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Abstract

A kinetic investigation of the Oxygen Reduction B&an (ORR) is performed
on LSCF-GDC composite cathodes (L8 sCop F ey g03-5/Cey oGy 1025 50/50)
spanning a wide range of operating conditions.tE$& are carried out on symmetric
cells between 700°C and 560°C at OCV, witfiND mixtures at varying @molar
fraction (5-21%). A dynamic, one-dimensional, pleysiodel of the LSCF-GDC
electrode is applied to rationalize the experimemisults. The model simulates the
spectra by solving mass and charge conservatioatiegs, including terms for gas
diffusion in the porous electrode and solid stedagport in both the LSCF and the
GDC lattice. A thermodynamically consistent, detdikinetic scheme is applied to
describe the ORR mechanism, which takes into a¢alamentary steps of
adsorption and desorption, first and second eleatron at the gas/electrode
interface, interfacial and lattice ion transferfull set of rate parameters (pre-
exponential factors and activation energies) isvadrby fitting to inhouse-measured
impedance data, and validated against a well-eskegul literature dataset. The
sensitivity analysis supports the prevailing rdi¢he TPB route over the 2PB route,
and highlights that the transfer of a single-chdrgeygen adatom from the LSCF
surface to the GDC lattice governs the ORR. Theehddrifies the origin of
distortions in measured impedance arcs, and captiieeeffect of @pressure on the

observed electrochemical activity.
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1. Introduction

LSCF-GDC composites are state-of-the-art cathoolesdplications based on
Intermediate Temperature Solid Oxide Fuel CellsRIFC). LSCF
(Lag.sS1h.eCp oFey g0355) is a perovskite with mixed ionic and electronimductive
(MIEC) properties, which confer this material tragability of supplying electrons to
adsorbed oxygen and transfer oxide ions withindtiece structure. Such
multifunctional character allows to break the payadof an oxygen reduction
reaction (ORR) mechanism exclusively based on tired Phase Boundary (TPB)
concept, and opens up an additional transport yeteh requires only two active
interfaces (2PB), since oxygen is activated anasteared within the same phase [1-
3]. Although LSCF is often used as a pure matet@iposite architectures in
combination with GDC (CGdy 10.5) are preferential in applications, in order to

boost the electrolyte/electrode contact area anid the thermal expansion mismatch.

Given the wide application of LSCF-GDC composites, quantitative
understanding of the ORR is a requisite for thénaightion, under a design viewpoint
(choice of LSCF/GDC ratio, electrode thickness padicle size), as well as under an
operational viewpoint (minimization of degradatipmcesses, maximization of the
performance). Several model approaches have begealto describe the ORR
mechanism, which are typically based on impedapeetsoscopy analyses [4-18].
The majority of the studies follows the equivalemtuit method [3, 5-8, 11, 13, 15,
18]. Apart of fully phenomenological descriptiorssked on RC and CPE elements,
the introduction of Gerischer elements providesanetiable physical meaning:
nonetheless, extrapolation of the results is diffiand mechanistic elucidation is
limited. A second approach entails the applicatibphysical models, wherein
fundamental equations of charge, mass and energpepation are solved [10, 16,

19-27]. Depending on the assumptions and on themsionality of the problem,



several parameters can be accounted for in termmsopbstructure, operative
conditions, kinetics and thermodynamics. On thelwar&l, the practicality of these
models decreases, due to the considerable numiperaafs of information required
and to the increasing complexity of the numerigacpdures; on the other hand, the
descriptive capability grows and a larger poolxjferimental data can be included in

the analysis.

The ALS model [28, 29] and the transmission linedeid30] are fundamental
and milestone examples of physical approaches. Besaomptions of these
approaches are the individuation of a rate detangistep, usually taken as a first
order surface exchange rate, as well as the coasiole of single-phase electrodes.
An extension of the ALS model to composite eleados presented by Mortensen et
al. [31, 32] and validated against impedance speutrasured on symmetric cells
mounting LSF-GDC electrodes. A macro-homogeneopsoagh is adopted and the
composite electrode is described as a continuuntivwgroups the MIEC phase and
the GDC phase in one single ion-conductive phale.rilass conservation equation
considers the transport of vacancies accordingdiffsion coefficient which
averages those of GDC and LSF based on porosityoatubsity parameters.
Thermodynamic rigor is guaranteed by the derivatibtine Nernst-Plank equation
starting from the chemical potential and by thepdm of thermodynamic factors:
noteworthy, the driving chemical potential is defirfor an electronated pseudo-
species (a double electronated vacancy), whickvalto obtain explicit relationships.
Based on a similar approach, Nielsen et al. [6lvédumped equations (Finite Length
Gerischer equations, FLG) for the impedance of amsite cathodes based on a MIEC
phase and show that the balance among vacancgidiffaoefficient, surface
exchange rate and electrode’s length governs thpedance measurements, which can

turn from Gerischer-like into different shapes. Buthors analyze three data sets
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collected on LSCF-GDC cathodes, in terms of eqematircuits: depending on the
microstructure and on electrode’s performanceegeitie FLG element or the
traditional Gerischer element is considered inesewith a Warburg element able to

describe the contribution of gas diffusion impedanc

A common result of the previous models is thatsingace kinetic constant
plays a key role in establishing the shape and itundpl of the spectra. Detailed
kinetic models overcome the simplification of agéenfirst order step and potentially
capture conditions where lumped models break desweh as when the RDS changes
or when a competition between 2PB and TPB routearscYurkiv et al. [10] present
a composite electrode model with a detailed meliginetic scheme, which is able to
reconcile EIS experiments on symmetric cells wiSOE-GDC cathodes, in air and
under open cell conditions, between 775 K and .7bhe scheme is
thermodynamically consistent thanks to the debnitdof enthalpy and entropy
formation parameters, some of which are derivefittiyg the simulated spectra to
the data points. Also in this case, the compos#et®de is described as a continuum:
one charge conservation equation is written anexpdicit ion diffusion treatment is
included. In contrast, Laurencin and coworkers [3},rigorously apply individual
charge and mass conservation balances to both H6€ &hd the electrolyte phase.
These authors validate a four-step kinetic schemsedbon single-phase LSCF
electrode experiments spanning over a wide rangatbbdic and anodic bias. The
model is further extended to predict polarizatiod anpedance experiments collected
on LSCF-GDC composites. A set of kinetic parametederived by fitting to the
spectra, under the assumptions of negligible sanfetential and invariance of the
oxygen adsorbates surface coverage with respéettperature. An accurate insight
in the transition between kinetic regimes is predgdwhich neatly outlines that the

electrode microstructure and the applied voltagecaucial in establishing whether
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the bulk or the surface reduction pathway prevailgh reference to LSM-YSZ
composites, Banerjee and Deutschmann [27] followBatmediate approach,
wherein the two phases are treated separatelyg h&lN exclusively an electronic
conductor. The resulting framework mirrors thatsttributed-charge composite cells
models [34, 35]. A detailed and thermodynamicatipgistent mechanism is
proposed, and several sets of impedance experirtaeis from relevant literature
are reconciled. The key-role of surface diffusiérmxygen adsorbates emerges as a
distinguishing point of LSM-based electrode modalsng with this result, Bertei et
al. [23] discuss the consequences of moving frae2PB to the TPB pathway by
application of a physical model of LSM-YSZ compesitand show that the bias
overpotential determines the transition. These flmailed models share some
important features. The surface charge-transfesratclude a surface potential, first
proposed by Fleig [36, 37] and Liu [38-40], whosgune is related to the specific
capability of MIEC materials to create an additioregpacitive interface between
charged oxygen adsorbates and positive electraniotercharges [36], other than the
electrode/electrolyte capacitive interface. In REIS] and [27], the charge-transfer
rates are expressed directly as a function of tfas@s’ potentials, according to the
framework by Bessler [41], rather than following tButler-Vomer approach, which
requires fixing one or more reference potentiats &hich is instead adopted in Refs.

[14] and [23].

In this work, a physically-based electrode modéhwai multistep detailed
kinetic scheme is developed and applied to ratineahhouse impedance
spectroscopy experiments performed on compositectSDC cathodes, covering a
wide range of operating conditions in terms of temagure (560°C to 700°C) ang O
fraction (5% to 21% v/v). The model includes thdiudual description of the MIEC

phase and of the GDC phase with solid state ddgfuparameters, as well as



dedicated balances for intermediate surface spedesmodynamic consistency
principles are applied to the reaction steps,iataftom literature estimations of
formation parameters of surface and lattice spegidutler-Volmer framework is
chosen to describe the elementary charge-transigs,ssetting appropriate
equilibrium potentials. A full set of rate paranrstéore-exponential factors and
activation energies) is extracted by fitting to ihgpedance data, and further validated
against the well-defined experiments by Nielseal €i6] (moderate coarse structure
dataset), also outside the original calibratiorgeatup to 800°C). A sensitivity
analysis (SA) is also carried out to highlight tate determining step, which shows
the predominance of the TPB over the 2PB redugtaihway. Overall, the model
serves as a basis for the optimization of the &iratproperties of applicative LSCF-

GDC composite cathodes.

2. Experimental

Symmetric cells were prepared using GDC electrslged LSCF-GDC
cathodes. GDC powders (6@Ce 91,95 GDC10, FuelcellMaterials) were die-
pressed at 5 ton/cnfior 3 minutes and sintered in air at 1400°C foh1(2°C/min
heating and cooling ramp). The resulting pellets ¢n diameter and 1 mm
thickness) reached 96% theoretical density, asi@gnvith buoyancy balance
measurements in ethanol. A commercial LSCF-GDC s ink
(FuelcellMaterials) was applied to prepare the @d¢h The ink consisted of a mixture
of 50 wt% La ¢SIy.4Coy Fe&y g035 and 50 wt% GDC10 suspendeduiterpineol, for a
total loading of solid particles of ~70%. The etede layers were deposited on the
pellet surface by blade coating a slurry, obtainga@ddition of isopropyl alcohol (0.1

g/g ink) and graphite (0.12 g/g ink) to the preouiisk. After application, each layer



underwent a drying step at 150°C for 5 h. Adhesibtine layers on the GDC pellet
was achieved by calcination in air at 1000°C fdr @°C/min heating/cooling ramp).
The thickness of the layers, their adhesion tg#iket and the morphology of the
sintered particles were assessed with Scanningr&tedicroscopy (SEM) using a
Carl Zeiss EVO50VP instrument equipped with an Bpédispersive Spectrometer
(EDS) for elemental analysis. An average thickmés® um was measured for the
cathode layers (Fig. 1a and Table 1). Based orv#iige, starting from the measured
weight of each electrode, 40% porosity was deteethiif his porosity value was
verified via mercury porosimetijvlicromeritics AuotoPore V), which allowed also
to evaluate the pore size (). The morphology of the sintered particles (Rig)
revealed homogenous, with no appreciable differéeteeen LSCF and GDC,
which showed an average diameter ofuffl Though, given the difficulty in
establishing this value, the particle size distiidouof the LSCF-GDC composite was
also determined on the ink powders by means of rs@ulometry (Cilas 1180).
Prior to the analyses, the samples (~20 mg sampke®) exposed to ultrasonic
stirring in isopropyl alcohol for 10 minutes, inder to dissolve the ink and break the
agglomerates. The results of the granulometricyseal (Fig. 1c) revealed a broad
distribution with the presence of a main peak ceatat 0.8um, followed by a
shoulder at &m. Considering the thickness of the layers, the®sd peak could be

reasonably attributed to residual undissolved agglates.

The EIS measurements were carried out in a PrabasitaNorwegian
Electro Ceramics) equipped with a potentiostat@abstat (AMEL 7050) and a
frequency response analyzer (FRA). The experimgate performed between 560°C
and 700°C, at Open Circuit Voltage (OCV), with 1¥ noltage amplitude and 10
mHz to 10 kHz frequency range. The temperatureramped up to 700°C and

decreased 50°C stepwise. At each temperature xecinpedance spectra were



collected at three {partial pressures, 21%, 10% and 5% v/v, wititdNbalance.

