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of ceramics and/or metallic particles, wherein electro-
Introduction

chemical reactions occur. There is significant interest in
. ) . relating the electrode microstructure to electrochemical per-
Solid oxide fuel cells (SOFCs) are electrochemical systems formance [8—12]. Understanding how the microstructure af-
which conv.ert th? chem1ca.11 energy of a fuel, Su.Ch as fects the electrochemical response would allow researchers to
hydrogen, directly into electric energy and heat, allowing for = petter design the electrodes to increase power density and

high efficiency of power generation [1,2], low emission of extend lifetime [13—17].
pollutants [3] and fuel flexibility [4]. The performance and
durability of the cell are strongly dependent on the electrodes
[5—7], which are porous layers, typically made of a composite

This task can be accomplished by using physically-based
models. Physically-based electrochemical models solve
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conservation equations for charged and chemical species to
provide a mechanistic description of the transport and reaction
processes occurring within the electrodes [18—21]. The micro-
structural characteristics of the electrodes are included in the
model with different levels of complexity. In some recent studies,
model equations are solved within the three-dimensional
microstructure of the electrode [22—24], which is reconstructed
with tomographic techniques [25—28]. However, the computa-
tional cost of this type of simulations is currently too high to allow
for a systematic use of this method. Typically, the continuum
approach is adopted in developing electrochemical models
[19,29—31]. In this approach the particle-level details are repre-
sented through effective microstructural properties, which can
be obtained from the application of empirical correlations [32],
percolation models [33—35], packing algorithms [36,37] or 3D to-
mography [38]. Several modelling studies have been presented to
predict the microstructural contribution to electrochemical per-
formance and enhance the power density via an optimisation of
the microstructural properties [19,37,39—43].

However, in most of the studies published so far the vali-
dation of the model is lacking [32,44,45]. In order to quantify
the correlation between microstructure and electrochemical
performance, models must be properly calibrated with high-
quality electrochemical experimental data and then verified
in different electrode microstructures. Typically electro-
chemical models are calibrated by tuning microstructural or
electrochemical parameters on a single set of polarization
curves [30,46,47] without assessing their validity in different
samples. Furthermore, electrochemical impedance spectros-
copy (EIS) data contain more information than polarization
curves and allow for the decoupling of different processes
according to their characteristic timescale, thus representing
a more comprehensive benchmark for the validation of elec-
trochemical models [48—53].

This study describes the validation of a physically-based
electrochemical model by using impedance spectroscopy
data for different operating conditions and different electrode
microstructures. The study focuses on SOFC composite an-
odes made of the same materials, nickel and scandia-
stabilized zirconia (ScSZ), prepared with different volume
fractions and fabrication techniques, including infiltrated
electrodes. Focused ion beam SEM (FIB-SEM) tomography is
used to obtain the microstructural parameters required by the
model, while EIS data at different operating conditions are
used for its calibration and validation. The results of the study
comprise the material-specific kinetic parameters of Ni:ScSZ
electrodes, which can be used along with the model to opti-
mise the microstructural design.

The paper is organized as follows: in Section 2 the electro-
chemical model is presented. Section 3 reports the results of
the study, comprising the fitting and deconvolution of imped-
ance spectra, the discussion of model parameters and the cross
verification of the model in different microstructures. The
general conclusions of the study are reported in Section 4.

Modelling

Fig. 1a schematically represents the main phenomena occur-
ring within the anodes modelled and tested in this study. The

anode consists of a porous composite layer of Ni and ScSZ
particles randomly dispersed and sintered on the top of an
yttria-stabilized zirconia (YSZ) electrolyte [54]. Hydrogen is
supplied to the anode and diffuses throughout the diffusive
stagnant layer, which is expected to be present in electrodes
tested in button cell configuration [55—57]. Hydrogen is elec-
trochemically oxidized at the three-phase boundaries (TPBs)
among Ni, ScSZ and pores spread throughout the thickness of
the anode. Water counter-diffuses back while electrons
migrate along the percolating electron-conducting networks
created by Ni particles. Oxygen ions, coming from the elec-
trolyte, are transferred to the ScSZ phase at the anode/elec-
trolyte interface and then reach the TPBs to take part in
hydrogen electro-oxidation.

The electrochemical model, developed in the next section,
mathematically describes these transport and reaction phe-
nomena. The following set of simplifying assumptions are
considered in order to keep the model as simple as possible
and reduce the number of unknown parameters:

Fig. 1 — a) Schematic representation of the charge-transfer
and charge transport phenomena occurring within the
anode (not to scale). On the top, the three contributions to
electrode impedance are reported. b) Tomographic
reconstruction of the anode Ni40 (green: Ni, grey: ScSZ).
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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e no mixed ionic-electronic conduction, i.e., Ni is regarded as a
pure electronic conductor while ScSZ as a pure ionic conductor;

e charge-transfer reactions are described according to
Butler-Volmer kinetic expressions [34,58];

o the gas transport within the pores of the anode is neglected

due to the small thickness of the electrode. This assump-

tion is further verified in Section 3.2 (see Fig. 5);

isothermal conditions;

e only the transport and reaction phenomena occurring
along the thickness of the electrode are modelled, resulting
in a 1D distributed model. For the button cell configuration
used here, this 1D approximation has been shown to be
sufficient to extract accurate results [51,59,60];

o the electrode microstructure is modelled as a continuum:
the effective microstructural properties, such as the TPB
length per unit volume and the effective conductivities,
which are evaluated from the tomographic reconstruction
of the electrodes (see Fig. 1b), are assumed homogeneous
throughout the electrode thickness.

