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A distributed charge transfer model for IT-SOFCs with MIEC electrolyte and composite electrodes is developed. A physically-based
description of the electronic leakage current in the electrolyte is included, together with mass and charge conservation equations.
The model is applied to simulate experimental polarization curves and impedance spectra collected on IT-SOFCs consisting of
SDC electrolytes, Cu-Pd-CZ80 infiltrated anodes and LSCF/GDC composite cathodes. Hydrogen electro-oxidation experiments are
examined (H,/Nj humidified mixtures, 700°C, 30-100% H; molar fraction). A significant increase of the ohmic resistance measured
in the impedance spectra is revealed at decreasing the Hy partial pressure or increasing the voltage (from 0.71 € cm? at 100% Hj
to 0.81 © cm? at 30% Hy). Good agreement between the calculated and experimental polarization and EIS curves is achieved by
fitting the exchange current density and the capacitance of each electrode. Model and theoretical analyses allow to rationalize the
observed shift of the ohmic resistance, highlighting the key-role played by the electronic leakage current. Overall, the model is able
to capture significant kinetic features of IT-SOFCs, and allows to gain insight into relevant parameters for the optimal design of the
cell (electrochemically active thickness, current and potential distribution, mass diffusion gradients).
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Samaria doped Ceria (SDC) and Gadolinia doped Ceria (GDC)
are reference electrolyte materials for intermediate temperature solid
oxide fuel cell (IT-SOFC) applications, thanks to their high ionic con-
ductivity between 500°C and 700°C.!"> Associated to a high ionic
conductivity, however, these materials show mixed ionic and elec-
tronic conductive (MIEC) properties, and their electronic conductivity
increases when exposed to reducing atmospheres. The MIEC charac-
ter of the electrolyte, in turn, results in the onset of electronic leakage
currents (or short circuit currents) and low open-circuit voltage values.
The leakage current has a chemical origin and is due to the partial re-
duction of Ce** ions to Ce** ions, prompted by the different chemical
potential at the electrodes: this current is active also in the absence of
an electric field applied on the cell, since it stems from the sponta-
neous transfer of ions across the lattice structure. As a consequence,
the effects of the leakage current are not confined to the electrolyte,
but extend to the electrodes, and entail a complex relationship with the
current drawn from the cell.® Deeper insight can therefore be achieved
by mathematical modeling.

In the literature, comprehensive models can be found, which take
into account the MIEC properties of Ce-based electrolytes. Starting
from continuum rigorous descriptions, a series of models has been
derived for the prediction of impedance spectra collected on MIEC
electrolytes, the most important examples being those by Jamnik and
Maier,’ by the group of Haile®® and by Atkinson et al.'” These models
propose closed-form, equivalent circuit-like equations, which allow to
calculate several relevant parameters of mixed conductors by fitting
the spectra, such as the activation energy, the conductivity and the
mobility of the ionic and electronic transport processes, the enthalpy
and the entropy of reduction, the electrolytic domain boundary, the
chemical capacitance, as well as the concentration of the electronic
carriers. The experimental and model results concurrently show that
the electrical conductivity of the electrolyte leads to modifications of
the measured ohmic resistance, as well as of the shape of the electrode
impedance (from a Warburg-like to a symmetric semi-circular arc).

Other than focusing on the individual properties of the electrolyte
alone, the group of Wachsman'""'? developed a continuum-level model
for cells with MIEC electrolytes. The authors derive analytical equa-
tions by coupling the Nernst-Plank relationship for charge transfer in
the electrolyte with the Butler-Volmer formalism for activation over-
potential losses across the electrolyte/electrode interface. The model
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is steady state and the electrodes are treated as zero-dimensional:
essential feature is the inclusion of potential-dependent, irreversible
electrodes as boundary conditions, accompanied by equations from
defect thermochemistry. The model is validated on the basis of ex-
perimental polarization curves by fitting three parameters, among the
thermodynamic and kinetic ones. A most important result, evidenced
by the nature of the model equations and of the tuning parameters,
is the dependence of the thermodynamics of the electrolyte from the
electrode properties, which allows to show that the electrode properties
influence the leakage current and the open circuit voltage. A similar
approach is also proposed by Shen et al.'* A one dimensional, steady
state model of an IT-SOFC with a MIEC electrolyte is developed,
and closed-form equations are provided to predict the leakage current
and the open cell voltage, which include the effect of activation and
concentration overpotentials. Although the approach is interesting, a
zero-dimensional cathode is considered and the anode is assumed as
perfectly reversible.

Detailed, one-dimensional descriptions of the electrodes under
both steady state and dynamic conditions are frequently found for
cells with insulating Yttria stabilized Zirconia (YSZ) electrolytes.
Several models take into account composite electrodes, wherein the
three phase boundary is percolated and extends along the whole elec-
trode volume.'*?2 With different degrees of complexity, these models
describe the key-characteristics of the cell architecture, and reveal
the extension of the electrochemical active region inside the elec-
trodes, as well as the distribution of ionic and electronic currents. Zhu
and Kee'® developed a detailed charge distributed model to predict
the polarization curves measured on traditional LSM-YSZ/YSZ/Ni-
YSZ cells operating under humidified H, and CH4/H,O mixtures at
800°C. More recently, Bertei et al.> propose a dynamic, distributed
charge-transfer model for an anode supported LSCF/GDC/Y SZ/Ni-
YSZ segmented cell, which allows to closely predict and deconvolute
experimental impedance spectra collected with H,/H,O mixtures at
750°C. A continuum level approach is adopted, and the effective pa-
rameters are derived based on the numerical reconstruction of the
microstructure with packing algorithms. The model also includes a
multistep kinetic scheme, and the presence of multiple double-layer
charged interfaces. A detailed analysis of the prevailing physical and
chemical phenomena is achieved. The cell, however, makes use of
a YSZ electrolyte and of a GDC interlayer, and a description of the
leakage current is not required.

A general review of the literature seems to indicate that, on the
one hand, the available descriptions of MIEC-based cells are steady
state, whereas, on the other hand, dynamic, charge-distributed models
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are developed for cells with YSZ electrolytes. In the present work, a
dynamic and distributed charge-transfer model is presented and vali-
dated for a button IT-SOFC with a MIEC electrolyte and composite
electrodes fabricated in a previous study?® with the aim of developing
anodes that operate directly with biogas or biofuels. In order to consis-
tently investigate the performance of the cell, the model takes into ac-
count the description of the leakage current based on physically-sound
equations. Impedance spectra and polarization curves collected on an
electrolyte-supported Cu-Pd-CZ80/SDC/LSFC-GDC button cell are
analyzed, and the effects of the leakage current are investigated. The
model allows to rationalize important kinetic features, such as the
shift of the ohmic resistance observed experimentally at varying the
H, partial pressure and the voltage applied to the cell.

Experimental

Samaria doped Ceria (Smy,Ce30;9) electrolyte-supported but-
ton cells (20 mm cell diameter, 1 cm? electrode area) with infiltrated
anodes were prepared. A commercial SDC powder (Fuelcellmate-
rials.com) was used for the electrolyte and for the anode scaffold.
Full details regarding the preparation procedure are found in a pre-
vious publication.?* The main steps can be summarized as follows: a
mixture of SDC powders and starch (30 wt%) were die-pressed with
pure SDC powders, and the resulting bilayer was calcined in air at
1400°C for 3 h. A porous SDC scaffold (150 pm thick) supported on
a dense SDC electrolyte (380 wm) was obtained. After the calcina-
tion of this bilayer, the cathode was deposited on the opposite side of
the electrolyte and calcined at 1200°C for 2 h. A mixture of LSCF
(LagSrp4Cog2Fep303.5) and Gadolinia doped Ceria (Gdy ;CepsO1.9,
GDC) with 50/50 weight ratio was chosen for the cathode in order
to obtain a constant response for this electrode. The LSCF-GDC ink
was mixed with graphite and isopropanol, and the resulting slurry
was brushed on the electrolyte. The final cathode layer was 40 pm
thick. The anode was prepared via the infiltration technique.’* The
porous SDC scaffold was impregnated with a nitric solution of Pd and
CZ80 (1 wt% Pd in a nitric Pd/CZ80 solution, CZ80 being a mix-
ture of Ceria and Zirconia with 80/20 weight ratio) and subsequently
calcined at 600°C. The impregnation and calcination steps were re-
peated until the amount of CZ80 reached 15 wt%. In order to increase
the electronic conductivity of the scaffold, a second infiltration round
was performed on the anode with a Cu(NO3), nitric solution, until
an additional loading of 15 wt% Cu was reached. The final anode
composition was 15 wt% Cu, 0.15 wt% Pd and 15 wt% CZ80, in
which Pd-CZ is the electroactive phase. The choice of manufactur-
ing a Nickel-free anode is related to the purpose of obtaining cells
able to operate at intermediate temperature with biogas and biofuels.
Once the preparation was complete, the cell was calcined at 700°C for

LSCF-GDC

Cu-Pd-CZ80/SDC
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Table I. Morphological properties of the cell.

