physically-based description and by
reporting the temperature dependence of the parameters. The sound-
ness of the parameters and their reasonable temperature dependence,
the good agreement with values obtained by other manufacturers
with different fabrication techniques, the applicability to composite
electrodes as well as the good reproduction of impedance spectra for



Fig. 8. Impedance for different applied bias at 750 °C and pO2 = 0.21 atm as predicted by
the model in comparison with experimental data.
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different temperatures and oxygen partial pressures with a single set of
parameters corroborate the validity of themodel proposed in this study.

3.3. Transition of kinetic regime with applied dc bias

After the calibration and comparison with the literature, the model is
used in this Section to predict the impedance for different applied dc
overpotentials and thus to detect the transition of kinetic regime by com-
parison with experimental data, which is the main output of this study.

Figs. 7 and 8 report the prediction of the model for different applied
dc bias ηbias at 700 and 750 °C, respectively, in comparison with exper-
imental data. It is noteworthy that due to the ohmic resistance of the
electrolyte, the dc overpotential applied to the electrode ηbias is smaller
than the total dc overpotential applied to the cell ηtot, which ismeasured
experimentally between working electrode and reference electrode.
The evaluation of ηbias from themeasured ηtot is reported in Appendix A.

The first interesting result concerns the change in impedance as the
total dc bias increases from 0.0 to 0.1 V. In the experimental data, at
700 °C the polarization resistance slightly decreases as the bias increases
from0.0 to 0.1 V at 700 °C (Fig. 7); conversely, the impedance significant-
ly increases at 750 °C (Fig. 8). Without adjusting any parameters, the
model reproduces these opposite behaviours fairly well at both the tem-
peratures. In addition to the positive indications already discussed in
Section 3.2, this satisfactory comparison with experimental data under
current provides a further confirmation of the validity of the model.

The model can be used to provide a mechanistic explanation to the
opposite trends observed in experimental data. Fig. 9 shows the simu-
lated profiles of oxygen coverage fraction for different dc overpotentials
at 700 and 750 °C. As the dc bias ηbias increases, oxygen adatoms are
consumed along the cathode thickness to take part to the charge-trans-
fer reaction at the TPB. The more oxygen adatoms are consumed, the
moremolecular oxygen is adsorbed according to the adsorption kinetics
(see Eq. (5a)). As long as ηbias is small there is sufficient adsorbed oxy-
gen to diffuse and take part to the charge-transfer reaction at the TPB,
thus the increased adsorption kinetic rate leads to a global reduction
in polarization resistance, as shown in the inset of Fig. 9a at 700 °C. How-
ever, as ηbias increases, oxygen is depleted from the surface of LSM (see
Fig. 9) and the surface diffusion becomes limiting, thus resulting in an
increase in polarization resistance. The minimum of polarization resis-
tance as a function of ηbias depends on θeq, which in turn depends on K
(see Eq. (7)), which increases as T decreases (see Table 2 and Fig. 5).
Thus, the trends of Rp as a function of ηbias for low dc overpotentials in
the insets of Fig. 9, associated to the counterbalance between improved
adsorption and surface diffusion limitation, explainwhy the experimen-
tal impedance at 700 °C slightly decreases (Fig. 7) while at 750 °C in-
creases (Fig. 8) as the total overpotential increases from 0.0 to 0.1 V.
Fig. 7. Impedance for different applied bias at 700 °C and pO2 = 0.21 atm as predicted by
the model in comparison with experimental data.
However, Figs. 7 and 8 show that for ηtot=0.2 Vmodel simulations de-
viate from the experimental impedance: while the simulated impedance
continues to increase, the experimental data show a decrease in polariza-
tion resistance and the appearance of an inductive loop at low frequency.
This disagreement is attributed to the transition from surface path to bulk
path, which is not considered in the model, as explained in the following.

As already discussed in Fig. 9, as the dc bias increases, oxygen is deplet-
ed from LSM surface. Eventually, considering the surface path only, a
Fig. 9. Simulated surface coverage of oxygen adatoms along electrode thickness for
different applied dc biases ηbias (from 0.00 V to 0.20 V every 0.04 V). In the inset, the
electrode polarization resistance as a function of the dc bias as resulting from
simulation. The operating conditions are pO2 = 0.21 atm and a) 700 °C, b) 750 °C.
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limiting current is reached as θ0 approaches 0 at the electrode/electrolyte
interface, as also proposed by Gong et al. [12]. In such a case, the imped-
ancewould continue to increase, resulting in an increase in polarization re-
sistance as shown in the inset of Fig. 9. Fig. 10 provides additional
information based on model simulations: as ηtot increases, the simulated
impedance increases. In particular, simulations show that the impedance
is decoupled into two contributions, as already postulated in Section 3.2:
a low-frequency contribution, which is due to the co-limited adsorption/
diffusion process, and a medium-frequency contribution, which is related
to the charge-transfer reaction at the TPB. Fig. 10 shows that, as the dc
bias increases, the adsorption/diffusion process becomes dominant and
surface diffusion cannot supply oxygen adatoms to the TPB, resulting in a
limiting current, as also reported by Gong et al. [12].