After varying the concentration of,(Ostable measurements were obtained usually
within 45 to 60 minutes. The experiments at 21% %#d(, were also repeated using
He instead of Pas the diluent, in order to verify the impact ass transfer
limitations. In all the experiments, 50 Ncc/min dlasv rate was supplied to each side
of the cell. Before the admission to the oven,gag mixtures were dehydrated
passing through a moisture trap (Sigma Aldrich)e Tarrent collectors were
fabricated by applying a silver mesh with silvemp#o each electrode of the cell.
Three LSCF-GDC/GDC/LSCF-GDC symmetric cells westdd and the resulting
spectra were averaged. The experimental varianoca@uhe results amounted to

~8% with respect to both the real part and the inayg part of the spectra.

3. Electrode model

A one dimensional, dynamic and heterogeneous msdieveloped to
simulate the impedance spectra measured on LSCF€ab0des. The model relies

on the following assumptions:

1. The electrode is isothermal and isobaric, and #sebghaves ideally.

2. A continuum-level description is adopted for each phase of the csitgo
electrode. GDC and LSCF are treated as distinctantnuous solids,
which reciprocally contact at the interface.

3. The electrode structure is a random binary mixtingercolated particles,
whose effective properties are evaluated startioigp foulk material
properties, reduced by the introduction of appiaterfactors. The
morphologic, transport and structural parametegscanstant in the

electrode volume (isotropic parameters).



. The current collectors are zero-dimensional perdésttronic conductors.
. The LSCF phase is a non-ideal dilute solution. itwe-ideality is taken
into account by introduction of the thermodynanaictbr A, which is
considered independent of the vacancy concentratidrexclusively
dependent on temperature. The concentration ofgpagkd positive
charges, which consists of Sr, La and Fe ionistant and homogenous
in the whole electrode volume. The same assumpiproposed in the
ALS model [28] and later by Jin et al. [42] for putSCF electrodes,
wherein the inert and immobile ions are treated asique solvent.

. The GDC phase is equilibrated and homogeneous atidee explored
conditions. Consequently, the amount of vacanaiesoxide ions is
constant, gradient-less and fixed to the equiliiorialue. This assumption
translates the fact that the concentration of veieanin GDC is negligibly
perturbed by the transfer that stems from the rogighg LSCF phase.

. GDC is considered as a non-adsorptive purely ioarductor, with
transference number equal to L.&lsorption and activation occurs
exclusively on the LSCF surface and no electroagpanvided to the
intermediate species either via the GDC latticeiathe GDC surface.
The dense GDC electrolyte of the cell is also aer&id an electrical
insulator and no electronic leakage current is actad for.

. LSCF is a MIEC phase, able to conduct ions andreles. Within the
composite electrode volume, the electronic cuneekclusively
transferred through the LSCF phase, while the ionrcent is

simultaneously transferred through GDC and thrahgh_SCF phase.
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9. Electron-hole pairs are equilibrated. This assuompis also proposed in
the ALS model [28]. It leads to the adoption oiragie Fermi level for

both these species (Section 3.5).

Figure 2a displays a representation of the modeiladio, with definition of the
flux directions, coordinates and boundaries. Theaa includes only the composite
electrode volume. The interface between the curelictor (CC) and the electrode
is located at the entrance, and it is set as z Fh6.electrode/electrolyte interface is
located at the exit of the domain, and it is set asEnd, which corresponds to the
electrode thickness L. It is intended that the igaadmitted to the cathode passing
through a recirculation chamber, which is locatpdtream the current collector and
which is treated as a Continuously Stirred Tankdiea(CSTR) [34, 35, 43]. The
volume Vestr Of the recirculation chamber is 2.5 tririgure 2b displays a detail of
the interface between the composite cathode andeliberolyte. The composite
electrode is approximated as a continuous seri€&D@ particles, extending from the
electrolyte into the electrode, which contact LSféng their axis. The representation
of the contacting particles is provided in panel®grein the adsorption surface, the
contact surface and the TPB line are highlightedsigle intersection is accounted

for between each particle of LSCF and GDC, wittbadontact angle [44-46].

3.1 Kinetic mechanism

The ORR is described according to a five-step kenaechanism. The LSCF
phase is indicated with the subscript M (MIEC), l@hihe GDC phase with the
subscript E (electrolyte). Molecular oxygen @ adsorbed on the LSCF surface by
dissociation on two free sites $ (step S1), withmfation of two adsorbed oxygen

atoms (O adatoms in the following).

11



0, +2$ o 204 (S1)

The electronation process is split in two individaeeps. Each O adatom is
first electronated to produce a single charged ragsboxygen aton®;,%* (S2). This
charged oxygen atom acquires the second electroneatts with a vacancy in the

LSCF lattice, producing an oxide i@ ,, and a free surface site $ (S3).
0% + e~ & 0;,%% (S2)
0" +Vsy+e o0y +$  (S3)

The oxide ion is finally transferred across the EBEDC interface by reaction
with a vacancy in the GDC lattice (S4). Steps 3 4ud@scribe the so-called two phase
boundary (2PB) pathway, since the ion transfertr@a@xclusively requires crossing
the contact surface between the MIEC and the elgttrphase. The surface step S3
is coupled with the ionic transference step S4waaancy diffusion in the LSCF

lattice.
0())C,M + Vﬁ,E A d Oéc’E + Vﬁ,M (84)

The competing three phase boundary mechanism (iEP&3%0 accounted for,
by inclusion of an additional step (S5), whereia $ingle charged oxygen atom reacts

with a vacancy of the GDC lattice, producing andexion in the electrolyte.
0" +Vsp+e” o005 +$ (S5)

Similar sets of reactions are proposed in theditee. The main differences
concern the adoption of holes or electrons asasfpecies, and the description of the
electronation process. On LSM-YSZ cathodes, Zhard €38] propose the same
ORR mechanism, considering diffusion of chargedgexytoward the TPB. Still with
reference to LSM-YSZ cathodes, Banerjee and Dentaoh [27] compare a series of

12



alternative mechanisms, introducing holes: the@sthiscuss different routes for the
surface electronation process, coming to the ceimhuthat the most comprehensive
mechanism includes the presence of a supem@gxspecies, which decomposes into
two charged oxygen atoms. In the case of LSCF-G@@posite cathodes, Laurencin
and coworkers [14] propose a mechanism based @&s hehich lumps the
electronation process in one single step (S2 +88Xiv et al. [10], instead, split the
electronation in two reactions, but consider exgklg the 2PB pathway and assume
an initial step of non-dissociative,@dsorption. Notably, since these authors describe
the composite electrode as a single-phase contintnensecond electronation
reaction has the same stoichiometry of step S5) thaugh it is intended as the
combination of the incorporation of an oxide iorL®BCF (S3) and its transfer across
the LSCF/GDC interface (S4), leading to a 2PB pathvwAn additional role for GDC
Is included, which hosts on its surface super-@xcspecies. As a matter of fact, the
present choice of a five-step ORR mechanism isthasethe one hand, on the larger
agreement found upon the kinetics of LSCF, ancherother hand, on the reasonable
economy of unknown parameters to be determineds{iréace diffusion coefficients).
The presence of a super-oxo species is neglectedl lwam the non-adsorptive

character of GDC (assumption 7).

3.2 Model equations

The diffusion of Q in the porous electrode is modeled with a simpd&-Eype
approach (Eq. 1 and Eq. 2). The effective diffusioefficient takes into account both
molecular and Knudsen diffusivity according to tesanquet relationship (Eq. 3),
and it is calculated considering the measured ftgras and approximating the

tortuosityt to 1k.
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dcC d
L2202 Jo, _ aads rn (1)

_ eff . 4Co,
]02 - _DOZ dz (2)
1 1 1
= + (3)
eff Moleff Knueff
DOz D02,N2 D02

The net rate of adsorption (Section 3.4) is referred to the LSCF surfaf¢’,
which is calculated according to the percolatiagotty [47]. On this surface, mass
balances are considered for the adsorbed intertesdi@amely the oxygen adatom
(Eg. 4) and the single charged oxygen speciesgEdhe surface concentration of
these species is expressed as a function of thecsuroncentration of the active sites
I' and of the coverage fractiofis Consistently with the mechanistic descriptioraof
competition between the 2PB and the TPB pathwag, referred to the surface
contact line per unit volumkrps. The conservation of the total number of surface

sites is applied to calculate the coverage of ithe $ites (EQ. 6).

ads deol%lds ads
ay 'F'T:av '(2'7‘1—7'2) (4)

ads deOIT/IadS ads
ay 'F'T:av *(ry —13) —Arpp ' Ts (5)
Hp + Hoﬁdds + QOA_/IadS =1 (6)

A distinguishing feature of the model is the inabums of two distinct
conservation equations to describe the simultanamis transport within the LSCF
and the GDC phase. In the first case, since thiedatacancy is a non-equilibrated
key-species in the ORR mechanism, the materialnbalas expressed is terms of

concentrationCVb,M and molar flux density]vb,M (Eg. 7). The rate of second

electronation g is referred to the LSCF surface, while the ratéooftransport across
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the LSCF/GDC interface, requires the specific interfacial are®t. fy (Table 1) is
the volume fraction of the LSCF particles in theAFSGDC mixture, while % is the

volume fraction of the solid in the electrode.

dCVﬁ,M ads int
(1 - g) fM dt - dz ay r3 + ay L (7)
ff
dCy .. Zy.. De,, b
— _a.peff Vem  TVel TVem _déy
J Vom — 4-D Vo.m dz RT CVb.M dz (8)

The mathematical form of the molar flux density (B} evidences that the migration
term is associated to the bulk potentig} of the LSCF phase, while the diffusion
term to the axial gradient of vacancy concentratibhe equation is derived by
substituting the electrochemical potential of tleeancies (Eq. 9) into the definition
of the flux density (Eqg. 10), considering the NeéyBmstein relation and a non-ideal
solid solution (assumption 5). Accordingly, as destoated in Ref. [48], the
thermodynamic factor A appears as a multiplier bé tgradient of vacancy
concentration, whereas the gradient of bulk posérgidriven exclusively by the self-

diffusion coefficientDy, , owing to the definition of conductivity and of \awy

activity ay, -

vy = #I%M + RT - ln(dvb_M) +zy,  F -y (9)

o-ieofnf,M . dﬁVb,M (10)

2 p2
szF dz

]Vb,M =

The concentration of oxide ions in LSCF is caloedaby including the conservation
of oxygen lattice site€,,., which are considered constant in the whole eldetr
volume as well as under all the explored tempeeagad pressure conditions (Eq. 11).

This equation translates the fact that the totatetometric number of oxygen sites is
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given by the sum of sites occupied by an oxidedod empty site<,,. ), is taken

equal to 8.48x10mol/nt.
Crnem = CV;,,M + CO(’,‘_M (11)

Since the GDC phase is equilibrated and no accuionlaor axial gradient is
present (assumption 6), the concentration of théeowns and the vacancies is fixed,
and no material balance is accounted for. Inst@dcharge balance within the GDC
phase is modeled considering the conservation iequiat terms of bulk overpotential
n, making use of an effective ionic conductivity gaeter and evidencing the double
layer capacitive current (Eq. 12). Equation 12deved by assuming a gradient-less
GDC phase, wherein the vacancy flow rate is exeihgidue to the electrical
migration term. Indeed, setting constant vacanmegsentration, the ionic
conductivity results constant (Eqg. 13). In this yaile the capacitive current is
associated to the bulk overpotential, the gradiémdnic current retains a second
order dependence on the bulk potengiflof the GDC phase, in accordance with the
Ohm’s law. As in the case of LSCF, the relationtfar vacancy flux in GDC is
obtained by substituting the electrochemical poa¢(Eq. 14) into the definition of

the flux density.

int . int .41 _ _eff  d*®p . (nint
Cbri all)n E = O-l'OTl,E dz2 - nvb F (a:;n o + }\TPB ' rs) (12)
.peff ff
J __ 2vyFDvy g . . dod _ _ Oion5 _dof (13)
Vg RT VoE  dz zy F  dz
- — ,,0 . eq . . Ab
v,y = Hyy, + RT - In (CVO’E) + 2y, F - ¢g (14)

The electronic current density is defined onlyhia £t SCF phase (assumption
8), according to the Ohm’s law with adoption ofedfective electronic conductivity

coefficient (Eg. 15). Due to the mixed conductiveperties, the electronic current is
16



also driven by the bulk potential of LSCF, whichthe same potential that appears in

the migration term of the vacancies flux.