Although the model is applied to Ni:ScSZ anodes, it is
generally applicable to any type of composite SOFC electrodes
that satisfy the assumptions listed above.

Model equations

According to the description provided in the previous section,
the impedance of the electrode consists of three processes
occurring in series (see Fig. 1a):

e oxygen ion transfer at the electrode/electrolyte interface;

e distributed charge-transfer at the TPB spread throughout
the electrode thickness, coupled with electron and oxygen
ion migration;

e gas diffusion in the stagnant layer.

In this section the impedance of the electrode is derived
according to physically-based sub-models describing these
processes. For the sake of conciseness, model equations are
reported in the frequency domain only. The symbol AZ is used
to represent the phasor of the a.c. perturbation of a generic
variable {‘ around its steady-state value ¢, which is the open-
circuit condition in this case:

¢ —¢=0L-d = AL-@" with 60 < <( )

where j is the imaginary unit and » the angular frequency,
with w = 27 f, where f is the frequency. For a comprehensive
description of the Fourier transformation of model equations
from time domain to frequency domain the reader is referred
to Lasia [61] and Bertei et al. [52].

The impedance of the oxygen ion transfer Z,, between YSZ
and ScSZ at the electrode/electrolyte interface is represented
through an oxygen transfer resistance rs.szysz in parallel to a
capacitance cscsz/ysz, as follows:

1 . -
Zot = — < +}wC5csZ/ysz> (2)
Ascszyysz \I'sesz/vsz

where As.sz/vsz is the fraction of interfacial area between ScSZ
and YSZ at the electrode/electrolyte interface. rseszyvsz is the

specific charge-transfer resistance associated to the Faradaic
contribution of the oxygen ion transfer at ScSZ/YSZ interface,
while cscsz/vsz is a lumped parameter taking into account the
double-layer capacitance and the other capacitive contribu-
tions associated to the oxygen ion transfer (oxygen ion
transfer at the electrode/electrolyte interface is taken into
account in several well-established physically-based models
[62—64] and has been identified in the analysis of impedance
spectra [52,65]).

The impedance related to the distributed charge-transfer
at the TPB within the electrode is obtained from the conser-
vation equations of electronic and ionic current along the
thickness of the anode:

dAi,

dx = 7Ai}[7‘PB - Ami/ScSZ
ax Alfpy + Alyisesz (3)

x=0:Al, = AL, Aip = 0
X = Lan : Al, = 0, Alp = AI

where x = 0 refers to the electrode/current collector interface
and x = Lg, to the electrode/electrolyte interface (i.e., from right
toleftin Fig. 1a). Note that the current perturbation Al is totally in
electronic form at x = 0 while itis in ionic form at x = L, [34,42].
The electronic and ionic current densities, Ai, and Aip
respectively, are calculated according to Ohm's law [18—20]:

dAVy .
TN with o kT (4a)

Al = —oy ix Ni = ONi

. dAVS SZ
Alp = 7”;2‘52 dxc

with Uggsz = Oscsz kgfcfsz (4b)
where 0% and o7, are the effective electronic and ionic con-
ductivities of Ni and ScSZ, calculated by multiplying the bulk
conductivity, oni and osesz, by the normalized conductivity
factor, kf{{ and k;{fsz [20,37].In Eq. (4), AVyi and AVssz represent
the phasors of the electronic and ionic potential in Ni and
ScSZ, respectively.

The source terms per unit volume in the right-hand side of
Eq. (3) refer to the Faradaic current due to the charge-transfer
reaction at the TPB 4i%; and the current associated to the
electric double-layer between Ni and ScSZ 4% q.5,. According
to the Butler-Volmer kinetics [58] and assuming ideal capaci-
tive behaviour of the Ni/ScSZ interface [18], difpp and iy s,
result as follows:

. . F
Aifpy = IOTPBL%Bﬁ (AVyi — AVsesz) (5a)

Ami/&sz = j‘”CNi/ScszAzuvi/s:sz(AVNi — AVsesz) (5b)

where igrpgs is the exchange current density per unit of TPB
length, cni/scsz the specific capacitance of the Ni/ScSZ interface
while Ly, and A}, are microstructural properties corre-
sponding to the TPB length and the Ni/ScSZ contact area per
unit volume, respectively. F, R and T represent the Faraday
constant, the gas constant and the absolute temperature,
respectively.
By defining the activation overpotential Ay as [34]:

An = AVy; — AVscsz (6)
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and introducing the dimensionless coordinate X = x/Lay, the
substitution of Egs. (4)—(6) into Eq. (3) provides the following
system:

d’An
=I?An
=’
dAg Lan
v . = *Tf;AI (7)
Ni
da L
d; =g A
=1 Ogesz

where the dimensionless parameter I, which depends on
frequency, is defined as:

F 1 1
2 _ [ T 2
I* = <IOTPBL%PBﬁ —+ }chl/SCSZA;i/ScSZ> ((T?;{ + ggfsz> Lan (8)

Egs. (3)—(6) represent the extension to frequency domain of
the steady-state model of porous composite SOFC electrodes
proposed by Costamagna et al. [34], who provide the solution
of Eq. (7) in order to compute the total overpotential of the
electrode An; as follows:

X=

Ange = AVnil,_o — AVseszly_,

_ cosh(I') +©-[2+ I sinh(I) — 2 cosh(I)], < 1

I sinh(T) 0;{{
1
+ T) Al 9)
Osesz
with:
0= ”iﬁ”ggsz (10)

2
(”;{if"'agfcfsz)
Finally, the impedance of the electrode Z.4 due to the

distributed charge-transfer reaction coupled with electron
and ion migration is equal to:

Ay
Za=51"
_1 1 1 cosh(T') + Q-[2 + I' sinh(I') — 2 cosh(T))
R I sinh(I)
Oni  Osesz

(11)

It is noteworthy that Eq. (11) was also derived, with
different notation, by Paasch et al. [66] and by Lasia [61], and is
present in ZView (element DX-1) [67] to represent the
impedance of an electrode with finite thickness and finite
resistivity of the conducting phases. A modified version of Eq.
(11) was also applied by Sonn et al. [68] and Ramos et al. [60] in
Ni:YSZ and Ni:ScSZ cermet anodes, respectively. When the
conductivity of a phase is much larger than that of the other
one, Q approaches 0 and Eq. (11) equals the impedance of a
finite-length Gerischer element [61,69].

The multicomponent diffusion in the stagnant layer is
described according to the Maxwell—Stefan approach [70]. In
the following, a ternary mixture of H,, H,O and inert gas (e.g.,
N,) is considered, where the species are labelled as 1, 2 and 3,
respectively. The derivation that follows represents the
extension to the frequency domain around OCV of the steady-
state diffusion model proposed by Aravind et al. [57].

Under the assumption of uniform pressure P, the conser-
vation equations for H, and H,O within the stagnant layer
read as follows:

. iA C_d4N;

JORTYI T "k

AYil, o = Ayio fori=1,2 (12)
Ay"}x:Lst =0

where, in this case, x = 0 represents the interface between
electrode and stagnant layer while x = Ly represents the
thickness of the stagnant layer (i.e., from left to right in
Fig. 1a). Ay; is the phasor of molar fraction, which is the a.c.
perturbation generated by the dynamics of the electro-
chemical processes occurring within the electrode, which are
assumed to be faster than the diffusion in the stagnant layer.
The boundary condition at x = L sets a constant molar frac-
tion of H, and H,0 in the supply of gases outside the stagnant
layer where the perturbations vanish, thus resultingin Ay; = 0.

The phasor of the molar flux AN; is computed according to
the Maxwell—Stefan approach [70]:

P dy;  ykNi — yiNe
RTdx 2 Dr (13

where Dy, is the binary diffusivity between species i and k,
calculated according to the Fuller et al. equation [71].
Considering that, at steady-state, the reaction stoichiometry
sets N, = —N; and N3 = 0, the flux expression can be recastin a
Fick-type form as [57]:
-1
AN;Z—% i% with Di:<g—;+g—;+g—;> fori:172
(14)

where the a.c. perturbation Ay; in D; has been neglected. In
particular, D; represents the average diffusivity of species i
within the stagnant layer in open-circuit conditions.

By substituting Eq. (14) into Eq. (12), two independent
second-order ordinary differential equations are obtained,
whose solution is:

sinh((Lst - x)\/m>
sinh (Lst\/m )

By substituting Eq. (15) into Eq. (14), the phasor of the flux is
obtained:

P VJjw/D;
ANjly,_o = z=Di———F———

RT tanh(Lst\/jw/Di)
which is related to the a.c. current density Al experienced by

the electrode according to the hydrogen oxidation reaction
stoichiometry:

Ay;i(x) = Ayio (15)

AYi,o (16)

Al = —2FAN;|,_, = 2FAN,|_, (17)

Egs. (16) and (17) link the phasors of the molar fractions
Ayio to the a.c. current density Al

Following the Taylor expansion of the Nernst equation of
hydrogen oxidation reaction, the a.c. perturbation of the
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concentration overpotential at the interface between elec-
trode and stagnant layer results as [72]:

7RT AY2,o A}H.o
M = g (020~ 222) (19

By substituting Egs. (16) and (17) into Eq. (18), the imped-
ance contribution due to the diffusion within the stagnant
layer Zg; results as follows:

An,
Z — conc
st AI

RT\ %1 1 tanh(LSﬂ/jw/Dl)
a <§> P { Dy, Vjo/D1

. 1 tanh(Ls“/jw/Dz)
Dy, VJjo/D,

It is worth noting that Eq. (19) represents the sum of two
finite-length Warburg elements [69], which is consistent with
the mathematical description of H, and H,0 diffusion within a
finite stagnant layer.

Finally, the total impedance of the system Z is calculated by
summing up all the contributions:

(19)

Z = ijcabIes + Rey + 2. (ZOt + Zeqg + Zst) (20)

where the factor 2 takes into account that there are two an-
odes in the symmetric setup considered in this study, R,y is the
ohmic resistance of the YSZ electrolyte and Lcges takes into
account the inductance of the cables connecting the cell to the
EIS analyser.

The total impedance is schematically represented by the
equivalent circuit reported in Fig. 2. It is worth reminding that
the equivalent circuit represents the analytical solution of the
physically-based model derived in this section, thus it is not a
phenomenological circuit build a posteriori for the empirical
interpretation of EIS data as commonly done in the literature.