However, while themodel predicts a limiting current and an increase
in impedance, experimental data in Figs. 7 and 8 show a decrease in po-
larization resistance. This can be explained by considering the activation
of a parallel reaction mechanism, such as the bulk path, which is able to
supply oxygen ions to the electrolyte even when the surface path is in
limiting conditions [12]. The transition to the bulk mechanism at ηtot =
0.2 V is indicated not only by the decrease in impedance, but also by
the presence of an inductive loop at low frequency at both 700 and
750 °C in Figs. 7 and 8, which has been reported by other researchers
too under cathodic bias [46,47]. It is unlikely that the inductive loop be
an artefact due to themisalignment of the reference electrode [48,49] be-
cause a design specifically meant to avoid such a problemwas used [50],
as discussed in Part 1. The activation of a parallel bulk path capable to
drive the current for cathodic bias larger than 0.2 V has been suggested
in several studies [4,12,47,51]. More importantly, Pakalapati et al. [14]
showed that, when simulating both the surface and bulk mechanisms,
an inductive loop at low frequency appears in the proximity of the tran-
sition between the two regimes, in agreement with the experimental
data reported in Figs. 7 and 8. Despite model parameters and operating
conditions simulated by Pakalapati et al. [14] may differ from those
used in the experiments reported in this study, this is a further indication
regarding the transition of kinetic mechanism as the dc bias increases.

Hence, the application of the model presented in Section 2 allowed
for the identification of the transition of kinetic regime in the ORR in
LSM, which occurs whenmodel simulations diverge from experimental
data. Considering that the model provides consistent results for differ-
ent temperatures, oxygen partial pressures and low dc overpotentials
(Figs. 3, 4, 7 and 8), there are sound indications that the disagreement
between simulations and experimental data may be due to the activa-
tion of the parallel bulk path, which is also supported by the presence
of an inductive low-frequency feature in experimental data.
Fig. 10. Decoupling of impedance with the model for different ηtot at 750 °C and pO2 =
0.21 atm.
4. Conclusions

This study presented a physically-based model of the surface path
mechanism of the oxygen reduction reaction in LSM porous electrodes
for the mechanistic simulation of impedance spectra.

Themodelwas calibrated tofit thematerial-specific parameters of the
reaction with impedance spectra measured in the range of temperature
700–800 °C and oxygen partial pressure 0.10–0.21 atm. The fitted mate-
rial-specific parameters showed reasonable trendswith temperature and
agreedwith previous research reported in the literature [16]. Model sim-
ulations allowed for themechanistic deconvolution of two features in the
impedance spectra: a low-frequency feature at ca. 5Hz, due to the co-lim-
ited adsorption/diffusion of oxygen adatoms onto LSM, and a smallerme-
dium-frequency feature at ca. 35 Hz, associated with the charge-transfer
reaction at the three-phase boundary with the YSZ electrolyte.

The comparison of model simulations with experimental data at dif-
ferent applied dc overpotentials allowed for the quantitative identifica-
tion of the transition of kinetic regime, form surface to bulk path, which
occurred at ca. 0.2 V, in agreementwith the indications reported in the lit-
erature [4,12,47,51]. In particular, the transition is highlighted by a signif-
icant decrease in polarization resistance and the appearance of a low-
frequency inductive loop in experimental data. Simulations showed
that, as the dc bias increases, the surface diffusion cannot supply enough
adsorbed oxygen to the TPB, which would result in a limiting current if
the bulk path were not activated.

Themechanistic insight provided by themodel and its set of parame-
ters estimated in this study promote a fundamental understanding of the
physical-chemical phenomena of the oxygen reduction reaction. This
may help the optimization of technical LSM-based composite electrodes,
which normally operate at relatively low dc bias, that is, in surface path
regime. In particular, since the adsorption/diffusion process is the major
polarization contribution at low dc bias, a significant increase in perfor-
mance is expected from the enhancement of the surface properties
of LSM, as also suggested by Gong et al. [12,13] and Banerjee and
Deutschmann [23]. So far the optimization of composite cathodes has
mainly focused on the maximization of the TPB length [52,53]. On the
other hand, this study suggests that other microstructural parameters
and physical properties related to LSM surface are more important than
the TPB length, such as the characteristic length of the adsorption/
diffusion process, the surface diffusivity of oxygen adatoms and
the adsorption constant. Optimizing these parameters may improve
the performance of LSM-based electrodes beyond what is achieved
so far, making them attractive also for intermediate temperature
operation. The model proposed in this study can be used as a design
tool to accomplish this goal.
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Appendix A. Calculationof dc bias from the total applied overpotential

This section summarizes the procedure used to calculate the dc
overpotential ηbias applied to the electrode from impedance spectra,
by removing the resistance contribution of the electrolyte from the
total overpotential ηtot between working electrode and reference
electrode.