~ dob
[,_ = —U:{Aj; d_zM (15)

In turn, the electronic current density is detemiflby imposing the condition of local
charge conservation within the electrode volumenBlg, in every position along the
cathode, the total current density applied at tineenit collector distributes into the
following three channels: the electronic current BCF, the ionic current flowing in
the LSCF lattice, and the ionic current in the GRa€ice (Eq. 16). The ionic current

densities are calculated from the vacancies flig#swing the Faraday's law (Eq.

17).
R+ 1, + In = Lot (16)
iilgn + igm =Zyy® F- (]Va,E +]V5,M) (17)

The electrode potentialg is defined as the difference between the
electrostatic potential of electrons in the curm@altector and the potential of the
electrolyte at the electrode/electrolyte interfdodight of assumption 9, considering
the equilibrium between the electrons in the curoefiector and the electrons in the
LSCF, Vgq is the difference between the potential of the E&@d of the GDC

measured at each side of the composite cathodel 81q.
Veia = o, — 02, (18)

This definition of the electrode potential is arggias to that proposed in Refs.
[41] and [34]. It can be demonstrated (Appendixi#gt it leads to an explicit form
(Eq. A4) which highlights the contributions of thelk overpotential, of a
concentration overpotential due to ions and vaeanici the MIEC, and of a term
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associated to the transport of electronic curfeoe to the high electronic
conductivity of LSCF and to the modest deviatioroxide ions and vacancies from
the equilibrium, the traditional assumption thad gtectrode potential equals the
applied bulk overpotential is attained. This alsggests that the electrode potential is

mostly driven by the bulk overpotential betweentilie phases.

Cx ¢
_ RT Oom VoM ( b| _ b )
Veia = Nlpna + 55 ln<CV'dM et ) + (o0, — Pl g (A4)
’ oM/ lEnd

The overpotentials and the kinetic rates (Sectidh Biust be specified to
complete the model equations. Three overpoterdi@sequired, the bulk
overpotentiah, the surface overpotentiay and the TPB overpotentiatps. The bulk
overpotential is defined as the difference betw&erbulk potentials of LSCF and
GDC (Eq. 19). It is referenced to the equilibriuntgntialA¢®? (Eq. 20), defined as
the potential at which the net rate of reactiop 84 is zero [49], and which is a
function of the local concentration of vacancied aride ions, as well as of the

equilibrium constant of the reactidj? (Section 3.4).

n=¢py— dp — Ap (19)
APl = +E ‘In (kzq . CV@,E'Cog,M> (20)
2F vy Cox

Following the definition provided by Fleig [36] ahtli [38, 40], the surface
overpotential\y is defined as the difference between the potegfjain the bulk of

LSCF and the potentigl;, at the surface of LSCF. According to the Poisstas it

is expressed as a function of the surface siteityen$ the surface capacitance and of
the coverage fraction of the adsorbed charged epgce. the fraction of the charged
oxygen atom (Eq. 21). The overpotential is thenveeras the difference between the

local surface potential and the equilibrium potaintiEq. 22).
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X=oy— oy = Zsurr * Ogpads (21)
DL

rF

__r . _ped
Ax = o7 (og0es = 05 %as) (22)

Finally, it can be demonstrated [27, 36] that tiRBToverpotential is a linear
combination of the surface overpotential and oflihkx overpotential (Eq. 23). As
pointed out by Zhang et al. [38], the relation stdrom the fact that the electrode
potential associated to the 2PB pathway must bal@quhat associated to the TPB
pathway, irrespective of which of the two prevaiis, self-consistency. An additional
consequence of this relationship is that the daoyiilin potential of the TPB step
A¢7Ls can be derived as a linear combination of thelieguim potentialsA¢®® and

v*9(Eq. 24).
Nrpg = 20N —Ax (23)

Aprpg = 20¢°7 — x° (24)

3.3 Boundary conditions

With respect to the concentration of molecular @tyga condition of
continuity is established at the current colle¢ios 0), which describes the
recirculation zone adjacent to the electrode aSa@FC(Eq. 25). Considering that the
symmetric cell is tested in a stagnation point fEetup, perfect mixing of the
incoming gas is assumed in the volume betweemtbeesupply port and the

electrode surface.

ac .
Vesrr d(t)z =F"- }’02|0 — Fo% -y, _]02|0 *Seld (25)
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The potential of LSCF is fixed at zero at the Cé€calode interface (Eq. 26)
and set as the reference. Two conditions are esguldsr the potential of the GDC
electrolyte. At the current collector, the GDC puital must guarantee that the bulk
overpotential is null: as a consequence, it cacdbeulated directly from the
equilibrium potentiah¢®? (Eq. 27). At the electrode/electrolyte interfaites entire
current applied to the electrode flows into thegtdyte in form of ions that pass

through the GDC phase as well as through the LS@BEe(Eq. 28).

dul, =0 (26)
CV{J :CHx
opl, = —%-ln (qu o C""'M ) (27)
Vom 0G|
eff dd)b s
“Oiong " d_ZE End + Zyy F .]V""'MlEnd = ltor (28)

The boundary condition on the molar flux densitytted LSCF vacancies (Eq.
29) states that the ionic current is null at the. GGe condition associated to the
concentration of the LSCF vacancies is establistoedrding to the assumption of no

flux also at the CC (Eq. 30).

]Vb,M |0 =0 (29)

ACvy m

dz

=0 (30)

0

3.4 Kinetic rate equations

With reference to the kinetic mechanism outline®action 3.1, detailed rate

equations are written under the assumption thdt s@p is considered elementary.
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The rate of @dissociative adsorption (step S1) is modeled atiegrto a Langmuir-

type relationship:
Tl=E1'F2'91%'P02—(];1'1_'2'931(\14,15 (31)

Butler-Volmer forms are adopted for the rate equratiof the charge transfer
reactions. The symmetry facteis assumed equal to 0.5 for each step. The rates o
first electronation S2 (Eq. 32) and second eleettion S3 (Eq. 33) depend on the
surface overpotentialy and are referenced to equilibrium surface potegttaFor

both these steps, the number of charges transfegreid equal to 1.

— a . n —_ = F . Xeq
ry=ky T-0%, -ex (— ¢ )
2 2 0gds p RT
901‘%4‘15 ane—FAy GOIT,,adS (1-a)ne—FAy
"lgee T EXP (_ RT ) T eXP (+ RT ) (32)
Oads O—ads
M M
> a-ne--F-x®
r3=ky T ngads : ng’M exp <+ RT
0 —ads Cy.. n,—FA 9 Cox —a)n.—FA
: ;+.;+M.exp(+“eR—:?()_gTFq.&+M.exp(_(lo‘);‘#) (33)
o-ads VO'M F Og,M

Following the work of Mebane and Liu [40], whileetfirst electronation is promoted
by an increase of surface overpotential, the seetertronation is adversely affected.
It is also noted that, although the definition loé equilibrium potential does not stem
from a Nernst-type relationship rather from thesBon’s law, the thermodynamic
consistency of both equations is retained as ttes tZecome null when the electrode
reaches the equilibrium with respect to the LSQffase coverage and to the

concentration of oxide ions and vacancies.
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The rate of step S4, i.e. the transport of oxiahs iacross the LSCF/GDC
interface, is referenced to the difference of pdkentials at the equilibrium$®? and
is a function of the bulk overpotentig Eq. 34). The relationship is written
considering that both the vacancies and the oxide of the GDC phase are
equilibrated under all the operating conditionslesgd (assumption 6). The number

of charges transferred,b is equal to 2.

— eq eq a'nvb'F'A(peq
7 =ky- Cog‘,M "Cy g exp|— RT :
Cox any . -Fn Cy. (1-a)ny.-Fn
e exp (— — ) — —og exp (+ TO) (34)
o* VM
oM o

Finally, the rate associated to the three phasadsay reaction (S5) is a

function of the TPB overpotentigtps and is referenced to the corresponding

equilibrium conditiom¢r1; (Eq. 24).

eq
_7 eq eq an,F-Adprpp
re =ke -0 2 4 -C -exp| ———==| -
5 5 OMads VE p RT

0 —ads
o an,—Fn 0 (1-a)mn,~Fn
[ o (-2 - ()|

3.5 Thermodynamic properties

The thermodynamic consistency of the kinetic schesgaires the equilibrium
constant of each step to be known [50, 51]. Then&ion enthalpylH and the
absolute entropy, of each species are used to calculate the Gibbsefnergy of
each reaction step. Their values and source acgtegbin Table 4. In order to limit

the number of parameters to be fitted, as manatitee values as available are
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adopted. Additionally, electrons, free sites, LS@Eancies and GDC vacancies are
set as reference species, so that the correspofutingtion enthalpies and absolute

entropies are null in the whole temperature range.

The formation enthalpy and the absolute entropyolecular Q are
calculated as a function of the temperature, basesl standard database for
thermodynamic properties [52]. The formation parterseof the oxide ion within the
LSCF lattice are calculated from the data repobte@ishop et al. [53] in their work
dedicated to surface and bulk equilibria in LSChglkes. Specifically, the reaction
enthalpyAH,, and entropysS,, of the LSCF oxidation reaction (Eq. 36) in the
itinerant metallic equilibrium model is assumed jefhamount respectively to -104

kJ/mol and -65.7 J/mol/K.
=04+ Vs + 26~ © 08 (36)

Notably, the enthalpy of the oxidation reactiomaisen as constant over the
temperature range explored: considering the assamgt null thermodynamic
parameters for vacancies and electrons, the foomatrameters of the oxide ion vary
with temperature. Nonetheless, this variation nexeeeds 10% and negligibly
affects the calculations, amounting to +5.2 kJ/owar -93.1 kJ/mol going from

560°C to 700°C, and +5.6 J/mol/K over +55 J/molikhe case of the absolute

enthalpy.

In the case of the formation of oxide ions in tHe@lattice, the parameters
provided by Yurkiv et al. [10] are assumed. In litexature, wide agreement [54, 55]
is found upon that the enthalpy of oxidatibH,, of Ce* oxide in GDC at 10%
doping (Eq. 37) amounts to -440 kJ/mol per mokdtide oxygen. More scattered
estimates are found in the case of the reactiaoyns,,, ranging from -270

J/mol/K reported by Wang et al. [54] to -127 J/iKaléported by Bishop et al. [56].
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The parameters reported in Table 4 (-200 kJ/mokatdd/mol/K) imply that cerium
ions are not reference species, rather possessduadi and distinct formation
enthalpies and absolute entropies, which do nottsurero. Hence, in the absence of
reliable estimates of these latter parameterghgrenodynamic consistency cannot be

readily verified based on measured valueAdf, andAS,,.
=0, + Vi + 2Cefe © 0F p + 2Cef, (37)

The formation enthalpy of the oxygen atom adsodoethe LSCF surface (-
83.2 kJ/mol) is calculated starting from the DFTireation of -188.1 kJ/mol €X(-1.95
eV) provided by Choi et al. [57] for LSC surfactishall be noted that this choice is
conservative, since a much lower adsorption enyh@p9 eV) is reported by the
same authors in the case of LSF surfaces. Nonsthelee formation enthalpy
obtained is in close agreement with that used bkiviet al. [10] for LSCF (-83.5
kJ/mol). Instead, no reference values are foundhi@absolute entropy 6f4%5. A

null value is then attributed to this parameteorider to avoid fitting.