Results and discussion
Samples, tests and measured parameters

The model described in Section 2 is used to interpret the
impedance spectra of symmetric anodes prepared and tested
by Somalu et al. [54,73]. The samples refer to cermet anodes
made of Ni and ScSZ (more specifically, 10Sc1CeSZ), sintered
at 1350 °C, with different solid volume fractions of Ni. Only the
samples Ni30 and Ni40, corresponding to 30 and 40% vol. of Ni

RSL'SZ/YSZ
L cables

—{©

CS(:SZ/’YSZ

Fig. 2 — Schematic representation of the physically-based
circuit model according to Eq. (20). In the figure, the
following abbreviations are used: Rscsz/ysz = Yscsz/vsz/Ascsz/
ysz and Cscsz/ysz = Cscsz/vsz'Ascsz/vsz.

respectively, are considered: Ni30 is used as a benchmark for
model calibration (Section 3.2) because it shows the largest
impedance, thus allowing for a more accurate deconvolution,
while Ni40 is used for verification purposes (Section 3.4). An
additional sample, referred as 10x, is considered in Section 3.4.
The sample 10x consists of a scaffold of ScSZ infiltrated 10
times with Ni(NOj3), solution, following a fabrication proced-
ure similar to that reported by Lomberg et al. [74]. Thus, in all
the samples analysed in this study the materials are the same,
only the electrode microstructure differs.

The impedance of the anodes was recorded over the fre-
quency range 10 2—10° Hz in an in-house built apparatus [73]
using a symmetric setup at open-circuit over the temperature
range 600—800 °C under 97% H,—3% H,0 and 48.5% H,—48.5%
N,—3% H,0, referred in the following as 100% H, and 50% H,.

The microstructural parameters required by the model are
obtained from the analysis of the FIB-SEM reconstruction of
the anodes after the tests (see Fig. 1b), as described by Tariq
et al. [75,76]. Table 1 summarizes the microstructural pa-
rameters evaluated for Ni30 and used in Section 3.2. The
effective conductivity of Ni in the samples was determined
according to the van der Pauw technique with a 4-point probe
[54,77]. The bulk ionic conductivity of ScSZ is taken from the
literature [78] and approximated with the correlation:

Osesz = 6.5-10% exp( - @) Sm™ within 600 —800°C  (21)

Calibration and deconvolution

The model is calibrated by comparing model simulations with
experimental EIS data of Ni30 at different temperatures and
hydrogen partial pressures. The calibration allows for the
fitting of the unknown material-specific parameters related to
the charge-transfer reactions at the electrode/electrolyte
interface, rscsz/ysz and csesz/ysz, and at the distributed TPB, igrpp
and cnisscsz. The thickness of the stagnant layer L and the
water molar fraction yy,o are regarded as open fitting pa-
rameters of the diffusion model Z. Note that, although the
water molar fraction is a known operating parameter, its
value is allowed to vary in the simulations to take into account
the complex three-dimensional convection and diffusion
phenomena in the test rig which cannot be captured by a 1D
diffusion model (Eqg. (19)), as further discussed in Section 3.3.

Except for L, which is assumed constant in all the exper-
imental conditions, the other parameters are expected to
depend on temperature while being independent of hydrogen
partial pressure. In addition, the material-specific parameters
Tsesz/vszy Csesz/vszy lorps @Nd Cnissesz, are assumed to remain

Table 1 — Microstructural parameters of sample Ni30.

Parameter Value Source
Aseszrvsz [ 0.5009 FIB-SEM
LYp [m m™2] 2.465-10" FIB-SEM
Al sesz [M* m ™3] 1.57-10° FIB-SEM
15 - 0.2569 FIB-SEM
ScSZ
o7 [smY 6597.2 + 4.4533-107/T Measured
1
Lgn [nm] 30 SEM
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constant in different electrode microstructures. A complex
non-linear least square fitting is used to minimize the sum of
squared residuals [79].

The calibration of the model for different operating tem-
peratures is reported in Fig. 3. In the whole range of temper-
atures investigated, the spectra show two features in the
Nyquist plot: a low-frequency contribution, which is almost
unaffected by temperature, and a depressed feature at me-
dium/high frequency, which shrinks as temperature in-
creases. The model accurately reproduces the shape and
frequency-dependence of experimental data, showing minor
inaccuracies for frequencies <0.1 Hz.

Fig. 4 shows the comparison between model simulations
and experimental data for different hydrogen partial pres-
sures for the anode Ni30 at OCV and 700 °C. The Figure shows
that increasing the hydrogen partial pressure affects only the
low-frequency contribution, whose resistance is almost
halved, while the feature at medium/high frequency remains
unvaried. Also in this case, the model provides a satisfactory
fitting of the experimental data, especially in the medium/
high frequency range.

Besides reproducing the experimental data, the model al-
lows for the physically-based deconvolution of the impedance
spectra into three elementary contributions, as reported in
Fig. 5a. The low-frequency (LF) contribution is due to the
diffusion of gases in the stagnant layer, reproduced with Z;
according to Eq. (19). This interpretation is supported by the
weak temperature-dependence of this feature (Fig. 3), the

a)

6
o exp.
4 — S1m
= 2
=)
3)
0
g o
N o
0 |
2 L
b)
4.0
35 | o exp
— S1m.
3.0
2.5
T 20 600°C
5]
S
N

Fig. 3 — Calibration of the physically-based model at
different temperatures. The data refer to the cermet anode
Ni30 at OCV and 50% H,. a) Nyquist plot; b) imaginary
component of impedance versus frequency.

2+ o exp.
——sim.