Parameters Value

Anode (Cu-Pd-CZ80)

Thickness 150 pm

Porosity 40%

Tortuosity 2.5

Diameter 1cm

Mean pore diameter 1.0 pm

Anode particle diameter 1.0 pm

ay 54%x 100 m2m—3
Cathode (LSCF-GDC)

Thickness 40 pm

Porosity 30%

Tortuosity 33

Diameter 1cm

Mean pore diameter 0.5 pm

LSCEF particle diameter 0.4 pm

GDC particle diameter 0.4 pm

ay 22%x 100 m?2m—3
Electrolyte (SDC)

Thickness 380 pm

3 h. Silver meshes and ink were applied on the electrodes for current
collection.

The morphologic properties of the cell are reported in Table I.
Scanning Electron Microscopy images (Carl Zeiss EVO50VP) al-
lowed to measure the thickness of each layer and to investigate the
microstructure of the electrodes (Figure 1). The SEM images were
taken post-mortem on a spent cell. Mercury porosimetry (AutoPore
IV 9500) allowed to determine the porosity of the electrodes and to
evaluate the distribution of the pore size. An unimodal distribution
was found for both the anode and the cathode, centered at around 1
pm and 0.5 pm respectively. The particle size distribution was de-
termined on the precursor powders with a laser granulometer (Cilas
1180). The analyses were performed on ~20 mg samples suspended
in isopropanol, after 3 minutes of ultrasonic stirring to break possible
agglomerates. The SDC particles size showed a distribution between
0.3 and 1.2 wm, which peaked at 1 wm. The LSCF-GDC mixture
showed a homogenous and narrow distribution around 0.4 pwm. The
SEM images of the electrodes revealed that the particle size distribu-
tion of the precursor powders was reasonably retained after sintering
and utilization of the cell. In the case of the anode (Figure 1B), good
connection was achieved among the SDC particles, but their original
shape and size could still be individuated in the sintered structure. As
expected, agglomerates of the infiltrated metals (mainly Cu, < 0.1 pm

Figure 1. SEM micrographs. A) Cross section of the IT-SOFC. B) Microstructure of the anode. C) Microstructure of the cathode.
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Figure 2. A) Schematic structure of the IT-SOFC. B) Sketch of the model domain.

diameter) were found on the surface of the SDC. An inspection of the
cathode (Figure 1C) confirmed that fine particles were present: the in-
dividual particles of LSCF and GDC still fell in the initial dimensional
range, and gave rise to ~1 wm composites after coalescing.

Polarization experiments and electrochemical impedance spec-
troscopy (EIS) experiments were performed at 700°C with H,/N,
mixtures, varying the H, molar fraction from 100% to 30% (dry basis)
and maintaining constant humidification (3% H,O at room tempera-
ture). Additional polarization and EIS experiments were carried out at
650°C with a humidified H, mixture (97% H,, 3% H,0O). An air flow of
100 Ncce/min was supplied to the cathode, while a flow of 30 Ncc/min
was supplied to the anode. A micro gas chromatograph (3000 A,
Agilent Technologies) allowed to verify the absence of gas leakage
between cathode and anode. A potentiostat/galvanostat (Amel 7050)
equipped with a frequency response analyzer (520 FRA, Materials
Mates) was used for the electrochemical measurements. The polar-
ization experiments were performed by ramping the voltage from the
OCYV value (Open Cell Voltage) down to 0.4 V with 50 mV steps. The
EIS experiments were performed at OCV and at 0.4 V, in the 10 kHz
— 10 mHz frequency range and with 10 mV voltage amplitude.

Model Equations and Variables

A dynamic, one-dimensional, isothermal, distributed charge-
transfer model of an IT-SOFC with a MIEC electrolyte and composite
electrodes is presented. Appropriate equations for the leakage current
within the electrolyte are included. The model is able to simulate the
polarization curves and the impedance spectra of a button cell run-
ning on H,/H,O/N, mixtures. Along each component of the cell, the
profiles of concentration, overpotential, electronic and ionic poten-
tials, as well as electronic and ionic currents are described. The basic
assumptions are:

® Gases are ideal.

® Radial gradients are neglected.

® The materials are isotropic and homogeneous (continuum-level
approach).

® The electronic leakage current in the electrolyte is constant.

® The current collectors are zero-dimensional.

® The infiltrated anode can be modeled as a composite electrode.

The absence of radial gradients is reasonable, since the diameter
of the cell is small enough and the fluxes of the feed gases are high

Cathode

and orthogonally oriented toward the electrodes surfaces. A small
recirculation volume is left between the gas supply hose and the
electrode surface. The assumption of isotropic materials implies that
issues such as discontinuities and micro-cracks are minimized during
the cell preparation. The non-dimensionality of the current collectors
implies that the contact resistance with the electrodes is considered
negligible. The last assumption regarding the adequacy of the mod-
eling approach means that the description adopted for the infiltrated
anode is based on the same conservation equations and overpotential
definition typically used for composite architectures. Figure 2A shows
a representation of the cell structure, while Figure 2B shows the com-
putational domain. The governing equations are discussed first, then
the required set of boundary conditions are specified, and finally the
numerical procedure for solving the system is outlined.

Governing equations.—The cell potential is a function of the gas
composition in the electrodes. For each species, the problem of diffu-
sion in a porous media is described by coupling the mass conservation
equations with the dusty gas model (DGM) equations.

NR
dci d Ji 2 electro electro
o T4z +av.f=1 Vii T (1]
dC; A C;-Ji—Ci - J; J; B G dP
i + J 1 1 J + ! + - . ! —_— = 0
dz 2 Cro - DI peell e pireelldz

Jj=1 iJ
[2]

Equation 1 takes into account the influence of the electrochemical
reactions (r°'°";) on the gradient of diffusive molar flow. It is impor-
tant to note that the active surface for the electrochemical processes
ay at the anode and at the cathode is intended in two different ways.
The electrochemically active surface area of the anode is estimated
starting from that a packed bed of spheres multiplied by an appropri-
ate coefficient, which takes into account the partial coverage by the
electrocatalyst (Eq. 3). In fact, given that the anode was prepared by
infiltration of the SDC scaffold with the Cu/Pd/CZ80 mixture, it is as-
sumed that the anodic electrochemically active surface is exclusively
defined by the contact area between the SDC scaffold and the infil-
trated CZ80 phase, which is present with a weight fraction f equal to
0.15. On the one hand, this assumption implies that the CZ80 formed
a homogenous film on the SDC surface, with no agglomeration or
multiple layers. On the other hand, the assumption implies that Cu is
electrochemically inert, and that the limited amount of Pd does not
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provide a significant contact surface.

6-(1—¢)
ay = ——— - (3]
d, !

Considering that the cathode is a composite, the interfacial contact
area between LSCF and GDC particles is taken as active. This area is
estimated according to the procedure detailed by Chen et al.,>> based
on the measured morphological parameters (Table I) and by setting a
contact angle between the particles equal to 15°. Even if the particle
size is finer than that of the anode (0.4 pwm vs. 1 pwm), a smaller area
(2.2 x 10° m*/m? vs. 5.4 x 10° m?*/m?) is calculated, in line with
the experimental evidence that infiltrated electrodes expose a higher
active surface than composites.

Equation 2 expresses the variation of the i-species concentration
as a function of the diffusive molar flows of all the species in the
porous volume. The model accounts for both the molecular diffusion
mechanism (Eq. 4) and the Knudsen diffusion mechanism (Eq. 5). The
electrodes tortuosity is simply evaluated as the inverse of the porosity
(t = 1/¢). The presence of the Knudsen diffusion term imposes the
introduction of the viscous term (), as a function of the pressure
variation along the axial coordinate of the electrode. The anodic and
cathodic concentrations are defined using the ideal gas law.