The thermodynamic properties of the adsorbed sidggeged oxide ion are
not easily found in the literature, due to the alseof direct measurements. A first
estimate is provided by Yurkiv et al. [10] for ttemation enthalpy 00;,*%,
calculated by data fitting. In agreement with thene authors, the absolute entropy

Sg_ads Is assumed equal to zero, so that the numberlofaywn values maintains
M

reasonably limited.

3.6 Equilibrium composition

The Butler Volmer form of the reaction rates regsithe knowledge of the

equilibrium composition under all the temperatund &, pressure levels explored.
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Considering that, under OCV, the current densigywiris null and that both the axial
gradient and the oxygen conversion are negligfblegeach species the equilibrium
values are maintained constant along the axiseotdithode. In the case of surface
species coverages, the equilibrium constraint{¥).and (39) are solved together
with the equation of conservation of the activesiEq. 6). The equations retain a
dependency on the equilibrium surface potenfialwhich in turn is calculated via

Eq. 21 Withezciads. As a consequence, on the one hand, the relatpmare implicit.
M

On the other hand, consistently with the presemeepotential barrier against
electronation, the larggf®is, the smaller the coverage fraction of chargegyen
adatoms becomes at the equilibrium. The coverag#idn of charged oxygen
adatoms (Table 5) always maintains around 1% ualtihve investigated conditions,
in line with the values reported in the literatbseother authors [38, 39].

Correspondingly, the equilibrium surface potengigtis between 50 and 150 mV.

k1eq'P02
9%, = (38)
01\a4 S 1+[1+k§q-exp(—%)]'\/qu'l’oz

_.F.Xeq
ke kleq-Poz-exp(—ne )
RT
0% us = (39)

ads
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An equilibrium relationship (Eq. 40) is also usectalculate the concentration
of vacancies in the LSCF phase. The equation takesccount the conservation of

lattice oxygen ions and assumes that the activigtextrons is unitary.

e
eq _ Cmc,M'epq
VO,M -

Cmem
- ' 40)
eq .e4.g4 . ne=F x4 eq e e (
Op +k; go;,ads exp(+"X—) 1+k50 1,5 [K59-Po,

The vacancies concentration retains a dependenBy@requal to -0.5, which stems

from the original step of £dissociative adsorption and is consistent withagsn
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action type law. Notably, the relationship pred&tgrowth of vacancies with
decreasing @partial pressure, as well as with an increasermperature, which is in
line with common measurements under equilibratediitions [53, 58]. A
dependency equal to -0.5 is also reported by Bigtap. [53] both numerically and

experimentally for P ©@> 107 atm, well within the limits of the present anafysi

The concentrations of vacancies and oxide ionsDE@re fixed to the
stoichiometric amounts, and are maintained constdahttemperature and pressure.
At 10% gadolinia doping and considering a fluosgteicture, the stoichiometric

concentration of vacancie§§g£ (2.1x1G mol/m®) amounts to 2.5% of the

concentration of total stoichiometric oxygen of tattice C,,,. g, which is 8.33x10
mol/m®. The concentration of lattice oxygen is calculaedhe difference, according
to the charge balance. The choice of adoptingstmaetric concentrations is
coherent with the fact that ceria works under togiigen partial pressure in the
experiments (log P £> 10°). In turn, this means that no extra vacanciesaraed
with respect to the intrinsic stoichiometric amoduoe to the gadolinia doping, and
also that GDC acts exclusively as a vacancy vehemks to its high ionic
conductivity. An additional consequence of thisickhas that the energetic
parameters of Table 4 are used only to guaraneethdimodynamic consistency of
step S4 of the kinetic scheme. Indeed, calculati@sed on equilibrium constraints
lead to an almost null concentration of over-stmnotetric vacancies in GDC, due to

the very exothermic formation enthalpy of oxideson

3.7 Morphologic, structural and transport parameters

Following the guidelines reported by Chen et al] fbr binary mixtures, the

percolation theory is applied to calculate the tebete’s main structural parameters,
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based on the measured values of particle sizesppand volume fractions (Table
1). Although a distribution of sizes is observedjragle value (0.8um) identical for
both LSCF and GDC particles is used in the caltrat A specific interfacial area
ai™t of 9.41x16 m?/m* and a TPB extensidfpg of 1.82x16% m/m® are estimated.
The specific adsorption areg? (2.38x16 m*¥m°) is calculated as that of a packed
bed of spheres multiplied by the volume fraction.8CF in the mixture, which
amounts to 53%. Comparable valued-gf (3.4x16G% m/nt) anda2®s (9.9x16
m?/m°) are measured by He et al. [59, 60] via FIB-SEmMagraphic reconstruction
of LSCF-GDC 50/50 electrodes with similar partisiee (0.6um) and porosity,
which suggest that the calculated parameters asonable. A wide scatter of
experimental estimates is however found in theditee, due to differences in
preparation and deposition techniques, and in taetmeatments applied to achieve

the final target structure.

A different method is required to calculate the leuayer capacitanc@j

and the surface capacitar(qﬁ”f (Table 2). The double layer capacitance, which is
directly related to the local charge distributiarthe contact region between GDC and
LSCF and ultimately to the morphology of the inée, is reported to vary according
to an activated Arrhenius type relationship [61jeTassociated values (pre-
exponential factor and activation energy) are estah by fitting to the experimental
Bode curves, which are especially sensitive tacpacitance. An additional
parameter is introduced, which is the exponepst of the constant phase element
[62]. In order to take into account the distribatiof characteristic times associated to
capacitive phenomena, the double layer capacitariceated as a CPE element
(Appendix B), which asks for estimating the expdnepe This latter term is
understood as an indicator of the non-idealityhef microstructure of the LSCF/GDC

interface: it is also calculated by fitting, beiegual to 1 in case of an ideal capacitor.
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The surface capacitance is associated to the loaghness of the LSCF surface:
several authors adopt a constant value, independdéme electrode temperature. A

relation is also proposed, which is derived by ageg that the gas/electrode interface

can be treated as flat plate capacitor. In the 6As8CF, two main values "

are reported in the literature, namely 100 500, 43, 63], which is estimated by
fitting to experimental data, and 0.1 B/mvhich is based on physic relations of dipole
moment and double layer capacitance [27, 33, 36398 It is important to note that
the value adopted in Table 2 (0.1 Byeads to a small coverage fraction of charged
oxygen adatomé&;,%%* at equilibrium (Table 5), consistently with thesasiption
required by the application of equation 21. Instelhd adoption of the larger surface

capacitance would have resulted in much higal*o'fégds (~10% at 560°C), in conflict
M

with the definition of the surface potentjal

The ionic conductivity of bulk GDC is derived fratme ohmic resistance measured in
the EIS experiments (Fig. 5b and Table 2). Comptréde reference equation
provided by Steele [64] (1.09 x¥Uxexp(-61.7x1&R/T) S cm'), the activation
energy is moderately higher (69.7 kJ/mol vs. 6/mol) and the conductivity values
result almost halved (2.3xf@s. 5.5x1F S cm' at 700°C). This is consistent with
the presence of unavoidable contact resistancekeaaldmperfections in the
handmade pellet, as well as with the fact tharéiegtion of Table 2 takes into account
the grain boundary resistance, and does not exelysilescribe the intrinsic

properties of the material. The effective ionic doctivity of the GDC particles in the

i &S
electrode matrix,,, .

is calculated starting from the measured bulk ertyp

applying percolation theory correlations for binamxtures. The effective parameter
(Eq. 42) used in the model is a function of therostructural features of the electrode

(Table 1), specifically the volume fraction of t6®C particlesd and the percolation
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probability number P. This probability is estimated according to equat3, which
is based on the average contact number betweengaBiCles £ g [65]. As a matter

of fact, the effective conductivity reduces to 18%the bulk conductivity.
ol = ok [(1 =)« f Pp]*S (41)

(42)

3.764—ZE,E)3-7
2.472

Pr=1—(

Aside of the ionic conductivity of GDC, literatucerrelations are adopted to
calculate the transport properties as a functicemiperature. All these properties are
considered independent of the oxygen partial pres3ine equation for the electronic
conductivity of LSCF is derived based on the valmesisured by Stevenson et al.
[66]: the simple linear correlation evidences thetatlic nature of the conductivity in
the temperature range of interest, which decreakes passing from 560°C to
700°C. Several experimental works have been dextidatthe measurement of the
vacancy diffusion coefficient in LSCF, and morertfza order of magnitude range is
found among the various measurements. The scéttieisaoefficient is due to
differences in pretreatment and preparation pro@sjueal stoichiometry of the
material, thermal and chemical history of the sagrid, above all, progress of the
degradation process [4]. The thermodynamic facta &lso widely discussed both in
terms of functional dependence and correlation.[A8]a matter of fact, this factor
can be reasonably taken as constant, given teabws a very weak dependence on P
O, between 1 and T0bar and a relatively small range of oxygen pagiaksure is

considered. Under this assumption, in equatiom8;h defines the relationship

between the vacancies chemical diffusion coefficﬂﬁgM and the vacancies self-

diffusion coefficientDy, , , the thermodynamic factor A retains only the delggcy
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on temperature, and the correlation provided bylétrschuck et al. [12] is applied,

which is based on experiments in air.
Dy, =A-Dy,  (43)

The chemical diffusion coefficient is estimatediwat correlation extracted
from the work of Bowmesteer et al. [58] and confudrby the group of Ivers-Tiffee
in more recent works [12, 21]. An activation eneo§y.21 kJ/mol and a pre-
exponential factor of 5.8x10m?/s are derived from the original data, which result
a chemical diffusion coefficient of 1.82x1bm?%s at 700°C. Also in this case, the

correlation forD{}b ., In Table 2 refers to the intrinsic property. Tlifeetive

diffusivity is a function of the electrode’s morpbgy (Zum and f;, Table 1), and is
calculated with equations 41 and 42. Comparedeantninsic diffusivity coefficient,
a 70% reduction is estimated (i.e. 5.46%167/s at 700°C). The value of the self-

diffusion coefficientDy,, , is calculated with Eq. (43), after estimation fué t

thermodynamic factor A.

3.8. Numerical method and regression

The set of model equations leads to a differeatial algebraic system (DAE),
composed of 10 partial differential equations aradgebraic equations. The current
density at the current collectfiy, is taken as the input and the electrode potential
Veq IS calculated. The axial electrode coordinatevgldd into a suitable number of
grid points, and the spatial derivatives are apipnated by the Euler differentiation
method in each grid point. Independency of thetswiurom the grid spacing is
achieved with 100 points. The integration of thikEDsystem in the time domain,
although feasible, leads to computing times fangle impedance arc which are
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incompatible with the application of a regressioatme. A frequency domain
transformation method is therefore applied to stivedynamic problem and cut the
computational time, so that the repeated solutiegaired by the regression can be
completed in a reasonable time. Full details orptioeedure are reported in Ref. [63].
Here it is convenient to recall that this procedweguires first to find the steady state
solution of the DAE system. This is reduced tonadir system by application of the
method of lines. Then, instead of solving the DABtem as a function of time forced
by an harmonic current input, the frequency dont@nsformation is applied and a
linear complex system is obtained by linearizabbthe equations around the steady
state solution. The harmonic problem is solveaims of perturbated variables,
allowing for the direct computation of the impedams a function of the frequency
[62, 63]. The linearized complex form of each maelpliation is reported in Appendix
B. The code is developed in Matlab. The parametioration is performed with a
complex non-linear fitting procedure by means &f tlevenberg-Marquardt algorithm
(Isgnonlin function). The object function minimizéee weighted sum of squared
residues calculated on both the real part andntiaginary part of the spectra (Eq. 44).
For each experimental data set, the electrodearigation resistancedg (taken as

the difference between the intercepts at low fragyeand high frequency) is used as
the weight W, of the real part (Eq. 45). The maximum imaginanpéedance value is
adopted as the weight Min the case of the imaginary part (Eq. 46). Thefidence
interval of the fitted parameters is set at 95%e @hodness of the fit is evaluated by
visual inspection of the match between the simdlateves and the measured spectra,
by evaluation of the correlation matrix, and byfpeming ay” test based on the
experimental variance.