“Zpy, [ en’]

ZR@ [Q sz]

Fig. 4 — Calibration of the physically-based model at
different hydrogen partial pressures. The data refer to the
cermet anode Ni30 at OCV and 700 °C.

decrease in resistance as the hydrogen partial pressure in-
creases (Fig. 4), and a characteristic frequency in the order of
1-5 Hz (see Fig. 3b) compatible with gas transport processes
taking place in the test rig [55—57,72]. The large resistance
associated to the LF is due to the arrangement of the test
setup, as discussed in Section 3.3, and can be reduced with a
proper design of the test rig.

The depressed feature at medium/high frequency is
decoupled into two contributions: a medium-frequency
feature (MF) and a smaller high-frequency feature (HF). The
MF feature is associated to the electrochemical processes
occurring along the anode thickness, described according to
Z.q. The frequency range is compatible with the distributed
charge-transfer reaction as reported in the literature for
similar electrodes [52,60,80]. This contribution is the one
mostly affected by the microstructural properties of the
electrode, since its impedance strongly depends on parame-
ters such as Lipg, AR;/ss, and 0‘22;2 according to Eq. (11). As
anticipated in Section 2, gas diffusion across the anode
thickness is not considered in Z4. This simplifying assump-
tion is verified in the inset of Fig. 5a: the impedance of the MF
feature is not affected when porous gas diffusion is included
in the model according to the approach presented by Bertei
et al. [81], thus porous gas diffusion can be neglected as done
in Eq. (11). This is also corroborated by the findings of Ramos
et al. [60], who report a negligible porous gas diffusion
contribution in electrolyte-supported Ni:ScSZ functional
layers.

Finally, the HF contribution is ascribed to the impedance
Zot of the oxygen transfer at the electrode/electrolyte interface
(Eqg. (2)), which is expected to be present in the high frequency
range according to the literature [52,62,63,65]. The presence of
three contributions in the experimental spectra is corrobo-
rated by the distribution of relaxation times (DRT), reported in
Fig. 5b. The DRT method allows for the deconvolution of the
spectra without any a priori assumptions, providing the
resistance and characteristic frequency of each process. More
details on the DRT method can be found elsewhere [82—84]. In
this study the DRT is used as a semi-quantitative tool to
corroborate the findings of the physically-based model. In
particular, both the characteristic frequency and the resis-
tance of each process identified with the DRT are compatible
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Fig. 5 — a) Deconvolution of impedance spectrum with the
physically-based model, highlighting the three
contributions to impedance in the Nyquist plot. The inset
shows the comparison of the impedance of the medium-
frequency process simulated with and without gas
diffusion. b) DRT analysis of the experimental data,
confirming the presence of three processes, in agreement
with the physically-based model. Inductance was removed
before calculating the DRT. Operating conditions: 700 °C,
OCV, 100% H,, sample Ni30.

with the independent deconvolution provided by the
physically-based model in Fig. 5a. This is a good indication
about the validity of the model proposed in this study, which
is further discussed in the next section.

Discussion of fitted parameters

The calibration reported in Section 3.2 showed that the model
satisfactorily reproduces the experimental impedance spectra
in a wide range of operating conditions. However, before
accepting the calibration as successful, the fitted parameters
must be analysed and compared with the literature in order to
assess their soundness.

The parameters fitted in Section 3.2 are summarized in
Table 2 and reported in Fig. 6 as a function of temperature.
Fig. 6 shows that all the material-specific parameters exhibit
clear linear trends in the Arrhenius plot, which allow for the
calculation of their activation energies, reported in Table 2.

The activation energy of iprpp, equal to 115 kJ mol~?, is
similar to what reported in the literature for Ni:ScSZ anode
functional layers, i.e., 120 k] mol~* [85] and 111—122 kJ mol~*
[60]. In addition, this value compares reasonably well with the
activation energy of the hydrogen charge-transfer in a very
similar system, such as Ni:YSZ. For Ni:YSZ electrodes, de Boer
[86] and Bieberle et al. [87] report an activation energy of 152
and 85 kJ] mol™?, respectively: in this study, the fitted
Eqee = 115 kJ mol~? lies between these two extreme values. At
700 °C the iprpp fitted in this study for Ni:ScSZ is equal to
46.0-107°% A m™?, while in Ni:YSZ anodes the igrpg is 27.5-107°
or 3.8:10°° A m ™! according to Bieberle et al. [87] or de Boer
[86], respectively, for 97% H,—3% H,0. The ratio between the
exchange current densities in Ni:ScSZ and Ni:YSZ lies be-
tween 1.67 (considering Bieberle et al. [87]) and 12.1 (consid-
ering de Boer [86]): this is in qualitative agreement with Shi
et al. [85], who report an iprpp in Ni:ScSZ about 5 times larger
than in Ni:YSZ.

The resistance of the oxygen transfer rs.szysz decreases
sharply as the temperature increases (see Fig. 6). On the other
hand, both the capacitances cyisscsz and csesz/vsz show a weak
dependence on temperature as expected [18] and lie within
the typical range 0.1-30 F m™2 reported in the literature
[59,80,85,88]. Note that the fitted material-specific parameters
do not vary with the hydrogen partial pressure within the
range investigated, which is in fair agreement with the weak
puz-dependence of the hydrogen electrochemical oxidation
kinetics reported in the literature [86—89]. The effect of water
partial pressure on the hydrogen electro-oxidation kinetic
parameters, which can be more significant than py, according
to Ramos et al. [60], will be subject of future analysis.