0.00143 - 7175 - -
MM+ MM; [4]

P- (vil/3 + le./3>2 5)

DY = 097 . L 5]
Knu,i — - . P MM,

In order to describe how the ionic and electronic current densities
vary along the axis of the cell, charge conservation equations and
overpotentials must be considered. In general, the overpotential is
defined as the departure of the electrode potential from its equilibrium
value. Inside a composite electrode structure, two kinds of potentials
are defined, the ionic potential ¢;,, (associated to the electrolyte ion-
transferring phase) and the electronic potential ¢, (associated to the
electron conducting phase). Figure 2A shows the structure of the
cell, drawing attention to the simultaneous flow of oxide ions and
electrons in the electrodes and in the electrolyte. This flow requires the
existence of the ionic and electronic potentials. The reaction interface,
the current and the potential profiles extend along the entire length of
the electrodes. Hence, the activation overpotentials 1, (Eq. 6) are a
function of the local position in the electrodes.

eff
DMal,ij =

Nact = Pel — Pion — Eref [6]

In the equation, E, is the relative potential difference between the
electronic and ionic conductors at reference state. The reference state
for the anode activation overpotential is set to zero. Consequently the
reference state for the cathode overpotential becomes the reversible
Nernst potential.'” Equation 6 can be rewritten for the anode and
cathode as:

Nact = @Z}n - (P?;n [7]

Nacr = ‘PZN - (P,Cg,: —Ere [8]

Considering the reaction of H, oxidation, the Nernst potential is

expressed as a function of the species activities (partial pressures under

ideal gas assumption) at the local axial position z as in Equation 9.

In this way, the effect of the concentration overpotential is implicitly
included.

R-T ‘In P;};lo (Zan)
el + F P[(-}’zl (Zun) . P?)Z (Zcut)
The charge conservation equations within the electrode relate the

axial gradient of current (ionic and electronic) with the faradaic current
exchanged in the electrochemical semi-reaction. The local charge

E,eo = Eo —

(9]
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Table II. Intrinsic ionic and electronic conductivities.

Parameter Value [S cm™!] Reference
SDC ionic 9.85 x 10*/T exp(—65.2 x 10°/R/T) 23
conductivity

SDC electronic 2.5 x 108/T exp(—220 x 103/R/T)*Pg, %> 23

conductivity

GDC ionic 1.09 x 10°/T exp(—61.7 x 103/R/T) 1
conductivity
LSCF electronic —0.627xT+983.25 with T > 923 K 29
conductivity

transfer rates for the oxidation reaction at the anode and for the oxygen
reduction at the cathode can be represented in the Butler-Volmer form.
Assuming that the local reversible potential E,, is constant with time,
the charge conservation equations are written as follows:

2 dnact diel .
av.C.Tz—dz —ay -l
(x'ne*'F'Tla(?t _(l_a)'ne"F'nuct
- | exXp 7RT — exp R-T
[10]
A d ac diion
—ay - C- ?ltt:_dz +ay -l
a'ne"F'nact _(l_u)'ne"F'T]act
- | eXp 7RT — exXp R-T
[11]

o is the symmetry factor and iy is the exchange current density, which
is defined based on the kinetic mechanism of electro-oxidation. Two
equations are written for each electrode. The values of the double layer
capacitances are unknown parameters and are calculated by fitting of
the experimental EIS spectra (Numerical procedure). The Ohm’s law
(Eq. 12) allows to write six differential first-order equations to describe
the ionic and the electronic currents and potentials in the electrodes
and in the electrolyte.
i+o- de =0 [12]
dz
Effective ionic and electronic conductivities appear in the Ohm’s
law of the electrodes. These values are calculated by reducing the
intrinsic conductivity of the materials with an effectiveness factor,
estimated based on the volume fraction of the conductive phase .’

Py —— ¢3/2 [13]

The intrinsic ionic and electronic conductivities are reported in
Table II. The ionic conductivity of SDC is derived from experi-
ments on sintered pellets and is coherent with the values reported
by Godickemeier et al.? (0.65 eV, 0io, = 3.47 x 1072 S/cm at 700°C)
and by Zhang et al.?’ (0.64 eV, 2.1 x 1072 S/cm). The electronic
conductivity of SDC is taken from a previous modeling work by our
group,?® which is also in line with relevant literature.”'>?8 In the case
of the anode, the scaffold is infiltrated with Cu, whose role is to en-
hance the electrical conductivity (at 700°C, 6 x 10° S/cm for Cu,
3.8 x 107! S/cm for SDC with P O, = 1.1 x 1072* atm). A reason-
able choice is made by assuming that the electrical conductivity of
the SDC backbone increases thanks to the presence of Cu. A value
of 4 S/cm is then adopted for the intrinsic electrical conductivity of
the anode. In the case of the cathode, even though LSCF is a MIEC
material, a reasonable choice is made by assuming that LSCF acts
exclusively as the electronic conductive phase and GDC behaves as
the ionic conductive phase. As a matter of fact, the ionic conductivity
of GDC is higher to that of LSCF at 700°C (5.4 x 1072 S/cm vs. 3.6
x 1073 S/cm), while the electronic conductivity in air is significantly
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smaller (6 x 1077 S/cm atm vs. 4 x 10? S/cm at 700°C). In Table II,
a simple linear relationship is provided, which we adapted from the
data provided for LagSry4Cog,Fe 3035 by Stevenson et al.? It is
indeed well-known that the electronic conductivity of LSCF shows a
maximum as a function of the temperature, which is due to the tran-
sition from the electronic to the ionic compensation behavior. In the
range between 650°C to 800°C, the ionic compensation prevails with
an almost linear decay of the conductivity with temperature.*

In a MIEC electrolyte, the charge transfer by the oxide ions is
accompanied by a contribution from the electrons. Together with the
ionic current and potential, additional variables must be introduced to
describe this feature. The leakage current (i) is indeed a function
of the oxygen partial pressure at the interfaces between the electrolyte
and the electrodes, as well as of the chemical potential of the oxide
ions in the electrolyte itself. Equivalent oxygen partial pressure is a
way to represent the chemical potential of the oxide ions inside the
MIEC electrolyte.>'**! According to the usual phenomenological cor-
relation, the electronic conductivity depends on the equivalent oxygen
partial pressure, while the ionic conductivity does not. Considering
the Ohm’s law, the electronic leakage current in the electrolyte is
expressed as:

d(pely
.ely 0 —1/4 el

i ol plt e
el el [0} dZ

According to the model assumptions, the leakage current is con-
stant, meaning that the electrical potential in the electrolyte varies
axially. Once the relationship between the electrical variables is es-
tablished, the equivalent oxygen partial pressure must be defined along
the electrolyte axis. To do so, the scheme proposed by Shen et al.'* is
adopted. Advantages of this scheme are its simplicity and physically-
sound bases, being derived from the Nernst-Plank equation. The ref-
erence configuration for the leakage current in the model domain is
reported in Figure 2B: the current direction from anode to cathode is
taken as positive, thus the ionic current is positive and the electronic
current is negative. This opposite direction is due to the different driv-
ing forces of ions and electrons. The electronic current density in the
electrolyte is calculated as:

=0 [14]

.el
ely lioi USI M (PU )—1/4 (PL )—1/4 [15]
Ly = ?ly ’ ]‘40 —1 ’ 0 02 - 0
where:
M, F l’e'iz L [16]
=exp|——- .
TR

To compute the ionic current density in the electrolyte, the charge
neutrality requirement must be satisfied.

.ely

i i i =0 [17]

Once the values of the ionic and the electronic current densities
in the electrolyte are derived, the profile of equivalent oxygen partial
pressure in the electrolyte is calculated:

_ - i:[y *Oion
[Po, @] " = {(P&) - }

ion " Oel
ety .ely
F l‘€( l * Oion
-exp<—7~ﬂ~z _|_'-°’e]v7 [18]
. . -ely 0
R-T Oion ion " Oel

The definition of the cell potential completes the sets of equations.
The cell potential is the difference between the electronic potentials
calculated at the gas/electrode interface (z = 0 in Figure 2B).
=0 [19]

an

=0 — @y

cat
Ecen = Dot

Boundary conditions.—With respect to the boundary conditions
of the mass balance problem, simple continuously stirred tank reactor
(CSTR) equations are adopted at the gas/electrode interface, expressed
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by the continuity of the incoming and outcoming molar flows. This
condition is coherent with the first assumption of the model. A volume
of 1.6 cm?® is estimated, being the gas supply hose located 2 cm off
the electrode surface.