2
calc exp 2
ZReal(wk)—ZReal(wk)] + y'Ndata [ZE4 (wi)~Z1 2P (wp)]
Wi, k=1 Wi

SSR = Eﬁgqfa[ (44)
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Wk,r = Rpo; (45)

Wi = [max(z5F)| (46)

Im

One target of the work is the use of as many liteeadata as possible in order
to limit the number of unknown parameters to beweined by fitting. On the one
hand, this choice leads to more robust estimatésegbarameters; on the other hand,
it confers the model a higher reliability, and alsoachieving reasonable predictions
exclusively due to a high number of degrees ofdoee As a matter of fact, 13
parameters are fitted to the data, namely: theesegponential coefficients and the 5
activation energies of the direct steps of the @R#ghanism (Table 3), the exponent
of the constant phase element, the pre-expondatiar and the activation energy of
the double layer capacitance. The first ten pararsetre fitted to the impedance
spectra in the Nyquist plots, while the latter eéhage fitted to the Bode plots, given
that the double layer capacitance primarily inflecesthe position of the imaginary

curve in the frequency domain.

4. Results

The numerical procedure entails two complete detis 3 he first one is
derived from inhouse impedance experiments at ngri@mperature and feed gas
composition, and it is used to extract the kinpticameters and the capacitance
parameters by fitting to Nyquist and Bode plotse Becond one is taken from the
work of Nielsen et al. [6] and it is applied to date model, by simulating impedance

spectra measured in air between 800°C and 600°C.

4.1 Experiments on the inhouse cell
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Figure 3 displays the impedance spectra colledtedrging temperature and
oxygen partial pressure, compared with the modelsitions. Figure 4 shows the
associated Bode plots. As expected, the prelimiaaa}ysis of the spectra reveals
that the polarization resistance increases wheredsing temperature ang Qartial
pressure, as a consequence of slower kinetic rEtesshape of the arcs is complex
and suggests the presence of multiple concurrartigghena. At 700°C and 650°C,
depressed arcs are observed, while at 650°C arfeC@@ shape of the arcs closely
resembles that of a Gerischer spectrum, whichpie&y of semiconducting materials.
Upon decreasing the partial pressure afdd additional small arc appears at 700°C
at low frequencies (< 10 Hz), which grows passiogif 10% to 5% @fraction. This
arc can be unambiguously associated to mass diffuby comparing the tests
performed in N and that in He: as apparent in Figure 5a, thelisappears when He
is used as the Qliluent, while full overlap is achieved at 21% &nount. In line
with the association to mass transport, which iaklyedependent on temperature
(and therefore maintains almost constant), the anpithis arc is smaller at 650°C
and negligible below. Under all the examined candg, the Bode plots show a single
main peak, which shifts to lower frequencies whigimee the Q partial pressure or the
temperature decreases. Also in this case, the\dig®ar is consistent with the slower
kinetic rates, which lead to higher characteristies. At 700°C and air supply, the
main peak is centered at 150 Hz, and moves to 6&H% O, where a second
shoulder, associated to the diffusive arc is atsech The peak shifts to 120 Hz at

650°C, then to 100 Hz at 600°C and reaches 80 HBGHC.

The model simulations, reported as solid linedhanftgures, fairly describe the
impedance spectra. At 700°C and 650°C, the Nyqpigs are closely matched, with
minor deviations in the case of the diffusive g@ssibly due to the simplified

treatment of the fluid dynamic pattern outsidedhextrode and of the current
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collector. Upon decreasing the temperature, the fieaitures of the arcs are
respected: the polarization resistance in ainisgs$ closely captured, so as the shape
of the arcs, which turns to a Gerischer like impeaabelow 600°C. In these latter
case, the non-ideality of the microstructure leadsigh-frequency asymptotes that
are slightly smaller than the theoretie®&4. An acceptable 4% deviation is found only

at 600°C when the oxygen fraction is reduced to(5%6Q cnt vs. 1.02Q cnr).

In the case of the Bode plots, the shift of thempaaak is correctly predicted,
although offsets are observed when decreasingthpdrature, with a maximum
error in the experiment at 5% @8 Hz vs. 66.6 Hz). These differences are dubkdo
fact that the surface capacitance is taken asaotnst limit the number of unknown

parameters, while in principle it varies with tieenperature. A closer match with the

data could be then achieved by tuning @l§j5” at each temperature level.

The model simulations also allow to associate fffasive arc observed at
700°C and 5% ©in N, to the effect of external mass transport limitasioOn the one

hand, if the characteristic frequency of intrapardiffusion is calculatedf(=
DS?/LZ, with Dg’;f= 0.11 cri/s and L = 70 pm), a frequency of 2.2 kHz results,

which falls largely outside the 0.1 — 1 Hz rangehaf measured arc (Fig. 5a). On the
other hand, it is possible to show by simulaticat this arc is due to the fluid
dynamic profile established next to the electrades spectrum at 5% Qlilution is
simulated considering He to balance, and substgutie CSTR boundary condition

(Eq. 26) with a simplified boundary conditio;t7|0g|0 = 0.05) that excludes any hold-

up effect. The simulation obtained under these itmmddoes not predict the second
arc at low frequency and matches the spectrum meésuHe (Fig. 5¢). If the CSTR
condition is retained, the simulation in He comglgbverlaps the simulation inN

For this reason, the model results indicate thfiwgion limitations are external to the
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electrode, likely caused by the stagnation poowfeometry and by the thick

current collecting mesh.

4.2 Significance of the fitted parameters

Table 6 reports the correlation matrix of the Gitfgrameters. The coefficients
of this matrix are indicators of the reciprocaluince between two parameters: the
higher the value, the more important is the coti@mieand the less efficient is the
fitting procedure. A generally accepted thresholévaluate the correlation is +0.8:
smaller or larger values indicate that the two peters have the same effect on the
simulation and no distinction can be made. Thelteshow that almost all the
parameters are well below this threshold, configrime goodness of the procedure.

One exception is noted, although still close tolitmé: the pre-exponential factor of
the interfacial capacitan@®}"° is correlated to thecpe factor. This result is in line

with the fact thatgit'o andycpe both influence the placement of the peak in thdeBo

plot in terms of frequency, and partially act ie game way.

The kinetic parameters obtained after fitting aeorted in Table 3. The
dissociative adsorption step shows the same aictivahergy (21 kJ/mol vs 20
kJ/mol), which is also identical to that indicatadRef. [27] for oxygen dissociation
on the LSM surface (22.1 kJ/mol, mechanism 2). Binkinetic parameters are
obtained with respect to the first electronatia@psivhich has an activation energy of
196 kJ/mol, in line with 181.4 kJ/mol proposed hyrkiv et al. [10], and a pre-
exponential factor of 5.9x1Hs?, which also fairly agrees with the value of 2.4%10
s* found by the same authors. With respect to thetkis of steps 3, 4 and 5, no
direct comparison is possible, since these stepaarincluded in published schemes

dedicated to LSCF/GDC electrodes. It is howevertlyoto note that the activation
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energy of the charge transfer steps, either inmghions or electrons, is in line with
the apparent activation energy of 130 kJ/mol derfvem the ASR (Fig. 5b): this
value is a global indicator which groups and avesade effects of ion transfer (much
less activated, ~70 kJ/mol) and charge transf@ssighich are then expected to
require high activation barriers. Comparativelyy Knetic parameters available in the
literature for analogous elementary steps on LSN-¥8mposites indicate that the
energy barrier of the first and second electromadiooxide ion inclusion span
between 150 and 190 kJ/mol. Close values are foutite case of the TPB step (S5),
namely 146.1 kJ/mol vs. 154 — 144 kJ/mol calcul@tg@anerjee and Deutschmann
[27] for different mechanisms. Overall, a globakaat the kinetic parameters
suggests that they are consistent with other @etaithemes dedicated to the ORR

mechanism.

4.3 Model validation

The reliability of the model and of the kinetic pareters is tested by
simulation of literature data. The work by Nielsaral. [6] provides an extensive
experimental analysis of LSCF-GDC composite cate@erarying temperature
between 550°C and 850°C in air and OCV conditidie samples are analogous to
those analyzed in the present work, and consis0aft% LSCF 50 wt% GDC at 10%
Gd doping, supported by GDC electrolytes. Threaskdts are presented,
distinguished by the microstructure, which is defiras coarse, moderately coarse,
and fine. The model validation is performed basedhe moderately coarse electrode
for two reasons. On the one hand, in the origiaglep [6], this sample was prepared
according to the same thermal treatment followetthépresent work (exposure to

1000°C for 2 h), while the coarse structure waseaad by exposure to higher
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temperature, which likely led to a modificationtbé material properties together

with the microstructure. As a matter of fact, ié threa specific resistances are
compared, the coarse electrode shows a largeratiotivenergy than the moderately
coarse electrode (160 kJ/mol vs. 131 kJ/mol), wkigigests that the ORR kinetics
changed. On the other hand, the fine microstrudallgin the limit that breaks down
one-dimensional continuum model approaches, anddwequire a detailed
description of the local microstructure [16, 21]itNespect to this latter point, the
quantitative criterion presented by Fleig [37] Hights that most of the data from the
fine-structured electrode belongs to polarizatiegimes where an approach based on

finite volumes is more appropriate.

Table 7 lists the parameters used to simulateghetsa collected on the
moderately coarse sample. The SEM picture of thetelde shows a 4#n thick
layer, with an average pore sg®.5um. A porosity of 40% is estimated, which is
associated to a tortuosity of 2.5. Since no clestmdtion between LSCF and GDC
particles can be inferred, the specific surfaceEF a2%s, the specific interfacial
surfacea™, and the TPB lengthypg are taken as tuning parameters. Nonetheless, in
order to limit the degrees of freedom, their vakiebtained by diving those of Table
2 by a common factor, fitted exclusively to the areasured at 750°C. This scaling
factor amounts to 1.27, meaning that a 22% reductidhe morphologic parameters
is required to match the arc at 750°C. As no pie¢@sformation are provided on the
molar flow rate, the experiments are simulatedssueing a simplified boundary

condition on molecular gy02|0 = 0.21), which is fully valid at OCV when no gas

diffusion impedance occurs. No tuning is perforrmadhe exponenicpe of the
constant phase element, which is assumed to bé tequarlhe literature correlation

by Steele [64] is applied to calculate the ioniaduactivity of GDC.
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The comparison between simulations and data istegbon Figure 6. Close
match is achieved between 650 and 800°C, whileestenation is observed at 850°C
and 600°C. The model correctly describes the sefi€@erischer arcs: the initial4
high frequency branch is always respected andehergl shape of the spectra is
reproduced. The kinetic scheme holds outside iggnal tuning temperature range up
to 800°C, suggesting that the energetic paramatersobust in terms of activation
energies and thermodynamics. Coming to the dewistithe offset is 9.7% at 600°C
(0.82Q cn? vs. 0.900 cn¥) and 18% at 850°C (0.01&5cnt vs. 0.0140 cnf).

Their nature is however different. In the firstea$ appears that the model
anticipates the transition between a Gerischer-typeand an arc shaped with thié
high frequency branch followed by a semicircle:cfieally, such transition occurs
when the characteristic electrochemical length besolarger than the electrode
thickness, and kinetically limits the ORR. Undesttondition, a steep increase of the
polarization resistance and a high sensitivityadrgerved upon varying the
electrode’s thickness (Section 5.1). If the eled¢rthickness is increased to (i

(the original SEM picture of the electrode showhkieker zone), a closer match is
realized in terms of shape and polarization resegddashed line in Fig. 6f). In the
case of the experiment at 850°C, a better refinéwfethe morphologic properties for
the composite (i.e. the additional independentgimf the TPB length and of the
interfacial specific area) allows matching the expental data. Overall, however, the
simulations satisfactorily describe the datased, @ovide a fair validation of the

model.