The thickness of the stagnant layer Lg remains constant
with temperature and hydrogen partial pressure and is in the
order of centimetres (see Table 2). This high value is attributed
to the arrangement of the test rig and it is consistent with
Aravind et al. [57], who used a similar experimental setup.
However, the transport of gases in the test rig, ruled by a
complex three-dimensional flow field, possibly influenced by
pressure-driven flows [56,57], is expected to be more complex
than the 1D diffusion considered in this study (see Eq. (19)).
This supports the inaccuracies in the fitting of the LF feature in
Section 3.2. Furthermore, this explains why the water molar
fraction yuy0 had to be left as an open fitting parameter during
the calibration, as anticipated in Section 3.2. In particular,
Table 2 shows that, in order to capture the LF resistance, yu20
must be reduced by about an order of magnitude if compared
with the water molar fraction estimated from the operating
conditions, equal to ca. 3%. Similar inaccuracies in the simu-
lation of diffusion in the stagnant layer are acknowledged by
Ramos et al. [60] too.

Hence, the model of gas diffusion in the stagnant layer Z
cannot be considered satisfactorily validated due to the
complex geometry of the test rig. Nevertheless, it can be used
to fit the LF feature and decouple its contribution from the
total impedance in order to focus on the medium/high fre-
quency range. On the other hand, the models of the HF and MF
processes (Zo: and Z.q, respectively) and the corresponding
parameters are robust and consistent with the literature.
Since the microstructural contributions to impedance, which
are the main target of this study, lie in the medium and high
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Table 2 — List of parameters fitted for the sample Ni30. The activation energies, calculated according to the Arrhenius

expression v(T) = v exp< - %) , are reported in the last column.

Parameter 600 °C 650 °C 700 °C 750 °C 800 °C Eget [K] mol’l]
Tseszrysz [Q M2 3.28:10°° 1.10-10°° 3.91-10°° 1.62-10°° 6.93-1077 —149
Csesz/ysz |[E M2 6.99 8.62 9.98 11.14 13.34 23

iorps [A MY 9.60-107° 2.09-10°° 4.60-107° 9.78:10° 1.65-107* 115
Cnissesz [F m™7] 0.27 0.27 0.27 0.27 0.27 0

Lg; [m] 1.05-1072 /

Yoo [—] 0.0021 for 100%H,, 0.0027 for 50% H, /

frequency range, the two models Zo: and Z4 are verified in
different electrode microstructures as discussed in the next
section.

Model verification with different electrode microstructures

The quantification of the correlation between electrode
microstructure and electrochemical performance requires the
model to be tested in samples made with the same conducting
materials but different microstructures. In this section the
model presented in Section 2 and calibrated in Sections 3.2
and 3.3 is tested against the experimental EIS data of two
different samples, namely Ni40 and 10x, referring to a cermet
anode with 40% vol. of Ni and a ScSZ scaffold infiltrated 10
times with Ni, respectively, as presented in Section 3.1. As
discussed in the previous sections, the contribution of the
anode microstructure to impedance lies in the medium/high
frequency range, thus only this region of the spectra is
investigated in this section.

In order to corroborate the models Zo; and Z.4 in samples
Ni40 and 10x, the following approach is used: the same
material-specific parameters rs.sz/ysz, Csesz/vsz, lorps aNd Cissesz
reported in Table 2, obtained during the calibration of Ni30
(Section 3.2) and discussed in Section 3.3, are kept. Then, the
microstructural parameters Agcsz/vsz, Lipg, A /5csz and kg{fsz are
fitted to reproduce the experimental impedance spectra of
Ni40 and 10x. If the models Zo: and Z,4 and corresponding
material-specific parameters are sound, the fitted micro-
structural properties will compare well with FIB-SEM results
and will not vary with the operating temperature. Since the
validation of the diffusion model of the stagnant layer Z; is
not the main concern here, the parameters Ly and yy,o are

103 800°C  750°C 700°C 650°C 600°C
Q\\m | 10A0
104 f Csesz/vsz

Lorp

'sesz/vsz,

iprpp [Am™']
Fseszysz [Q m?]

L

CNi/Scsz
.

-7
1%.00-10'4 9.50-10* 1.00-103 1.05-10° 1.10-10° 1.15-107

1/T[K]

0.1

Fig. 6 — Arrhenius plot of the fitted parameters reported in
Table 2. Note the different scales for left and right axis.

treated as open fitting parameters to reproduce the LF feature
and are not subject to further discussion.

The comparison between model simulations and experi-
mental data of samples Ni40 and 10x is reported in Figs. 7 and
8, respectively. As expected, the experimental impedance
spectra in different samples differ in the medium/high fre-
quency range, while the LF feature, ascribed to gas transport
processes in the test rig, remains almost unaffected, which is
consistent with the literature [60]. The Figures show that the
model accurately reproduces the impedance in the medium/
high frequency range for both samples Ni40 and 10x in
different operating conditions.

Table 3 reports the microstructural parameters used to
reproduce the spectra of Ni40 and 10x, in comparison with the
microstructural parameters obtained through their FIB-SEM

a)

0 exp.
6 = — Sim.

_Zlm [Q sz]

b)

-Z, Im [Q sz]

JHz]

Fig. 7 — Model verification with cermet anode Ni40 for
different temperatures at OCV and 50% H,. a) Nyquist plot;
b) imaginary component of impedance versus frequency.
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Fig. 8 — Model verification with infiltrated anode 10x at
OCV, 700 °C and 50% H,.

reconstruction. The analysis of Table 3 reveals some inter-
esting insights.