ﬂzF'm_F'om_Ji'Acell [20]
dt 1 i

At the current collector, which is a silver mesh allowing only for
electron transport, the ionic current density is null, and the electronic
current density is equal to the applied load current. The electronic
potential is set at zero at the cathode, and equal to the cell potential
at the anode. The derivatives of the ionic potentials are taken as null,
consistently with the Ohm’s law.

At the electrode/electrolyte interface, the molar flow of the gaseous
species is null. Most importantly, given that the electrolyte is a MIEC,
the electronic current is not null (as it would be in the case of an
insulating electrolyte like YSZ), but is equal to the leakage current
(Eqg. 15). The condition for the ionic current density stems directly
from the conservation equation (Eq. 16). The formulation of the leak-
age current requires the values of the oxygen partial pressure at the
electrode/electrolyte interface to be known. The following bound-
ary conditions are established as a result of an energy conservation
analysis:

Vesrr -

R-T Py
ar " (POLZ = il 21]
2

R-T . L& -y 2]
1 F - In P(I)z - nacl anfely

P, is the oxygen partial pressure at the cathode/electrolyte in-
terface, while Plo, is the equivalent oxygen at the anode/electrolyte
interface (Figure 2B). The first value refers to the oxygen pressure
directly calculated at cathode/electrolyte interface, while the second
value is calculated from the local equilibrium between reactants and
products at the anode side (e.g. H, and H,O in the case of the electro-
oxidation of H,). Finally, in the case of the electrolyte, continuity
conditions are assigned for ionic and electronic potentials.

Kinetic rates.—The electrochemical reactions of H, oxidation and
O, reduction are simulated according to global power law rates and to
the Butler-Volmer framework. For both the reactions, the symmetry
factors a, the activation energy and the species orders are taken from
our previous work,? dedicated to IT-SOFCs with similar anode and
cathode compositions. The values of the exchange current density
are unknown parameters and are fitted to describe the polarization
curves and the EIS spectra. The kinetic parameters are reported in
Table II1. An activation energy of 73 kJ mol~! and a dependency of
0.47 were found on Cu-Pd-CZ80 anodes for the rate of H, electro-
oxidation, which are retained in the present case. Though, given that
that the previous kinetic analysis was carried out on an anode with

Table III. Kinetic parameters at 700°C.

H) electro-oxidation

% 23.8 Am~2 atm~%47 K1
E% et 73 kJ mol~!

Olan 0.5

Olcat 0.5

CoL 95Fm2

0; electro-reduction

i, 2.8 x 107 Am~Z atm 0¥ KT
Ereacl 139 kJ 1’1’101_I

Gan 0.65

Olcat 035

CpL 1.5 x 102 Fm ™2
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different morphology and by means of a model which was not charge-
distributed, re-estimation of the exchange current density is required.

R-T

The same approach is followed for the electrochemical reduction
of O,. In this case, it is assumed that a reaction order of 0.33 and an ac-
tivation energy of 139 kJ mol~!, which were estimated for pure LSCF
cathodes, can fairly be assumed also on the LSCF-GDC composite,
while the exchange current density has to be re-estimated.

ian _ iox LT -ex (_ Et';ir ) . P0.47 [23]
o = lm p Hy

: Ey
ig" =iy, T -exp (— = 'T> - Py [24]

Numerical procedure.—The model requires solving a differential
and algebraic equations (DAE) system. The method of lines is cho-
sen. The length of each cell component is split into an appropriate
number of grid points: in each of these points, the spatial derivatives
are calculated with the Euler backward differentiation method. In this
way, an algebraic nonlinear system is obtained in the axial coordinate,
while the time derivatives are retained. The odel5s routine is applied
to solve this DAE system. The convergence of the solution is verified
by varying the number of grid points (100 points spacing were always
sufficient). The implicit form of the DGM equations (Eq. 2) leads
to an ill-conditioned system, and an appropriate rearrangement is re-
quired to achieve the correct numerical solution. The details on the
method are found in reference literature works.!>? The calculation
of the impedance is performed following the procedure proposed by
Bessler:** the system is first solved at steady state, then the harmonic
oscillation is considered. The solutions of the steady state problem
constitute the initial conditions of the dynamic impedance problem.
Hence, this procedure allows to simultaneously compute one point
of the polarization curve and the corresponding EIS spectrum. In the
steady state problem, gradient-less initial conditions are assigned in
the axial domain, such that the algebraic part of the DAE system is
identically solved. In the electrodes, consistent initial conditions re-
quire that the gas concentration is equal to the inlet feed concentration,
and that the overpotentials and the current densities are zero. In the
electrolyte, at time zero, the current densities are calculated with a
routine for nonlinear functions. A look at Equation 15 reveals that
an infinite value of the leakage current is obtained as the load cur-
rent tends to zero. For this reason, a small non-zero average current
(1 wA/cm?) is used for the initial conditions and also for the sim-
ulations at OCV. The steady state solution is obtained by ramping
the current from initial zero to the desired set point, and maintaining
it for a sufficiently long amount of time. In the dynamic problem,
the sinusoidal current (Eq. 23) is switched on by setting the average
current value equal to the steady state input (is), and assigning the
perturbation amplitude ip and the frequency w. The perturbation am-
plitude is equal to ten thousand of the steady state, guaranteeing the
linear response of the system. In the time domain, the dynamic system
is integrated over 20 periods. The full explanation of the impedance
calculation is reported elsewhere.'$34

fcett =1 +ip-sin(w-1) [25]

The exchange current densities and the capacitances are unknown
parameters, which are calculated by fitting the polarization curves
and the impedance spectra to the corresponding experimental data
sets. The exchange current densities are calculated by fitting the po-
larization curves, the capacitances by fitting the impedance spectra.
In the first case, a minimization of the residual squared errors is en-
tailed, fixing the current values and minimizing the output voltage
(Eq. 26). In the second case, the capacitance values are estimated by
minimizing the residual squared error on the imaginary part of the
spectra in the Bode plots (imaginary part vs. frequency), following
Yang et al.>! After the minimization, the adequacy of the parameters
is verified based on the best match in the Nyquist plots. A x? test is
performed on both the imaginary and real part of the spectra (Eq. 27).
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In this test, the number of EIS experiments (Nyp) is equal to 4, the
number of impedance responses (Np) is 60 for each EIS experiment;
the experimental variance s’ ; is assumed constant and equal to 5 x
1072, S exhibited a %2 distribution with a number of degrees of free-
dom ¢ of 236 ( = Nisp, — 4 parameters). Multiplicity of the solutions
is possible when fitting exclusively to the polarization curves, given
that different sets of kinetic parameters can equally well match the
data; though, only the set proposed in Table III allows to best describe
also the EIS spectra, qualitatively, quantitatively, and maintaining the
physical consistency of the parameters.

Nexp
RSS =Y (V¥ — vgere)? [26]

j=1

Nexp Nresp
1

S=Y 5y (Z7-z5) [27]

Results

The bulk part of the polarization and EIS experiments was per-
formed at 700°C, varying the molar fraction of H, from 30% to 100%
with N, to balance and constant room temperature humidification.
This data set was used for tuning the values of the anodic and ca-
thodic exchange current densities and capacitances. The additional
experiment collected at 650°C were used to validate the model pa-
rameters on a predictive basis (no parameter tuning). The originality
of the present results stems from the introduction of a scheme for the
leakage current in the distributed charge transfer model, and refers
specifically to the simulations of EIS spectra in the presence of the
leakage current.