4.4 Sensitivity analysis
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The results of a sensitivity analysis (SA) on tiveekc and morphologic
parameters are reported in Figure 7, in the cas@ stipply for all the temperature
levels. A sensitivity index (SI) is calculated baga the change of the polarization
resistance R due to a +10% variation of each parameter. Ndgkgiifferences in
the Sl values are found when moving from air to &, partial pressures, which
allow to assume the results in air as represemtatiall the others. Similarly, the
kinetic analysis is performed only on the pre-exgral factors, since the results
obtained by changing the activation energies aadogous. At 700°C, the kinetics of
step S2 (the first electronation of the oxygen aattand step S5 (the reaction
between one charged oxygen adatom and a GDC vaeatioy TPB) concurrently
lead to the highest variation op§ showing similar Sl values (x20% for S2 and
+18% for S5). The other steps are much less kialgticelevant, suggesting that the
first electronation and the TPB transfer reactiofimit the ORR process. Coming to
the transport parameters, the SA highlights thaidhic conductivity of GDG 9%

shows a most important sensitivity index, wheregth the vacancy diffusiofy,

and the electronic conductivitfé, of LSCF are insensitive. These results allow to
draw a neat picture of the kinetic mechanism thiaed the ORR from molecular,O
up to the formation of an oxide ion in the GDCitat and evidence that the main
transport route is the TPB pathway. Namely, LSCivates molecular oxygen by
providing the adsorption sites and by quickly sypm the first electron: the
formation of the first charged species, the oxyaéatom, is followed by transfer to
the interface with GDC and inclusion in its lattiée turn, the GDC phase retains a
key role in transporting the oxide ion towards sb&d electrolyte, acting as a pipe for
oxide ions, as suggested by the high S| assodiatiés conductivity. Moving from a
pure LSCF electrode to a composite structure bytiaddbf GDC improves the

cathode performance by providing a faster charm&hnhsport ions on longer

39



distances: instead of being forced to move withenltSCF lattice across the whole
electrochemically active length, a more effectramsport occurs in the GDC phase.
This result is in line with those of Laurencin aravorkers [33], who show that the
TPB prevails over the 2PB in LSCF-GDC composite®@yw in a similar

temperature range (750 — 650°C).

Interpreting the effects of the morphologic paraenets straightforward.
Upon decreasing either the porosity or the paride, a reduction of g, is observed
since the TPB lengthypg and the specific adsorption ar® both increase. In turn,
these two parameters act as multiplying factothefT PB rate and the electronation
rate in conservation equations. The reduction efelectrode porosity also increases
the effective GDC conductivity, leading to an aduhiil boost of the performance.
For similar reasons, being a multiplier of the kioeates (Eq. 32 and 35), a growth of
the surface sites concentratibmas a beneficial impact. Notably, the particlesnad
the porosity show the largest sensitivity indexggesting that the accurate
determination of the adsorption area and of the €RBnsion is a pre-requisite of
primary importance when estimating the pre-expaakfectors of the kinetic rates.
Given that these latter scale linearly witlg, a2%* anda’™, an error bar can be
estimated based on the results of the granulonbesty(Fig. 1c): if the central 40%
share of the particle size distribution is consedef0.5 — 1.1 um, neglecting the side

shoulder), by calibrating the model at the two t8vaf the interval, a £37% variation

is estimated foﬁz, E3 andEL, while the variation rises to +60% in the casd_t)_npf
(Table 4). Increasing the electrode thicknessss tdund to reducegd3. This effect
(discussed in Section 5.2) is due to the increfsiecoverall extent of the active area:
in this case, it is important to note that the mmeasents are collected at OCV, and
that gas diffusion is absent in the presence dradrvery limited when the partial

pressure of oxygen is reduced to 5% (~2%@0cn?, Fig. 5a). As a consequence,
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increasing the electrode thickness does not lead facrease of concentration

polarization.

Moving from 700°C to 560°C, the kinetic picture taly modifies. The
importance of the first electronation step progkesdg decreases in favor of the TPB
step, which becomes determining (RDS). Simultangotise effects of the second
electronation (S3) and of the oxide ion transfahatLSCF/GDC interface (S4)
moderately but steadily grow: these results in@ithat the 2PB route partially
activates upon decreasing the temperature, altharghining a minor contribution.
Form a model viewpoint, this is exclusively a cangence of the different activation
energies of the kinetic rates of steps S2 and $8hanistically, however, this
competition stems from a balance between the vgadiffasion and the surface
diffusion of the charged oxygen adatom. The GDCdeoativity maintains a dominant
role among the transport routes, while the LSCFRamag diffusion has no impact.
Notably, clear Gerischer-like shapes are still oles@ in the arcs (Fig. 3c and 3d),
although the lattice diffusion in the MIEC phaseslmot limit the performance. The
kinetic picture maintains substantially unalterésban the case polarization is applied
to the electrode (not reported): the sensitivitglgsis confirms that the TPB pathway
governs the kinetics, consistently with the resoftRef. [33]. Nonetheless, the
importance of the first electronation step S2 pesgively grows compared to step S5

of electronation at the TPB, evidencing a moreuigritial role of the LSCF surface.

With respect to the impact of the morphologic paetars, the same
considerations proposed at 700°C hold at lower &atpres, as a consequence of the
fact that the RDS depends on the TPB length. Binad effect on R, is found in the
case of the GDC/LSCF interface capacitance, whckusively influences the shape
of the imaginary part of the spectra. Instead stiméace capacitance shows an effect,

due to the fact that it contributes to the surfaeerpotentialAy, which adds to the
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bulk overpotentiah. However, even if the equilibrium overpotentifflis relevant
(Table 5), this effect is limited and mostly compkntary to that of the second

electronation rate (S3).

5. Discussion

Different models are proposed in the literaturdéecribe the ORR in
composite cathodes with a MIEC electrodic phaseaapdrely ionic conductive
electrolyte. It is then important to highlight tfeatures that distinguish the present

approach from those already published.

Heter ogeneous modeling approach. The main novelty of the model lies in the
individual description of the ionic conductive pbamnd of the MIEC phase,
according to a strictly heterogeneous descriptiath® porous electrode. Aside of the
material balance of moleculanrne charge balance is written for the GDC phase,
which entails the conduction of oxide ions, and tvtances are considered for the
semiconducting LSCF phase, which take into accthentransport of oxide ions and
electrons, respectively. Differently, the modelsganted by Yurkiv et al. [10] and by
Mortensen et al. [31, 32] assume a pseudo-homogeaqmuroach in the description of
the composite electrode, which includes only oree@h transport equation for the
oxide ions within a single phase: this phase ctssisa mixture of the electrolyte
material and of the MIEC material, whose conducpamperties are taken as an
average, weighted on the volumetric fractions @&#.from Ref. [10]). As a
consequence, an electroneutral pseudo-vacancyesplégi + 2e™) is considered
and the chemical potential of the vacancies ingh& conductive phase is
equilibrated with that of the MIEC phase. Addititipathe electronic conductivity of

the semiconducting phase is neglected, being migttehthan the average ionic
42



conductivity. The Faradic current density is theferred to the ionic potential, and no

specification on the dependencies from the sp@upesentration can be provided.

2
int , int 40P _ (€ M | LA p
CDL ay dr ; OionE + E Oion,M dz2 - IF (47)

The distinction between the MIEC phase and theciphase has been
previously adopted by Banerjee and Deutschmannff2 1]SM-YSZ cathodes,
although the description of the individual reactpgecies is not taken into account, in
order to limit the number of unknown fitting paraers. Laurencin and coworkers
[14] include detailed material balances of the tiegcspecies, but treat exclusively
the steady state form and an isothermal case: tlieins validated based on the
polarization resistance of pure LSCF cathodesfiaed temperature, therefore neither

pre-exponential factors nor activation energiespaoeided.

Kinetic effect of O, partial pressure. The vast majority of the papers dedicated
to detailed kinetic modeling of the ORR exclusiviguses on experiments
performed in air, both in the case of LSCF-GDC cosites [6, 10, 14] and of LSM-
YSZ composites [27]. Only exceptionally a cathaslexposed to under-oxygenated
atmospheres, owing to the fact that SOFCs aredijpioperated under large excess
of air with limited conversion of © Nonetheless, investigating the composite’s
behavior at varying ©partial pressure allows to refine the kinetic subheand check
the presence of diffusive limitations. The schemppsed in this work predicts the
variation of Q between 5% and 21% molar fraction that occurs uaaefined
amount of time (hour-basis) and according to slad gradual changes. It is indeed
important to recall that, when,@as varied, the electrode’s activity experienced a
modification and the measurements were taken dtdy stabilization of the signal,
typically within one hour. This indicates that rdpiariations of the @partial

pressure lead to different effects, with smalldappation resistances.
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5.1 Steady state behavior

The analysis of the steady state behavior provitght in the design criteria
of the composite electrode. The optimal thicknedsch minimizes the polarization
resistance at fixed operative temperature, carrddiqgied. Figure 8 shows the
variation of R as a function of the cathode thickness at vargurgent density, in
air at 700°C. The simulations are performed comsigehe same morphologic
properties and transport properties of the catlaoddyzed experimentally (Table 1
and Table 2). All the curves show the same evatuytigth a vertical asymptote, a
minimum and a linear growth at increasing thicknd@$e optimal cathode thickness
corresponds to the minimum. At OCV, the verticalnagtote is met when the cathode
thickness approaches zero, while the minimum iatext approximately at . 0m.

This behavior is rationalized considering that, whiee electrode is too thin, the
active surface area and the interfacial area lingtactivity: not enough reaction sites
are available for the ORR, leading to high resistatUpon increasing the thickness,
the active surface grows, finally reaching an eixtkeat does not limit the kinetics.
Upon further expanding the thickness, at OCV, thlanjzation resistance linearly
grows, due to increased resistance to charge wanspe electrochemically active
area is larger, but also the distance travelledXige ions increases. In these
conditions, the @consumption is null and concentration polarizaptays a
negligible role. When current is supplied to thecalode, two main features are
evident: the high polarization limit shifts to hegghelectrode thickness, and the slope
of the linear branch increases. Moving from 0.3 t#/cn?, the limit electrode
thickness grows from pm to 10um, while the optimal thickness increases from 12
um to 20um. The limit electrode thickness becomes progresgivigher since a

larger surface is required to support the inconeimgent. When the electrode
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thickness exceeds the optimal valugg Reeps increasing due to the charge transport
resistance and to the additional contribution afoemtration polarization. The larger
the current supplied is, the larger the concemtnagradient in the electrode becomes,
due to increasing £consumption. In turn, the larger diffusive barfemds to higher
polarization losses. The optimal thickness is mtnvthe limit for kinetic starvation

and the contributions of transport and diffusiveiseances balance.

The results of Figure 8 are in line with those dated by Bertei et al. [67] and
experimentally measured by Barbucci et al. [681.8M-YSZ composite cathodes at
OCV between 850°C and 600°C. In the case of théigitens of Nielsen et al. [6],
based on the transmission line model, the absdgasaiffusive terms and the
predominant role of the GDC vacancy diffusion domghlight the linear growth
branch, and rather lead to a horizontal asympsoiggesting only that the LSCF-
GDC composites should not be too thin. Noteworthg,present results add to the
literature picture the effect of the current densat unique optimal electrode thickness
cannot be found, since the minimum shifts towaadgdr values the larger the
supplied current is. Thicker cathode layers ara tieguired when the cell
performance asks for high current extraction, wthila electrodes can lead to excess

resistance.