For sample Ni40, the fitted value of L%,; remains almost
constant with temperature and is essentially coincident with
the TPB density evaluated by FIB-SEM tomography. Similarly,
the fitted normalized conductivity factor k;fgsz does not vary
significantly with temperature and is only slightly larger than
that obtained from the tomographic reconstruction of Ni40.
Both these results are positive indications regarding the val-
idity of the model. The fitted contact area A}; ¢.s, shows some
variability with temperature and is larger than the value of
1.74-10° m~! obtained by FIB-SEM reconstruction. Since
Ay /5csz is coupled to cyisscsz, Which affects the characteristic
frequency of charge-transfer reaction at the TPB, this vari-
ability reveals only the difficulty to reproduce the frequency-
dependency of the MF feature, without undermining the
general validity of the Z.q model. Similarly, the interfacial area
fraction Agcsz/vsz, Which is constant and smaller than 1, is
larger than expected, since it should be equal to 0.361 ac-
cording to the tomographic results reported in Table 3. This
inaccuracy of the model is attributed to the difficulty of
decoupling the oxygen transfer process, which represents a
small contribution at high frequency, from the strongly
overlapping feature associated with test rig inductance, as
evident from Fig. 5a. Furthermore, this may indicate that the
contact between electrode and the electrolyte is not ideal, as

Table 3 — Microstructural parameters obtained in
samples Ni40 and 10x by EIS fitting, compared with
parameters evaluated in sample Ni40 with FIB-SEM

reconstruction at room temperature. The thickness of the
electrodes, measured with SEM, is 30 um for Ni40 and
7.5 um for 10x.

Parameter FIB-SEM Fitted Ni40 Fitted 10x
Ni40 650°C 700°C 750°C  700°C

Aseszrvsz [ 0.361 074 074 074 0.60

LYp [m m~?] 3.86-10'% 3.8-10'2 4.0-10" 4.0-10'? 23-10™

Al sesz [M?m ™% 1.74-10° 2.9-10° 26:10° 3.0-10°  0.9-10°

15 - 0.126 0.13 0.15 0.15 0.38
Scsz

assumed by the model. However, it is noteworthy that the
fitted interfacial area fraction As.sz/vsz is smaller than 1, which
is the physical upper limit for the area fraction.

The analysis of the microstructural parameters obtained in
anode 10x provides additional positive indications regarding
the applicability of the model to electrodes with different
microstructures. The interfacial area fraction Ascsz/vsz, equal
to 0.60, matches well with the estimated porosity ¢ of the ScSZ
scaffold, which is ca. 40% [90], since ideally As.szvsz = 1—¢ for
a scaffold. In addition, the normalized conductivity factor of
ScSZ k;gsz is larger than in cermet electrodes as expected [91]
and lies below the Hashin-Shtrikman upper bound of con-
ductivity [92], confirming that it is realistic. The contact area
Al sesz> €qual to 0.9-10° m™Y, is similar to that measured in
cermet electrodes Ni30 and Ni40. This result is credible
because A}, Jsesz is proportional to the surface area per unit
volume of the ScSZ scaffold, which is similar to that of ScSZ in
cermet electrodes with the same volume fraction of scandia-
stabilized zirconia as reported by Kishimoto et al. [90].
Finally, the TPB density LY,; estimated in the infiltrated anode
10x is roughly one order of magnitude larger than the TPB
length in cermet anodes, which is in good agreement with
both experimental observations with FIB-SEM [90] and theo-
retical considerations [91,93].

Based on the good matching of EIS datain Figs. 7 and 8 as well
as the considerations regarding the microstructural parameters,
the validation of the model in samples Ni40 and 10x, prepared
with different fabrication techniques and showing remarkably
different microstructures, can be considered satisfactory.

As anticipated in Section 2, the model is not limited to
Ni:ScSZ electrodes but can be used, in principle, for any anode
made of a mixture of pure ion-conducting and pure electron-
conducting materials. In the following, the model is applied to
the cermet Ni:YSZ anode sintered at 1400 °C reported by
Miyawaki et al. [94]. According to their experimental setup, a
negligible oxygen transfer impedance Zo, is expected because
they used the same ion-conducting material as electrolyte and
within the electrode. In addition, the LF contribution, associ-
ated to the gas transport in the test rig, is minimal in their EIS
spectra. Therefore, the Miyawaki et al. [94] data represent a
useful benchmark to verify the electrode model Z.4, which is
the contribution mostly affected by microstructural properties
as mentioned before.

According to the FIB-SEM reconstruction reported by
Miyawaki et al. [94], the microstructural parameters of the
cermet Ni:YSZ electrode are LYy, = 1.5-10" m 2, k¥, = 0.093
and Lg, = 8 pm. In the operating conditions reported by the
authors, i.e., 1000 °C and 97% H,—3% H,O0, the bulk ionic con-
ductivity of YSZis 10.23 Sm™*[20,95] and the exchange current
density igrpp is equal to 3.2-107* A m™* [86,87]. By applying Eq.
(11) for w = 0 Hz, the calculated polarization resistance
Req = Zea(w = 0) is equal to 0.32 Q cm?. According to Miyawaki
et al. [94], the experimental polarization resistance of the
anode at 50 mA cm ™2 (i.e., close to OCV) is about 0.34 Q cm?.
Therefore, the model Z.4 presented in this paper provides a
good prediction of the electrode polarization resistance also in
Ni:YSZ anodes without adjusting or fitting any parameters.