Polarization and EIS experiments.—Experiments at 700° C.—The
polarization curves are reported in Figure 3A. The results are in line
with the expected trends: the current density increases with increasing
H, amount, passing from 170 mA cm™2 at 30% H, to 270 mA cm >
at 100% H, at 0.5 V load. At no load condition, the OCV values are
lower than the corresponding Nernstian ones (1 — 1.1 V) due to the
presence of the electronic leakage current in the SDC electrolyte. A
reduction of the OCV from 0.87 V at 100% H, to 0.86 V at 30% H,
is also noted. These results are consistent with other literature reports
dedicated to cells based on SDC electrolytes with similar thickness
(Table IV): Lu et al.*>* find an OCV of 0.85 V when operating
an infiltrated Cu-CeQO,-SDC/SDC/LSCEF cell with humidified H, at
700°C; Matsui et al.’” measure OCV values between 0.85 and 0.90 V
with different cells based on the same SDC electrolyte; Fang et al.*®
report an OCV of 0.81 V for Ni-SDC/SDC/Sr-cobaltite cells with 500
pm electrolyte thickness. It is also worthy to compare these OCV
values with some exemplary literature values taken from cells with
GDC electrolytes tested at 700°C.>*~*? Although caution must be taken
since the OCV depends on the electrode polarization (and therefore
a fair comparison should be done with strictly identical electrodes),
GDC and SDC achieve similar voltages when the electrolyte thickness
is almost the same. As the electrolyte becomes thinner, a decrease of
the OCV occurs due to the growth of the leakage current density.'!"1

The impedance curves are reported in Figure 3B. Two main fea-
tures are readily apparent: on the one hand, the curves are not round
shaped, but locally depressed; on the other hand, the ohmic resistance
progressively increases when the amount of H, in the feed decreases.
The first feature is common in impedance analyses, and it is due to
the overlapping of electrochemical and physic phenomena, as well as
to the non-ideal morphology of the microstructure. In general, at least
four contributions are present in the spectrum of a cell, namely the
contribution of the anodic polarization resistance, the contribution of
the cathodic polarization resistance, and the diffusive contribution of
each electrode. The non-ideal morphology of the electrodes in terms
of particle size distribution, porosity and active surface causes a de-
formation of the arcs and a distribution of the characteristic times. A
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Figure 3. Panels A and B: experiments with Ha/N, mixtures at 700°C. (0) H, = 100%; (o) Hy = 70%, N2 = 30%; (o) Hy = 50%, N = 50%; (o) Ho = 30%, Na
= 70%. Panels C and D: experiments at 650°C and 700°C with 100% H,. (0) T = 700°C; (o) T = 650°C. Constant 3% H,O humidification. Operating conditions

for the EIS tests: open circuit, 10 kHz — 0.1 Hz frequency range, 10 mV amplitude.

most important feature is the increasing value of the ohmic resistance
measured with decreasing H, partial pressure. Specifically, the ohmic
resistance shifts from 0.696 Q cm? in pure hydrogen, to 0.736 £ cm?
at 70% H,, 0.761  cm? at 50% H, and finally reaches 0.809  cm? at
30% H,. This regular trend can neither be attributed to a non-perfect

TableIV. OCYV and electrolyte thickness for SDC- and GDC-based
IT-SOFCs. All the data points refer to 700°C and humidified H,
feed conditions.

OCV [V] Electrolyte [pum] Reference
SDC

0.900 1190 36
0.846 380 37
0.850 340 37
0.810 80 38
GDC

0.876 400 39
0.831 98 40
0.775 35 41
0.800 30 42

sealing of the cell, since repeated GC analyses on the exit streams
confirmed that the gas composition corresponded to the desired tar-
get, nor to a variation of the cell temperature, which was held constant
during the tests. Additionally, the measurements were fully reversible,
meaning that the ohmic resistance was recovered when increasing the
H, amount from 30% to 100%. Therefore, it can be concluded that
the observed effect has a strictly electrochemical nature. Likely, it is
related to the electrical conductivity of SDC, which varies with the
reducing potential, and leads to a variation of the ohmic resistance.
Further insight is provided by the model analysis of the results.

Experiments at 650°C.—The polarization curve measured with
humidified H, is reported in Figure 3C. The curve at 700°C is included
as reference. Coherently with the nernstian driving force, the OCV
value increases when the temperature decreases, from 0.87 V to 0.90
V. Compared to the curve at 700°C, the ohmic resistance and the
polarization resistance grow, leading to a lower performance, with
reduction of the maximum extracted current to 210 mA cm~2. Except
for the region close to the OCV (below 30 mA cm™2), the polarization
curve is almost linear due to the predominant role of the ohmic losses.
The impedance spectra at 650°C and 700°C are reported in Figure 3D.
As expected, the ohmic resistance and the polarization resistance both
increase, up to 1.05  cm? and 0.45 Q cm? respectively.
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Figure 4. Comparison between experimental and simulated polarization
curves for the experiments with Hp/N» mixtures at 700°C. Lines are model
simulations, symbols are data points.

Model simulations.—Polarization experiments at 700° C.—Figure
4A shows the comparison between the simulated polarization curves
and the experimental ones. The agreement is good in the whole cur-
rent range. The OCV values are correctly predicted, and also the
moderate decrease is captured. The curves at 100%, 70% and 50%
H, molar fraction are closely matched. In the case of 30% H,, a close
match is found up to 100 mA cm~2, while the simulation diverges at
higher current, over-predicting the data points. On a traditional Ni-
based SOFC anode run with a 20% H,/N, mixture,*’ Janardhanan and
Deutschmann'” demonstrate that the assumption of a flux continuity
boundary condition on the material balance equations allows for a
better simulation of the high current region. In our model, the CSTR
boundary condition is included, but still the simulations can be cap-
tured only by assuming more severe conditions for the diffusion, such
as by increasing the anode tortuosity parameter to a value of 8 (dotted
line in the plot). A refinement of this parameter enhances the descrip-
tion of the curve at low H, concentration, with a limited influence on
the other curves. This result confirms that the polarization behavior
turns from ohmic-drop controlled to mass transfer controlled when
the H, concentration reaches 30%: however, such a high value also
possibly indicates that other concurrent phenomena were active (i.e.
anode partial re-oxidation), which increased the voltage loss. An ad-
ditional explanation is possibly related to the occurrence of external
mass transport limitations at the interface between the current col-
lector and the recirculation gas volume, which the CSTR boundary
condition (Eq. 20) cannot properly account for. On the one hand, the
gas fluid dynamics between the electrode and the feed port is not ideal.
On the other hand, the current collector can also act as an additional
barrier for gas diffusion toward the porous anode: the current collector
is indeed realized with a 150 wm mesh fixed with silver paste on the
whole surface, and it is certainly not zero-dimensional. Traces of this
paste can be observed in Figure 1A, in form of a thin layer on the
top of the cathode and at the bottom of the anode. Notwithstanding
this mismatch, the simulations overall indicate that the model is re-
liable, especially in the low current density region (<100 mA/cm?),
where the impedance analysis is focused and where diffusion has no
influence.

Impedance experiments at 700° C.—The comparison between sim-
ulated and experimental impedance spectra at OCV is reported in
Figure 5 in four distinct Nyquist plots. The corresponding Bode plots
are shown in Figure 6. For all the spectra, the model predicts fairly well
the ohmic resistance and the polarization resistance, and a good qual-
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itative agreement is found for the shape, the position and the number
of impedance features. First of all, and most importantly, the spectra
follow the progressive increase of the ohmic resistance, confirming
the adequacy of the physical description of the cell. At the best of our
knowledge, this shift effect has not been previously simulated with
a distributed charge-transfer model based on conservation equations.
Specifically, the predicted resistance passes from 0.721 Q cm? in pure
hydrogen, to 0.754 © cm? at 70% H,, 0.785 Q cm? at 70% H,, and
reaches 0.831 © cm? at 30% H,. The overestimation of the experimen-
tal resistances is systematic, but largely acceptable since it maintains
between 2% and 3.6% in all the conditions. Such a small difference
can be accepted considering that the conductivity parameters of the
SDC electrolyte are not assumed as adjustable, although most of them
are not directly measured. The simulated spectra closely predict the
polarization resistance, with a deviation from the experimental value
never larger than +2% observed only at 70% H,. With respect to the
features of the impedance curves, the spectra show two main arcs,
a first one located at high frequencies (from 1 kHz to 10 Hz) and a
second one at low frequencies (form 10 Hz to 10 mHz), which are also
reproduced by the simulations. The high frequency arc is associated to
the activity of the cathode, while the second one to the activity of the
anode. The flattened shape of the first arc is partially reproduced by the
model, while limited discrepancies arise with the second arc, which is
rounder than the measured one. A better shape-agreement could be in
principle found by application of the DRT approach** (beyond the
scope of this work) or by re-estimation of the impedance spectra via
the introduction of constant phase elements* (which would increase
the number of unknown fitting parameters). The model does not in-
clude the distribution of characteristic times: each phenomenon occurs
with a single-valued characteristic time constant, and the depressed
character of the arc cannot be mirrored.