The model also highlights in detail to what extér® ORR penetrates from the
electrode/electrolyte interface within the elec&odhis characteristic length, which is
influenced by the concentration perturbation, camdadily visualized. Figure 9
displays the evolution of the ionic and electrarucrent densities in different
operating conditions, labelled with letters on tlieves of Figure 8. Point A is set in
correspondence of the optimal cathode thickne€&ZAt: in this situation, the
electrode thickness perfectly matches the chaiatitelength and no inactive zone

exists. Along the whole volume, the ionic curreeansity is transported exclusively by
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the GDC phase, while the LSCF phase works as atr@ddemical source of oxide
ions. When the cathode is thinner than the opttitiekness, as in point B, the length
required by the ORR should be higher than the allglcathode thickness. Then, not
only the polarization resistance steeply grows,daut of the ionic current is
transported by the LSCF phase, instead of beimiedaonly by GDC. This is a
specific and key-result of the present model, wisighgests thatdg, increases also
due to the fact that LSCF is a poorer ionic conducompared to GDC. As a matter
of fact, a macrohomogeneous modeling approach,eifhan average ionic
conductivity is defined, could not have evidendad feature. A different situation
emerges when a high current density is suppliedttock cathode, for instance in the
case of 1 A/crhand 10Qum thickness (Point C). The characteristic length is
completely developed, up to 2@n, and the remaining part of the electrode just act
as a diffusive barrier, adding a distance to beeoed by the ions. Interestingly,
although the current is mainly carried by GDC, abrnaction (~10%) also travels in
LSCF: apparently, in this case, LSCF works as aphrrand adsorbs part of the

current, reducing the electrochemically active zone

The relationship between the characteristic leagiththe electrode thickness
at different current conditions has a well-knowfeef on the shape of the impedance
arcs. The panels of Figure 8 illustrate this ef{ettase of unitarycpg). When the
characteristic length matches the electrode thgkifeoint A), a Gerischer arc is
found. If the electrode is too thin, a transitisrobserved from Gerischer arcs to arcs
characterized by @4 high frequency branch followed by a semicirgei(t B).

When the electrode is much thicker than the lengiuired by the reaction (point C),
the shape of point B is retained, although it ismyaassociated to diffusive

limitations.
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6. Conclusion

In this work, we report a physically-based modeltf® description of LSCF-
GDC (L&.sS1h.6Cn 2Fey 803-5/Cey oGy 1025) composite electrodes, capable of
predicting impedance spectra measured during tetion of oxygen reduction. The
model is heterogeneous and dynamic, and includiesadled multistep kinetic
scheme of the ORR. A novel approach is appliedre@rhehe electrode structure is
explicitly solved for each phase, with individualénces of mass for the LSCF
vacancies and charge for GDC. A pseudo-homogenalis@atinuum approach,
wherein the MIEC and the electrolyte phases aralistinguished, is purposely
avoided, and a fully heterogeneous impedance megebposed. The model also
includes fundamental conservation equations fdasarspecies, and treats rigorously
the diffusion of Q in the porous electrode’s matrix, as well as steraation of the
microstructural properties. Butler-Volmer rates emesidered for charge-transfer
reactions, which are referenced to two distinctrpetentials, the bulk overpotential
for the 2PB step and the surface overpotentidiéncase of the electronation steps. A
large pool of thermodynamic and transport propgreailable in the literature is
accounted for, in order to guarantee consistentdlygdinetic scheme and limit the
number of tunable unknown parameters. The kinetrampeters are derived by fitting
to experimental impedance data collected on welkatterized, inhouse-made
symmetric cells mounting standard LSCF-GDC ele@soahd tested between 560°C
and 700°C, at OCV, with £N, mixtures at varying @content from 5% to 21%. The
scheme is validated onto independent datasets tek@arrelevant literature [6]. The
sensitivity analysis shows that the inclusion sfragle-charged oxygen adatom in the
GDC lattice governs the ORR mechanism and thaT B path prevails over the
2PB path under all the examined conditions. LSOBusd to play distinct roles,

depending on the electrode’s polarization: LSCkarily acts as @activator,
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adsorbing and charging oxygen atoms, and transfede ions to the interface with
GDC, which in turn acts as a rapid oxide ion veciwng the electrode up to the
interface with the electrolyte. Though, when sudiint current is supplied, lattice
transport within LSCF activates in parallel to thain path within GDC. The
individuation on this parallel transfer mode isaiginal result, which only a fully
heterogeneous description of the electrode cart pain The effect of the electrode’s
thickness is investigated in terms of polarizatiesistance and shape of the
impedance arcs. A transition from the Gerischepsha more complex shapes is
highlighted and associated to the relationship betwthe electrode thickness and the
penetration depth of the electrochemical reac#ofull set of revised thermodynamic
and kinetic parameters is presented, which makerémsent model a tool to optimize

the structure of applicative LSCF-GDC electrodes.
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Appendix A

The electrode potentialo\ is defined as the difference between the electrons
potential in the current collector CC and the pb&of the electrolyte at the
electrode/electrolyte interface (Eqg. Al). In linglwliterature models from the porous
electrode theory [49], this relationship translaetifference between the electrostatic
potential of the metal backing of the porous caéh@ek. the current collector) and the
potential of the electrolyte at the pores mouththimpresent case, Equation A1
implies that the electrolyte potential right nextle interface equals that at the

interface (z = End).
Veia = ¢gc|0 - ¢2|End (A1)

Equation 18 of the model is obtained assumingtth@atl_SCF electrons are in
equilibrium with the electrons of the current cotla, and therefore states that the
electrode potential corresponds to the differereveen the GDC potential and the
LSCF potential taken at the two sides of the cath@lich definition implies that no
contact resistance is accounted for between threrdurollector and the electrode, and
that the electrochemical potential of the electrnaniform across the interface. In
line with relevant literature works [27, 28, 38,]6%he ohmic resistance of the
electrolyte is not included, and the counter etmtgris taken as a perfect electrode
with null overpotential. As a matter of fact, thguation for the electrode potential
describes a situation wherein a reference elecitieated right in proximity of the
electrode/electrolyte interface. Setting the po#tmif the LSCF phase as zero at the

current collector, the electrode potential is chatad.

Veia = o, — 02, (18)
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Better insight into the meaning of equation 18bhtamed by substitution of
equation 19 of the bulk overpotential and rearramgyg of the equilibrium potential

A¢°? associated to reaction S4.

Vera = (d);‘)”lo B ¢1I‘)”|End) + (d)’I‘)”lEnd B ¢g|End) (A2)

RT C‘iqo mCot Cvi,e'CoX
— ’ E , M b b
Veta = Mgna + 55 - In | zog—22 o )t (k] - okl,,) (A3

Cy..Chx
ofy VoM VoM “0yp

The resulting equation (Eqg. A4) is obtained by mgtihat the electrolyte
species are invariant and equilibrated (assumg@jott evidences that the electrode
potential is the sum of three main contributiohg bulk overpotential at the
electrode/electrolyte interface, which is the maximvalue reached within the
cathode volume; the equilibrium potential differenahich mirrors the concentration
overpotential of vacancies and oxide ions in th€E%attice; a term due to gradient
of the electrical potential in LSCF, which arisgstbe consideration of electrons

transport in the model (Eg. 15).

+ (b, - ohl,.) (Ad)

Cx ¢
RT Ogm VM
Veia = +—-iln|—=2-
eta = MlEena °F C ced
End

Vs X
oM Oo,M

It is worthy to note that this form of the electeogotential is consistent with
that provided in Ref. [27] and [69], which is eqtmkthe applied overpotential, given
that the LSCF potential is found to be almost ggatlless and the deviation of the
vacancies and oxide ions from the equilibrium valigdimited. Additionally, it can
be demonstrated that the contribution associatéluetelectron transport is equal to
that found by Jin et al. [42] when rigorously dértythe potential of MIEC

electrodes.
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Appendix B

Key saving of computational time, which allows fpby the regression
routine, is achieved by transformation of the DABtem into an algebraic complex
system of oscillating variables. Full details oa thethod are found in Ref. [63]. In
this appendix, the main model equations describedection 3.2 are presented in the
oscillating form. The oscillating part of each \&duie is represented by a tilde, the
steady state part is represented by an overbayj,iartde imaginary unit. The
equations reported are the result of the transfbomalhe material balance on
molecular oxygen €(Eqg.1) and the definition of its diffusive moleauflux (Eq. 3)

are written as:

g jw:Cop, = — dcj;z)z —ag® -7, (Bl)

~ ac
Jo, = —Dg!” =2 (B2)

The oscillating form of the kinetic rate (Eq. 31) is given by:

7:1=2'%1'112'e_p'poz'él:‘l‘zl'rz'e_g'ﬁoz_2'(]21'1—‘2'9_01?4(15'9' (BB)

01?4(15

The conservation equations of the surface speEgs4(to 6) lead to the following

complex forms:

jo - ag® T 0yeas = ag® - (2-7, —7,) (B4)

jw - ag® T 501\—4(1(15 = ay® - (f, — 73) — Arpp " 75 (B5)
O + 0ygas + 0p-aas =0 (B6)

The reaction rates of steps S2, S3 and S5 of tiebanesm (Eg. 32, 33 and to 35)

give rise to quite complicated relations, due ®phesence of multiple dependencies
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and to the intrinsic Butler-Volmer structure. Irettransformation, the equilibrium
variables are taken as constant, and the equatrensritten considering thatdlis

equal too (i.e.a = 0.5).
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~\gw gt g | e )
Og.m

F 0%y

n C_‘Vb,M ) 801T4ad5 ] n a-ne--F-Ay Or . COg,M
cel gea exp RT gel ed
i VoM 01‘—/Iads F O(J;M

a-ne—-F-A)Z> a-ne-'F _
. -X

'exp<_ RT RT

(B8)

o - F- A¢;1gB>

fo=ks-T- eoe‘iads : CSZ'E - exp (— T

M
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6’0“1‘7‘5_636 (_a-ne— 'F'ﬁTPB)_i_ex <+a'ne— 'F'ﬁTPB>
ot ) g e
M
B Oogets exp (_ a-ne-F- ﬁTPB) br
goegads RT 6.1
a-ne-F-firpp\| @ ne--F _
- exp <+ RT ) : RT ‘NtpB
(B9)

After the transformation, the charge conservatigma¢ions for the two phases (Eq. 7),

the definitions of the oxide ion fluxes (Eg. 8) asfdhe ionic potentials (Eq. 12)

become:
L djy. A o
(1= &) fu o Cpypy = =22 — s 75 + alf -7, (810)
- eff ~
~ _ neff _dCV'd,M ZVbF'A'DVb,M A _dd)ll\jll
o =—A"Dyyy —a, ~ RT Wom 2 (B11)
, ; e azgh it -
jo - Cppt-agt i = O_ii)j;{E oy, P (@ - 7y + Arpp * 75) (B12)

The oscillating form of the rate of the ionic trpog across the LSCF/GDC interface

(S4) is written as:

~ T e
T4=k4'Cq

. F-Adbed ¢ . F7 A
-Ceq - exp _aanFA(I) . og'M . exp _aanFn _CVb,M ]
Oom VoE RT c® RT cél

any . -F7q Cox any . F7q Cy. any . F7 any.F
0 o.M [0) oM 0o o ~
exp |+ — exp | — + rexp |+ : .
p ( RT ) [ceq P ( RT ) c p ( RT rr

x VM
Oo,m o}

(B13)

The description of the oxide ion conduction in LSEEompleted by the conservation

of oxide oxygen sites (Eq. B14). The transfererfagextronic current in the
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electrode is described by the Ohm'’s law (Eq. 1%) lanthe conservation of current
density (Eqg. 16). In this latter equation, the sfanmation leads to the appearance of

the perturbed current amplitude which is the driving force of the measurements.

Cryn + Coz,y =0 (B14)
F- (]VoE +]V M) + IlOTl iP (815)

5 ~b

I, =—ofl] - 22u (B16)

dz

Finally, the system equations are completed béheelated to the definitions
of potentials and overpotentials (Eq. 18 to Eq, a4y by the boundary conditions
(Eq. 25 to Eq. 30). The oscillating forms of thesffiset of equations are presented

below, noting that the equilibrium potential is@s®d constant and non-oscillating.