Concluding, besides the reasonable trends of fitted param-
eters discussed in Section 3.3, the satisfactory verification with
different microstructures and the positive application to Ni:YSZ
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anodes without any adjusted parameters confirm the reliability
and good predictability of the model proposed in this study.

Conclusions

In this paper a physically-based model for the simulation of
impedance spectra in SOFC anodes was presented, taking into
account the main electrochemical and transport phenomena
and their coupling with the electrode microstructure, recon-
structed with FIB-SEM tomography. The model was calibrated
to reproduce the EIS data of cermet Ni:ScSZ anodes in
different operating conditions. The material-specific param-
eters obtained in the fitting, comprising the capacitance, the
exchange current density and the activation energy of the
hydrogen electrochemical oxidation, were in good agreement
with values reported in the literature. The model was then
validated in anodes with different microstructure, including
an infiltrated electrode, and the fair prediction of the micro-
structural properties was confirmed by FIB-SEM tomography.

The study shows that the correlation between electrode
microstructure and electrochemical performance can be
addressed by using physically-based models, assisted by 3D
tomography to provide the meaningful microstructural
properties, and verified on impedance spectra for different
microstructures. This approach turns out to be the most
suitable to develop and validate interpretative and predictive
modelling tools, capable to decouple the different contribu-
tions that build up the electrode resistance as well as to
accurately infer kinetic and microstructural properties from
impedance data, going beyond the capabilities of phenome-
nological equivalent circuits.

The model presented in this study and the corresponding
material-specific parameters can be used to provide design
indications to optimise the electrode microstructure or as a
diagnostic tool to quantify the microstructural evolution upon
application on EIS data at different stages of degradation.
Further research will be dedicated to the extension of the
model to simulate anode impedance under d.c. current and
the corresponding effect of water partial pressure.
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Nomenclature

Alissesz  contact area of Ni/ScSZ interface per unit volume
(m™)
Ascsz/vsz area of ScSZ/YSZ interface per unit of electrode area

-)

specific capacitance of the double-layer at Ni/ScSZ
interface (F m~2)

Csesz/vsz  Specific capacitance associated the oxygen ion
transfer at the ScSZ/YSZ interface (F m )

CNi/Scsz

D; average diffusivity of species i within the stagnant
layer, with i = 1, 2 = H,, H,0 (m? s}

Dy, binary diffusivity between gas speciesiand k (m?s™?)

Eqct activation energy (J mol™)

f frequency (Hz)

F Faraday constant (C mol?)

I current density per unit of electrode area (A m™)

ioreB exchange current density per unit of TPB length (A
m)

I electronic current density (A m~?)

Nisesz ~ current density of Ni/ScSZ double-layer per unit of
electrode volume (A m3)

io ionic current density (A m?)

ifpp Faradaic current density at TPB per unit of electrode
volume (A m~3)

j imaginary unit (-)

kf{lf normalized conductivity factor of Ni phase (-)

kgfgfsz normalized conductivity factor of ScSZ phase (-)

Lan anode thickness (m)

Leables inductance of the cables (H m?)

Lgt thickness of the stagnant layer (m)

LYop TPB length per unit volume (m~2)

N; molar flux of gas species i, with i = 1, 2, 3 = H,, H,0,
N, (molm=—2s7Y

P pressure (Pa)

R gas constant (J mol~* K™%

Rey ohmic resistance of the electrolyte (Q m?)

Tsesz/vsz Specific resistance of the oxygen ion transfer at the
ScSZ/YSZ interface (@ m?)

T temperature (K)

Vi potential of Ni phase (V)

Vsesz potential of ScSZ phase (V)

X coordinate along electrode thickness (m)

yi molar fraction of gas species i, with i = 1, 2, 3 = H,
H,0, N, (=)

Z impedance of the cell (@ m?)

Zed impedance of the distributed charge-transfer and
charge transport in the electrode (Q m?

Zot impedance of the oxygen ion transfer (2 m?

Zst impedance of the diffusion process in the stagnant
layer (@ m?)

r dimensionless parameter defined in Eq. (8)

AL phasor of the generic variable ¢{

n activation overpotential (V)

TNeone concentration overpotential in the stagnant layer (V)

oni bulk electric conductivity of Ni (S m™7)

oi{{ effective electric conductivity of Ni phase (S m ™)

Osesz bulk ionic conductivity of ScSZ (S m™?)

aé{fsz effective ionic conductivity of ScSZ phase (S m™)

¢ porosity (—)

w angular frequency (Hz)

Q dimensionless parameter defined in Eq. (10)

Abbreviations
DRT distribution of relaxation times
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EIS electrochemical impedance spectroscopy

FIB-SEM focused ion beam scanning electron microscope

HF high-frequency feature

LF low-frequency feature

MF medium-frequency feature

Ni30 cermet Ni:ScSZ anode with 30% vol. of Ni

Ni40 cermet Ni:ScSZ anode with 40% vol. of Ni

ocv open-circuit voltage

ScSZ scandia-stabilized zirconia, more specifically
10Sc1CeSz

SOFC  solid oxide fuel cell

TPB three-phase boundary

YSZ yttria-stabilized zirconia

10x infiltrated Ni:ScSZ anode impregnated 10 times with

Ni
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