Figure 6 shows the Bode plot representation of the impedance
spectra. Two main peaks are observed, one at ~15 Hz and associated
to the cathode, the other at ~0.1 Hz, which grows as the H, molar
fraction decreases and which is related to the anode (Sensitivity anal-
ysis). A third smaller shoulder is also noted around 500 Hz, which is
possibly due to the SDC/GDC interface at the cathode. The model pre-
dictions follow the experimental trends, with better agreement at high
frequencies, and tolerable overestimation at low frequencies. This dis-
crepancy reflects the difference in the simulations of the imaginary
part of the spectra. The Bode plots allow to tune the double layer
capacitance parameters. When fitting these parameters, consistency
with the literature values is privileged ~100 F m~? are found at the
anode, in line with the estimates by Bertei et al.?° for Ni/YSZ inter-
faces, and ~150 F m~2 are calculated at the cathode, which is higher
than the value evaluated with the correlation by Yurkiv et al.*” for the
LSCF/GDC interface, but still in the order of magnitude proposed in
the literature. *® The absence of an additional capacitance does not
allow to describe the third, minor arc, whose impact is however neg-
ligible in the cell performance. Notwithstanding these drawbacks, the
Bode plots provide a reasonable picture of the impedance process.

The model simulations are overall satisfactory, considering that
they are obtained by adjusting a limited number of parameters, that
they span over a wide range of H, molar fractions and that they
simultaneously reconcile both polarization and EIS measurements.
Most importantly, the key features of the experimental investigation
are captured, namely the non-Nernstian values of the OCV and the
shift of the ohmic resistance.

Sensitivity analysis.—A clear association between the features of
the impedance spectra and the electrodes behavior is obtained with
a sensitivity analysis on the most important model parameters, and
by deconvoluting the simulated spectra and Bode curves (Figure 7).
The experiment performed at 700°C and 30% H, is set as reference.
The results are representative of all the other cases. The sensitiv-
ity analysis takes into account structural (thickness, porosity, tortu-
osity and particle diameter), kinetic (exchange current density) and
transport properties (effective ionic and electronic conductivity) of
the electrodes, as well as the conductivity and the thickness of the
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Figure 5. Comparison between experimental and the simulated polarization curves for the experiments with Hy/N, mixtures at 700°C. Lines are model simulations,
symbols are data points. The logarithm of the frequency decade is reported. Panels: A) Hy = 100%; B) Hy = 70%, N, = 30%; C) Hy, = 50%, N, = 50%; D) Hj
=30%, N2 = 70%. Constant 3% H>O humidification. Operating conditions: open circuit, 10 kHz — 0.1 Hz frequency range, 10 mV amplitude.

electrolyte. A sensitivity parameter (SP) is defined with respect to
the polarization resistance Rp, and a variation of £10% of each pa-
rameter (ARpo/Rpoi/0.1). A negative SP value indicates a decrease of
Rpo. Due to its thin thickness, the morphological properties of the
cathode negligibly influence the polarization resistance. With respect
to the kinetic and conductivity parameters, the cathode has almost no
influence and does not hinder the cell activity. The porosity and the
tortuosity of the anode are nearly insensitive: it is important to note
that, in order to isolate the effect of the porosity on mass diffusion,
the SP is evaluated at fixed active surface area a, and fixed effective
conductivities. This result indicates that mass transport is not limiting
the cell behavior at OCV, despite the low H, concentration. Differ-
ently, an increase of the anode thickness has a positive influence on
Rp,. Similar results are also reported by Yurkiv et al.*’ and Nicolella
et al.,*® and suggest that the thickness of the anode is smaller than the
optimal electrochemically active threshold. Hence, an enlargement
proves beneficial. The particle diameter directly determines the active
surface area: a decrease leads to lower Rp, thanks to larger a,. A
strong sensitivity is evidenced, which proves that the impedance is
mostly determined by the anodic kinetics. Coherently with this result,

the same SP value is found in the case of the exchange current density
of the H, electro-oxidation. The ionic conductivity plays a limited
role, while the electronic conductivity none. A strong sensitivity is
however found on the electronic and the ionic conductivity of the
electrolyte, given that these properties directly determine the density
of the leakage current, and in turn the extent of the anodic polarization
at OCV.

A simple deconvolution of the EIS curve and of the Bode plot
(Figures 7B and 7C) helps in interpreting the spectra. The cathode
contribution is evidenced by switching-off the double layer capaci-
tance and the kinetics of the anode, and vice versa the anode con-
tribution is highlighted by quitting the double layer capacitance and
the kinetics of the cathode. In both cases, the calculation is carried
out by assigning the correct voltage (0.85 V) and leakage current (50
mA cm2) to the cell. The result shows that the cathode contribution
is smaller and located in the high frequency range (peak at 15 Hz).
The shape can be associated with a gas-diffusion impedance coupled
with charge transfer reaction. The dominant contribution of the anode
is observed in the low frequency region (peak at 0.25 Hz). Similar
arcs are presented and discussed for standard Ni-YSZ anodes'®?04
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Figure 6. Bode plot for the EIS experiments at 700°C. Symbols are data
points, lines are model simulations.

and are representative of a reaction process driven by the distributed
charge transfer at the gas/solid interface. A picture thus emerges from
these results, where the impedance is governed by the anodic polar-
ization, which is activated by the draw of leakage current from the
electrolyte: the anode kinetics are slow and constitute the main share
of the polarization resistance.

These basic associations are supported by the results of an equiva-
lent circuit model. A simple Ropm (RQ)cat(RQ)an1 (RQ).n2 circuit allows
to fairly describe the experimental spectra at 700°C. In the circuit,
Ronm 18 associated to the electrolyte, the (RQ)., element represents
the cathode, and the two RQ elements (RQ,,; and RQ,,,) describe
the anode.>® The introduction of two RQ elements mirrors the shape
of the anode spectra simulated by the physical-based model (Figure
7B), which shows two overlapping arcs. This choice has two conse-
quences: only the sum of the resistances (R, ot = Ran1 + Runz) can be

EIS deconvolution
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Table V. Resistance [2 cm?] and relaxation frequency [Hz] values
calculated by equivalent circuit models (ECM). Comparison with
the resistances calculated by the physically-based model. The
following circuit is used:

Rohm Rcat Ran1 Ran2
- _E;"g;’“ﬁ;’“
>— >— >—
100% H; 70% Hy 50% H, 30% H,
ECM
Rohm 0.693 0.733 0.747 0.771
Reat 0.093 0.113 0.118 0.124
Veat 49.0 45.6 48.7 49.6
Ran 1 0.096 0.106 0.144 0.184
Van 1 1.97 2.12 2.43 2.03
Run 2 0.047 0.086 0.096 0.129
Van 2 0.097 0.131 0.097 0.088
Ran tot 0.143 0.192 0.241 0.313
Model
Rohm 0.721 0.754 0.785 0.831
Reat 0.087 0.091 0.096 0.101
Ran 0.129 0.168 0.213 0.303

compared to the anode resistance simulated by the model (R,,); the
equivalent capacitances estimated via fitting cannot be directly com-
pared to the double layer capacitances included in the model for the
electrode/electrolyte interface. The fitted resistances and characteris-
tic frequencies (v) are reported in Table V. A fair agreement between
ECM and model predictions is achieved and the qualitative trends are
respected. All the resistances grow when H, decreases, and the growth
is more pronounced for the anode resistance, which doubles. Quan-
titatively, the cathode resistance shows the largest deviation (+20%).
A reason for this is possibly the closer prediction of the ohmic re-
sistance, which is directly fitted and causes a redistribution of the
offset located mainly on the cathode. The characteristic frequencies
are also reasonably captured, both in trend and order of magnitude, in
agreement with the model predictions and the experiments.