=y —bp (B17)
. _ I'F &

AX = _C;;Ifrf 001‘—4(1(15 (818)

firpg = 20 — AX (B19)

Ve = Bltl, — B2, (B20)

The boundary conditions at the current collector () entail the CSTR-type
continuity equation on the molar flow rates, thsussptions on MIEC and electrolyte

potentials, as well as the no-flux condition foe tracancies of the MIEC.

jo Vestr - Gl = —FO4 - 2 4 5,0 [20, (Z- Gl +5ulo - Ti,) — Tl | (B21)
bul, = ¢8|, =0 (B22)
Jvoml =0 (B23)
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dCVb,M

e B (B24)

0

One boundary condition is set at the electrodeif@igte interface (z = End). It
defines the local potential of the electrolyte ghdsy establishing that the electronic
current applied to the electrode at the currenkectidrs enters the solid electrolyte

through the GDC and the LSCF phase (B24).

eff . ddg BT _
_O-iOn,E EEnd‘}‘ZVb F ]VbrM|End_ P (824)
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Tables

Table 1: morphologic parameters used in the simulations. Viddues reported for the
specific interfacial area, the specific adsorp@oea, the TPB length per unit volume
and the pore size are calculated according toeheofation theory. Ecrand &pc are
the volume fractions of GDC and LSCF particleshia LSCF-GDC mixture.

Z, scr..scrand Zpc epcare the contact numbers, calculated accordinigeto t
correlations provided by Chen et al. [47].

Parameter Value
Thickness 70 pm
Porosity 0.40
Tortuosity 2.8
Cell diameter 1.1cm
LSCF particle size 0.8um
GDC particle size 0.8um
Pore size 0.3um
airt 9.41x14 m* m*®
aj?s 2.38x10 m* m*®
AMpe 1.81x10°m m?®
r 1.1x10° mol mi?
fLscr 0.53
fepc 0.47
Z | sCF,LSCF 3.18
Zspe,Gbe 2.82
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Table 2: capacitive and transport parameters used in thelations.

Parameter Value Source
cint 2.3x10'xexp(-146x18R/T) F m? Fit
YcPE 0.90 Fit

-2
cor 0.1Fm [36]
alon. 1.25x10/Txexp(—69.7x14R/T) Scm' | EIS
ot . -0.627xT+983.25 S ci(T > 923 K) | [66]
Dy, ., 5.8x10"xexp(-121x1&R/T) cnf s* [21]
A 1.9696xexp(+38.77xER/T) [12]

Table 3: kinetic parameters used in the numerical simutatidhe values are
calculated by fitting to the data reported in Feg@r

Reaction Step k E sc¢ [KI/mol]
T 1.1x13° n? mor* s* atni* 21.0
s 5.9x10* st 196.0
T3 1.2x13* m® mor* st 185.9
Ty 1.8x1¢ m°> mol* st 106.1
Ts 1.2x16 m* mor* st 148.2

Table 4: thermodynamic parameters used in the simulatibims.formation
enthalpies are referenced to 298 K and 1 atm,témelard entropies are referenced to
0 K and 1 atm. The values reported are calculat@@@C.

Species| AHYF [kd/mol] | §? [J/mol/K] | Source
0, 21.8 242.6 [52]
04s -83.2 0 [57]
0% -88.4 0 [10]
$ 0 0 [10]
Vi 0 0 [53]
X -139.6 55.6 [53]
Vi 0 0 [56]
X -200.0 70.0 [56]
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Table 5: surface coverage fractions predicted at the dayiun. In equations 38 and

39 the surface equilibrium potential is calculatsg®? = Cfif - ;‘lm.
DL M
P O, =0.21 atm P Q=0.10 atm P Q=0.05 atm
T ' o o
o O O- O O- O O-
[°C] [mV] [mV] [mV]

700 | 4.3%| 0.8% 85 3.2% 0.7% 71 21% | 0.699 58

650 | 8.0%| 1.09% 106 5.7% 0.9% 93 41% | 0.8%9 80

600 | 15.4%| 1.3% | 138 11.2% 1.1% 117 8.2% | 1.0% 105

560 | 25.9%| 1.4% | 149 19.5% 1.3% 138 | 14.6%| 1.1% 117

Table 6: correlation matrix of the fitted parameters. Thp arrows indicate that the
parameter refers to the rate of the direct readiep. The number indicates the step
in the ORR mechanisndy, andEDL are the pre-exponential factor and the activation
energy of the double layer interfacial capacitanas.the exponent of the CPE
element.

Ez E3 E1 E4 Es Eje B Eje Ef, B Che E2% Y
k, 1
ks 0.37 1
k, | -0.38 | -0.68 1

k, 0.21 -0.09 -0.17 1

ks | -0.47 | -0.48| 039 009 1

Ei, | 009 | -0.02| 0.10| -0.33 -0.04 1

E3, | 001 | 007 | -008] -024 012 -059 1

E, | 006 | 002 | -011| 024/ 010 -0.74 044 1

E4, | 029 | -007| -0.03] -014 008 -020 -015 -0.16 1

ES, | 001 | -016| 011| 040 023 049 074 -0.71 0.2 1

cl, 0.16 -0.15 -0.16 0.25 0.18 -0.11 0.08 0.03 -0.44 060. 1

EBL 0.16 -0.06 -0.17 0.65 0.08 -0.26 -0.07 0.18 -0.47 .190| 0.28 1

b -0.15 0.16 0.16 -0.31 -0.2( 0.13 -0.06 —0.1)5 0.42 0.16 -0.99 -0.30 1
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Table 7: structural and transport parameters used in thalations of the
experiments by Nielsen et al. [6] reported in Fegr

Parameter Value
Thickness 12 um
Porosity 0.40
Tortuosity 2.5
Pore size 0.5um
aint 7.41x10 m* m*?
a?s 1.87x16 m* m*
AMpe 1.43x10° m m®
olon. 1.09x10/Txexp(-62x1R/T) S cni*
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Figure 7
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Figure Captions

Figure 1 —SEM micrographs of the cathode section (panel A)@rthe particle size
(panel B). Particle size distribution as resultirggn granulometry tests on the

precursor ink of the composite cathode (panel C).

Figure 2 —A) sketch of the model domain. B) Detail repreagon of the LSCF-
GDC particles and electrode as treated by the médsbom on percolated particles
is displayed. C) Definition of the particles morjigy and active surfaces. The
external surface of the LSCF particles correspaod§®. The interfacial section
between the LSCF and the GDC particle is taketi’#s The highlighted perimeter

displays the TPB lengthrpg.

Figure 3 —Model analysis of the impedance spectra measuré®bCF-
GDC/GDC/LSCF-GDC symmetric cells. Operating cormuhi: open circuit voltage,
10 mV, 10 kHz — 10 mHz, T = 560°C — 700°C, P€56% — 21%. Symbols are data

points, line is model fittings. The logarithm oktfrequency decade is indicated.

Figure 4 —Comparison between experimental and simulated ptmte for the
impedance experiments reported in Figure 3. Opgratnditions: LSCF-
GDC/GDC/LSCF-GDC symmetric cell, open circuit vgika 10 mV, 10 kHz — 10

mHz, T =560°C — 700°C, P,G 5% — 21%.

Figure 5 —A) Effect of G dilution at 700°C and OCV. Comparison between
impedance spectra measured with 5%@iluted in N (green symbols) and in He
(orange symbols). B) Arrhenius plots of the ohnesistance«) and of the
polarization resistanca). C) Simulated spectra at 5%.@range line is the

simulation performed with He to balance and withibngt CSTR boundary condition.
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Green line is simulation performed with b balance and with the CSTR boundary

condition.

Figure 6 —Model analysis of the experimental impedance speuntasured by
Nielsen et al. [6] on LSCF-GDC/GDC/LSCF-GDC symnwetells. The data set
refers to the moderately coarse sample. The expatsrare performed in air at OCV.
The original spectra are normalized by removahefdhmic resistance associated to

the GDC electrolyte.

Figure 7 —Sensitivity analysis on the input model parameféhg sensitivity
parameter SP (inset) is calculated with 10% vanmatif each parametesi/k = +0.1).
The operating conditions refer to experiments iraad OCV at varying temperature
from 560°C to 700°C. Full bars refer to +10% vaof dashed bars to -10%

variation.

Figure 8 —Variation of the simulated polarization resistaasea function of electrode
thickness and current density=] OCV, (=) 0.5 A/nf, (=) 1 A/n. Point A: 10 um
thickness. Point B: 6 um thickness. Point C: 100thickness. Inserts show the

impedance spectra simulated in correspondencesdfitiinlighted points.

Figure 9 —Evolution of the ionic and electronic current dgnalong the axis of the
composite electrode as simulated by the model uhéeconditions highlighted in the
three points of Figure 8. Black line<) is electronic current, red line<) is ionic

current flowing in GDC, green line=) is ionic current flowing in LSCF.

Nomenclature

A = thermodynamic factor [-]
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a29s = surface to volume ratio fim™]

ai™ = interfacial surface to volume ratio frm?]

ay,, = activity of the oxygen vacancies

Cint = cathode/electrolyte interfacial double layerazifance [F ii]

Cow™ = surface capacitance [Fan

Co, = concentration of molecular,gmol m]

Cme = Maximum stoichiometric concentration of oxidedon the lattice [mol ]
Cy. = concentration of oxygen vacancies [mofm

= concentration of oxide ion in the lattice [mofm

a

Q

oR
|

d, = particle sizefm]

Dy, ,, = diffusion of the oxygen vacancies {isi]
DYoL = molecular binary diffusion of £n N, [m? s7]
D§™ = Knudsen diffusion of @[m* s™]

Eact = activation energy [J md]

F = Faraday constant [C nigl

F" = inlet molar flow rate [mol§

F°!"' = outlet molar flow rate [mol§

fe = volume fraction of electrolyte particles in a&iy mixture [-]

fm = volume fraction of MIEC particles in a binaryxtire [-]
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H; = specific molar enthalpy of the ith species [Jjmo

I,o: = total current density [A ci]

J = molar flow of the ith species [mol'fs’]

j = imaginary unit

k = pre-exponential factors of the kinetic rate

L = electrode thickness [m]

Ne- = number of electrons exchanged in the chargsfeaneactions
Py, = partial pressure of {JPa]

R = gas constant [J mbK™]

r, = rate of the jth reaction [mol frs"]

Seig = geometrical surface of the electrodé][m

S = specific entropy of the ith species [J/mol/K]

T = temperature [K]

t =time [s]

Vg = electrode voltage [V]

Yo, = O molar fraction

Z = impedance cn¥]

Ze e = contact number between electrolyte particlewénbinary mixture [-]

Zyw v = contact number between electrolyte particleténbinary mixture [-]

71



z = axial coordinate [m]

Greek Symbols

a = charge transfer coefficient

v = constant phase element exponent [-]

I = surface site concentration [mol“m

d = oxygen stoichiometry parameter in LSCF
¢ = electrode porosity

n = bulk overpotential [V]

Or = surface coverage of the free sites

0; = surface coverage of the ith species

Atpe = specific length per unit volume of the three sghhoundary [m i
o = conductivity [S ri]

T = electrode tortuosity

¢ = potential [V]

x = surface potential [V]

o = frequency [¢]

Subscripts and super scripts
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0 = referred to the inlet boundary condition (cuatreollector/electrode interface)

~ = perturbed variable

b = referred to the bulk

E = referred to the electrolyte

eff = effective

ele = electronic

eld = electrode

ely = electrolyte

End = referred to the outlet boundary conditior¢ablyte/electrode interface)

eq = equilibrium

I = ith species

ion = ionic

j = jth species

M = referred to the MIEC

max = maximum

min = minimum

s = referred to the surface

ss = steady-state
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Soecies
0, = molecular oxygen
0%% = oxygen atom adsorbed on the MIEC surface
0;,%% = charged oxygen atom adsorbed on the MIEC surface
Vs m = oxide ion vacancy in the MIEC lattice
o, = Oxide ion in the MIEC lattice
V; g = oxide ion vacancy in the electrolyte lattice
o = oxide ion in the electrolyte lattice

$ = free surface site
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