Consider a series of two resistancesR1 andR2 as in Fig. A1a. The current
I circulates in the system under the total voltage V, which is split into V1
and V2. For any given current, the total voltage can be expressed as:

V ¼ V1 þ V2 ¼ R1I þ R2I ðA1Þ



Fig. A1. a) Circuit of two resistances in series. b) Example of impedance spectrum of the
circuit, in which the derivatives Z1 = dV1/dI and Z2 = dV2/dI for each V can be
unambiguously identified.
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Note that R1 and R2 may not be constant values, for example, they
may depend on the current I.

By differentiating V for I, the following relationship is obtained:

Z ¼ dV
dI

¼ dV1

dI
þ dV2

dI
¼ Z1 þ Z2 ðA2Þ

where Z, Z1 and Z2 represent the derivatives of voltage with current.
Again, note that Z, Z1 and Z2maynot be constant values andmay depend
on I.

The problem can be stated as follows: known Z, Z1 and Z2 for each V,
the unknowns V1, V2 and I must be determined.

First the following definition is considered:

V2 Ið Þ ¼
Z I

0

dV2

dI
dI ¼

Z I

0
Z2dI ðA3Þ

Then, by considering from Eq. (A2) that dI=dV/Z, the integral in Eq.
(A3) becomes as follows:

V2 Ið Þ ¼ V2 Vð Þ ¼
Z V

0

Z2

Z
dV ðA4Þ

Eq. (A4) means that if the dependence of Z2/Z as a function of V is
known, for example from the analysis of impedance spectra as in Fig.
A1b, where there is a clear separation between the two contributions,
the voltage V2 experienced by the (unknown) resistance R2 can be de-
termined for each V from Eq. (A4). Then, V1=V−V2. Note that the
relationship Z2/Z as a function of V may be known point-wise: in such
a case, the integralmust be solvednumerically, for example, by integrat-
ing a cubic spline linking the data points.

The procedure here described is used in this study by replacing V
with ηtot and V2 with ηbias
Notation

ael
v surface area per unit volume of electron-conducting phase

(1/m)
adl
s interfacial area between LSM and YSZ per unit of electrode

area (−)
cdl double-layer capacitance (F/m2)
cTPB lumped capacitance of the charge-transfer reaction at TPB

(F/m)
Ds surface diffusivity of oxygen adatoms (m2/s)
f frequency (Hz)
F Faraday constant (C/mol)
I current density (A/m2)
i00 exchange current density per unit of TPB length (A/m)
iTPB current density per unit of TPB length (A/m)
j imaginary unit (−)
K thermodynamic constant of oxygen adsorption/desorption

equilibrium (1/Pa)
kdes kinetic constant of desorption reaction (1/s)
Lc cathode thickness (m)
Ls half-distance between two TPBs on the surface of an LSMpar-

ticle in composite cathodes (m)
lδ characteristic length of the adsorption/diffusion process (m)
lσ characteristic length of the ORR/conduction process in com-

posite cathodes (m)
NO
surf molar flux of oxygen adatoms (mol/(m2 s))

pO2 oxygen partial pressure (Pa)
R gas constant (J/(mol K))
rads/diff resistance of the adsorption/diffusion process per unit length

(Ω m)
Rp polarization resistance (Ω m2)
rTPB charge-transfer resistance referred per unit of TPB length

(Ω m)
t time (s)
T temperature (K)
Vel electric potential of the electron-conducting phase (V)
Vio electric potential of the ion-conducting phase (V)
Z impedance (Ω m2)
x coordinate along cathode thickness (m)

Superscripts
eff effective

Subscripts

0 electrode/electrolyte interface (x = 0)
el electron-conducting phase (LSM)
eq equilibrium condition
io ion-conducting phase (YSZ)

Greek letters

α transfer coefficient (−)
Γ number of adsorption sites per unit of LSM surface area

(mol/m2)
Δζ ac perturbation of variable ζ
ζ steady-state solution of variable ζ
ηact activation overpotential (V)
ηbias dc overpotential applied to the electrode (V)
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ηtot dc overpotential applied to the electrode and electrolyte (V)
θ surface coverage fraction of oxygen adatoms (−)
λTPBs TPB length per unit of electrode/electrolyte area (1/m)
λTPBv TPB length per unit volume in a composite electrode (1/m2)
σ conductivity (S/m)
τs surface tortuosity factor (−)
ω angular frequency (Hz)
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