Validation of the model parameters.—The simulations of the ex-
periments at 650°C are reported in Figure 8. Although restricted to a
single compositional value and one temperature level, this data set can
be used to preliminary validate the parameters calibrated at 700°C,
since the calculations are performed with a predictive approach. A
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Figure 8. Comparison between experimental and simulated polarization and EIS curves for the experiments with humidified Hy at 650°C. Lines are model
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remarkable agreement is found in the entire current range of the
polarization curve (Figure 8A): the OCV increase is captured and
the calculated current/voltage values overlap with the experimental
ones. A good match is visible also in the impedance curve (Figure
8B), where both the ohmic resistance (1.09 £ cm?) and the polariza-
tion resistance (1.49  cm?) are predicted with less than 1% error.
The simulated curve follows the shape of the spectrum, with a minor
deviation around 0.5 Hz, where a depression between the two arcs
is predicted. A better description can be achieved by decreasing the
capacitances and introducing a dependence on the temperature: such
a dependency can be confidently neglected and would introduce ad-
ditional fit parameters. Considering that the behavior of the IT-SOFC
at 650°C is dominated by the leakage current effect in the high volt-
age range (0.9-0.8 V) and by the ohmic drop at lower voltage, these
results further confirm that the main effects due to the electrolyte are
correctly accounted for. As well, the choice of the ionic and electronic
conduction parameters (Table II) and the extraction of the kinetic pa-
rameters of the electrodes (Table III) appear to be reliable. As a matter
of fact, the numerical results can be confidently used to rationalize the
main observed kinetic effects.

Discussion

Once validated, the model is applied to simulate the evolution
of parameters that are not directly measured along the cell, and to
provide insight into the main features of the IT-SOFC examined. The
backbone of the phenomena highlighted in the section of results is
discussed with more detail.

Electronic leakage current.—Figure 9A shows the electronic
leakage current density computed at the different feed compositions,
as a function of the current extracted from the cell. The leakage current
decreases when the extracted current increases, implying that OCV
gives rise to the highest leakage current. The simulations also verify
that the leakage current increases with the H, molar fraction in the
feed. A better insight is provided by looking at the axial profiles of both

the electronic leakage current and the ionic current along the whole
cell thickness. The profiles are proposed for three cases: at OCV (Fig-
ure 9B), under an extracted current density of 100 mA cm™2 (Figure
9C), and under an extracted current density of 300 mA cm~2 (Figure
6D). In the plots, the anode current collector is located at z = 0, the
cathode current collector at z = 0.57 mm, and the electrolyte position
goes from z = 0.15 mm to z = 0.53 mm. At OCYV, the electrolyte is
crossed by a flow of oxide ions from the cathode to the anode (positive
ionic current) and by a flow of electrons from the anode to the cathode
(negative electronic leakage current). In this situation, no net current
is extracted from the cell, although the electrodes are interested by
flow of charges: such a flow is strictly of chemical nature, and allows
the electrolyte material to remain stable. The electrolyte is therefore
characterized by a flow of ions also in the absence of a net current
load, that is, when the cell is idle.

When a load of 100 mA cm~? is considered, some interesting im-
plications emerge. First, the electronic current is supplied to the elec-
trodes and is gradually converted into ionic current in a region called
electrochemically active thickness (EAT). Both the anodic and the
cathodic EAT extends over the whole electrode, which results entirely
electrochemically active. The charge transfer process is not confined
just into a short region nearby the electrode/electrolyte interface, sug-
gesting in turn, that the electrodes are not optimally dimensioned. This
result also explains why limited current densities are measured in the
cell. Aside of the extension of the charge-transfer zone, it is important
to mention that the EAT now comprises a zone, close to the electrolyte,
where the net electronic current has a negative orientation, given that
the leakage effect still prevails over the electrochemical conversion.
As a matter of fact, in the electrolyte the value of ionic current density
is higher than the value of the maximum extracted current: 100 mA
cm™2 at the current collector originate 125 mA cm~? in the electrolyte.
In other words, on the one hand, owing to the redox cycle inside Ce-
ria, an additional and co-current flow of oxide ions is present in the
electrolyte. On the other hand, there is still a negative zone attributed
to the leakage current. This behavior is not noted when a higher load
of 300 mA cm™2 is applied, due to the fact that the leakage current
density becomes null when enough current density is extracted, and
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thickness at: B) OCV; C) i = 100 mA cm~2; D) i = 300 mA cm~2. Anode (A), electrolyte (E), cathode (C).

the whole electronic current introduced at the electrodes converts into
ionic current in the electrolyte. As effectively summarized by Dalslet
et al.,? the electrolyte becomes a better (ion-transferring) electrolyte
at increasing the current load.

Ohmic resistance at OCV.—Focusing on the model analysis of
impedance spectra of Ceria-based MIEC electrolytes, the group of
Haile®® demonstrated that the measured ohmic resistance (reported
as Ry, i.e. the first intercept of the impedance curve with the real
axis of the Nyquist plot at high frequency) depends on the electrical
resistance of the electrolyte. R, is defined by two contributions in
parallel, one due to the ionic resistance (R;o,) and the other due to
electronic resistance (R.;) of the MIEC electrolyte.

(28]

The measured ohmic resistance R, can be easily compared to the
ionic resistance, as follows:

.2
on
R[,m = —

Roc — ——don__
Rian + Rel

[29]

The difference between the measured ohmic resistance and the
ionic resistance has a negative value, which means that Ry, < Rjon-
Depending on the electronic resistance of the MIEC electrolyte, the
ohmic resistance R, assumes a certain value lower than the ionic
resistance of the electrolyte. Equation 28 also shows that, if R in-
creases (tending to an electronic-insulating condition), the measured
ohmic resistance tends to Rj,,. This latter situation corresponds to
the typical case of purely electronic insulating electrolytes (infinite
R.)). With respect to the dependencies of the two terms, the electronic
resistance of the MIEC electrolyte at constant temperature is a func-
tion of oxygen partial pressure at anode/electrolyte interface. The
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Figure 10. Simulated EIS spectra of the humidified H, mixture at different
current loading. (—) OCV; (—) i = 100 mA cm™2; (—) i = 250 mA cm™2;
(—)1i=300mA cm2.

following relationship holds for R,;:

_ -1 _
Ra = [021 -(P0,) 1/4] = (o0) g <
[30]

In light of these equations, it is easy to rationalize the shift of the
impedance curves observed at decreasing H, partial pressure (Figure
5). A H, partial pressure equal to 100% corresponds to the lowest
electronic resistance of the electrolyte and to the lowest measured
ohmic resistance. By decreasing the amount of H, and moving to a
less reducible anodic atmosphere, the electronic resistance of the elec-
trolyte increases, and the ohmic resistance of the impedance spectrum
moves toward the right side of the real axis.

12
PHZO |an/ely )

eq
PH2 ’an/ely kHZOX

Ohmic resistance under load conditions.—In light of the depen-
dence of the ohmic resistance on the H, partial pressure, it is interest-
ing to verify the EIS behavior in the presence of an extracted current,
which decreases the amount of H, in favor of H,O. The shift of the
ohmic resistance under load conditions is explored by simulating the
impedance spectra under humidified H, feed. Figure 10 presents the
spectra calculated under four different load conditions including: no
load (OCV), 100 mA cm~2, 250 mA cm~2 and 300 mA cm~2. The
results clearly show that, as a higher current is extracted from the cell,
the ohmic resistance progressively increases starting from 0.717 Q
cm? and finally setting to a value of 1.17 € c¢m?. This value corre-
sponds to the ohmic resistance of the 380 wm electrolyte at 700°C
(Table II). These results indicate that, at sufficiently high current, the
conversion of H; is enough to almost quit the electronic conduction of
the electrolyte. Recalling that the cell voltage is a function of the ionic
current density and of the ion transfer resistance, and making use of
the relationship proposed by Dalslet et al.,* the observed behavior is
also theoretically explained.

an .ely cat [ :ely .ely
Vz:ell = EreU — Naer <linn) — Naer (lion) - Rif’" “Lion [31]
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By substituting the conservation equation (Eq. 16) in Equation 31,
the cell impedance can be written as the derivative of the voltage with
respect to the extracted current load, and expressed in terms of the
electronic leakage current.

. pol ol .
al('ell 8lcell

aVL‘g ] 8‘ely
Z(w) = 1l = R™ 4 R;M + Rign - <1 . Lo ) [32]

Equation 32 clarifies in simple terms the relationship between the
cell impedance Z and the electronic leakage current (iV ), and readily
provides the reason for the shift of the ohmic resistance. Indeed, with
reference to Figure 9A, when the cell current approaches sufficiently
high values, the electronic leakage current tends to zero with a null
derivative (Eq. 33) and the ohmic resistance tends to the ionic one.
After a certain level of extracted current, the effect vanishes and the
ionic resistance prevails. On opposite, a large value of the derivative is
found when approaching the OCV condition, which heavily reduces
the ohmic resistance term.

iely
icett = 400 = l—l -0 [33]
cell

In order to provide an experimental proof for the ohmic resistance
translation under load, additional experiments were performed on an
SDC electrolyte-supported IT-SOFC, similar to the main one, but with
different anode composition. A Cu-Ni/SDC/LSCF-GDC cell with a
80/20 mol/mol Cu/Ni anode was prepared by infiltration of the porous
SDC scaffold (290 pm anode, 470 pm electrolyte, 40 wm cathode).
Polarization and impedance measurements were carried out at 700°C
with a20% H; and 80% N, mixture. Figure 11 reports the polarization
curve (panel a) and the EIS spectra collected under OCV and 0.4 V
load (panel b). This voltage level was specifically chosen to evidence
the shift of the impedance spectra, given that it belongs to a region
where the purely ionic resistance starts prevailing. Notwithstanding
the lower polarization performance, due to the non-optimal configu-
ration of the IT-SOFC and to the thicker electrolyte, the results clearly
provide the required proof: the ohmic resistance value under load is
higher than that measured at OCV, consistently with the theoretical
derivation.

Polarization behavior.—An inspection of Figure 4 reveals that the
examined IT-SOFCs have a particular polarization profile: a concave
voltage decay is observed in the low current region, which is followed
by a steady linear decrease. The same behavior is also found with
GDC-based cells,!! and can be taken as a fingerprint of IT-SOFCs with
MIEC electrolytes. This kind of profile completely differs from that
of standard YSZ-based cells, wherein the shape of the initial voltage
decay is either linear or exponential (with convex concavity) according
to the Butler-Volmer dependency. In order to reconcile the difference,
a detail on the contributions that build up the polarization curves is
presented in Figure 12A, with reference to the simulations at 100% H,.
The cell behavior is determined by the activation polarization of the
anode and by the ohmic loss of the electrolyte. The cathodic activation
polarization contributes to a minor extent, while the concentration
polarization (included in the Nernst potential, Eq. 9) has a limited
role. The anodic activation loss prevails until 190 mA cm~2, then the
ohmic loss of the electrolyte becomes larger. The balance between
these two losses originates the shape of the polarization profile at
low current density. The curvature is associated to the evolution of
the ohmic loss term (Rion*i®Vion in Eq. 31), which varies more than
linearly. This dependence stems from the ionic current density in the
electrolyte (iY;,,), which grows exponentially up to an asymptote (i.e.
the total extracted current density) due to the exponential decay of the
electronic leakage current (Figure 9A). The simulations of Figure 12A
also suggest that such a pronounced curvature is a consequence of the
slow anode kinetics, which causes the activation overpotential to reach
the Tafel-like linear branch already when a current density of 80 mA
cm~? flows in the electrolyte. As a matter of fact, depending on the
extent of the electrode polarization and of the ohmic overpotential, a
traditional YSZ-like decay, as well as a linear decay can in principle
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Figure 11. Cu-Ni/SDC/LSCF-GDC cell. Experiments with 20% H;, 80% N, mixtures at 700°C. Constant 3% H,O humidification. Panels: A) Polarization curve;
B) EIS spectra at OCV (o) and 0.4 V voltage loading (0). Operating conditions for the EIS tests: 10 kHz-0.1 Hz frequency range, 10 mV amplitude. The logarithm

of the frequency decade is reported.

be achieved in proximity of the OCV, which also suggests why several
different profiles are found in the experimental literature on SDC- and
GDC-based cells.!?3

A comparison between the overpotentials of the experiments at
100% H, and 30% H, (Figure 12B) helps in rationalizing the de-
crease of the OCV as a function of the inlet H, concentration. Passing
from 100% to 30% H,, the cathodic overpotential experiences no ap-
preciable variation, while the Nernst potential decreases, as expected.
The anodic activation overpotential keeps almost unaltered at OCV.
Notably, the ohmic loss in the 30% H, case maintains always lower
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than the 100% H, case (50 mV vs. 90 mV at OCV), due to the fact that
the electronic leakage current is smaller (Figure 9A) and so is the ionic
current in the electrolyte. Nonetheless, the decrease of the nernstian
term prevails and the OCV is seen to decrease when the inlet mixture
goes from concentrated to diluted H,. Hence, in the present case, the
effect s still driven by thermodynamics. This however could not be the
case for MIEC-based cells with different morphology, structure and
electrode composition. Depending on the specific balance between
the electrode overpotentials and the ohmic loss, almost constant OCV
can be also observed when the H, concentration is varied.
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Figure 12. Overpotentials and reversible Nernst potential as a function of current density for the test at 100% H» (panel A) and for the test at 30% Hj (panel B)

at 700°C.
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Conclusions

In the present work, a distributed charge-transfer model of an
IT-SOFC with a MIEC electrolyte is developed and validated. The
model includes a physically-based description of the electronic leak-
age current in the electrolyte, together with conservation equations for
mass and charge. The model is applied to simulate polarization curves
and impedance spectra collected on a cell based on a Samaria doped
Ceria electrolyte, with an infiltrated Cu-Pd-CZ80/SDC anode and a
composite LSCF-GDC cathode. H; electro-oxidation experiments are
examined, at 700°C with H,/N, mixtures and varying the amount
of H,. Global power law rates are taken into account for the elec-
trochemical semi-reactions. For each electrode, the exchange current
density and the capacitance values are evaluated by fitting the experi-
mental curves. The polarization and impedance spectra are fairly well
simulated: a close description is obtained in the case of the polariza-
tion, with reliable prediction of the OCV and of the current density;
a reasonable description is obtained for the impedance spectra, with
good prediction of the real component in terms of ohmic resistance
and polarization resistance. The calculated profiles of the electronic
and ionic currents along the cell thickness under OCV and load con-
firm the existence of conditions wherein the leakage current prevails,
strongly hindering the overall current extraction and leading to a local
inversion of the electrical current flow. The experimental investiga-
tion based on the impedance spectra reveals that the measured ohmic
resistance increases when the H, molar fraction decreases, and when
the voltage load increases. The model analysis allows to rationalize
this effect, which is associated to the dependence of the electrical con-
ductivity of the electrolyte on the local H, partial pressure as well as,
macroscopically, to the leakage current within the MIEC electrolyte.
The model presented can be also used as a tool for estimating the EAT
extension of the electrodes, and for the optimization of the IT-SOFC
design in terms of materials and dimensions of the layers.
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List of Symbols

a, surface to volume ratio [m? m ]

B permeability coefficient according to the Kozeny-
Carman relationship

Cor double layer capacity [F m™2]

G concentration of the ith species [mol m]

Ciot total concentration of the gas phase [mol m™3]

d, particle diameter [m]

DM molecular binary diffusion of the ith species in the jth
species [cm? s7']

D Knudsen diffusion of the ith species [cm? s7!]

E. activation energy [J mol~!]

Ey reference potential [V]

E. Nernstian potential [V]

F Faraday constant [C mol ']

F;in inlet molar flow rate of the ith species [mol s~!]

F;ou outlet molar flow rate of the ith species [mol s

i current density [A m~2]

iy exchange current density [A m?]

J; molar flow of the ith species [mol m=2 s7!]

k*d thermodynamic equilibrium constant

L layer thickness [m]

MM molar mass [g mol™']

Ne_ number of electrons exchanged in the electro-oxidation
reaction

P pressure [Pa]

P; partial pressure of the ith species [Pa]

R gas constant [J mol~! K~']
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Rpor polarization resistance [ cm?]
Reo ohmic resistance [ cm?]
I rate of the jth reaction [mol m~2 s!]
Ip pore radius [cm]
T temperature [K]
t time [s]
Veen cell voltage [V]
VCSTR CSTR volume [m3]
Xj molar fraction of the ith species

impedance [Q cm?]
z axial coordinate [m]

Greek
a symmetry factor
e electrode porosity
Nact activation overpotential [V]
v dynamic viscosity of the gas mixture [Pa s]
v stoichiometric coefficient
o conductivity [S/m]
T tortuosity
@ potential [V]
v volume fraction of the conductive phase
o) frequency [Hz]
Subscripts and Superscripts
an anode
calc calculated
cat cathode
cell referred to the cell
eff effective
el electronic
ely electrolyte
electro referred to the electrochemical reaction
exp experimental
i ith species
j jth species
ion ionic
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