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Solid oxide fuel cells (SOFCs) with electrodes that contain mixed conducting materials usually show very different rela-
tionships among microstructure parameters, effective electrode characteristics, and detailed working processes from
conventional ones. A new multiscale model for SOFCs using mixed conducting materials, such as LSCF or BSCF, was
developed. It consisted of a generalized percolation micromodel to obtain the electrode properties from microstructure
parameters and a multiphysics single cell model to relate these properties to performance details. Various constraint
relationships between the activation overpotential expressions and electric boundaries for SOFC models were collected
by analyzing the local electrochemical equilibrium. Finally, taking a typical LSCF-SDC/SDC/Ni-SDC intermediate tem-
perature SOFC as an example, the application of the multiscale model was illustrated. The accuracy of the models was
verified by fitting 25 experimental I-V curves reported in literature with a few adjustable parameters; additionally, and
several conclusions were drawn from the analysis of simulation results. © 2015 American Institute of Chemical Engi-
neers AIChE J, 61: 3786-3803, 2015
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Introduction

Solid oxide fuel cells (SOFC) have been recognized as a
promising energy conservation technology in terms of cleanli-
ness, efficiency, and capability to work with various types of
fuels.'"”” However, high operating temperature cause strict
material compatibility constraints, cost limitation, and chal-
lenging operational complexity.! Thus, increasing attention
has been devoted to the development of intermediate tempera-
ture (500-700°C) SOFC (IT-SOFC) components.*”'” The key
obstacles to the reduction of the SOFC operation temperature
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are the insufficient activity of conventional cathode materials
for oxygen reduction reaction and the low ionic conductivity
of the traditional electrolyte materials (YSZ) in this tempera-
ture regime. Thus, mixed ion/e” conducting (MIEC) electrode
materials (e.g., LSCF, CeO,, LSCM, SFMO, BSCF) and alter-
native electrolyte materials (i.e., SDC and GDC) have
received great attention for their potential applications in IT-
SOFC."" Shao et al? proposed a mixed conducting
Bag 5Srg.5Cog gFep205—5 as a potential cathode material in IT-
SOFC. In principle, the reaction sites in mixed conducting
electrodes are very different from those in the conventional
composite (or pure electronic) electrodes. Taking the cathode
as an example, the potential electrochemically active sites
(PEAS) extend from the percolated three phase boundary sites
(TPBs) over the electrode/dense electrolyte interface for the
pure LSM electrode, through the percolated volume TPBs
(e.g., LSM-YSZ-pores) within the conventional LSM-YSZ
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Figure 1. lllustrations of the microstructure diagram and physical-chemical processes within a typical LSCF-SDC/

SDC/Ni-SDC IT-SOFC.

Red dashes indicate three different PEAS on cathode side. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

electrode, to the percolated volume double phase boundary
sites (DPBs) (e.g., LSCF-pore or BSCF-pore) within the
mixed conducting electrode. Here, “percolated” is defined as
exhibiting a continuous connection through the entire elec-
trode structure; Recently, an in situ photoelectron spectros-
copy method was proposed to investigate the
electrochemically active region within the mixed conducting
CeO,_, electrode.'? The LSCF coated with SDC was pro-
posed by Xia and coworkers'® to investigate the surface
exchange coefficient of LSCF/SDC interface using the electri-
cal conductivity relaxation method. Wang et al.™ compared
the performances of various LSCF-based cathodes and found
surprisingly, that the LSCF-SDC composite cathode exhibited
a larger activation overpotential than did the single-phase
LSCF cathode. More interestingly, the LSM-coated LSCF
composite electrode was reported to exhibit a lower, instead of
higher, activation overpotential compared with that of a pure
LSCF cathode.'* All of the experimental results mentioned
above suggest that a complicated oxygen reaction mechanism
is present in electrodes using mixed conducting materials.

As the art of the IT-SOFC electrode fabrication technolo-
gies become sophisticated, more functions are required from
the electrode structure to achieve a high SOFC performance;
there is an increasing need to understand the relationships
among the microstructure parameters, effective electrode char-
acteristics, and the detailed chemical and physicals processes
in SOFCs.">™'? However, to the best of our knowledge, only
few works have focused on the numerical modeling studies
relevant for these SOFCs. For example, an analytical model
was developed by Leah et al. to study the electronic current
leakage within a metal-supported SOFC using GDC as the
dense electrolyte.”® A 2-D isothermal mathematical model for
a dense SDC electrolyte was then developed, and it was found
that the rate of leakage current increases with the increasing
operating voltage, temperature, and hydrogen concentration in
the fuel stream.’ Recently, an analytical model was devel-
oped by Shen et al. to describe the current leakage process
within a bilayer electrolyte.”?> However, most of these early
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theoretical works have focused on the electric leakage phe-
nomenon based on only part of the cell structure. Both the IT-
SOFC electrode and electrolyte materials may have many dif-
ferent characteristics from those of their counterparts in con-
ventional SOFCs, because of the use of mixed conducting
materials and presence of electronic conducting capability for
dense electrolyte materials (e.g., SDC and CGO). These may
lead to very different relationships among the electrode micro-
structure parameters, effective electrode characteristics, and
the detailed working processes. Taking the LSCF-SDC/SDC/
NI-SDC IT-SOFC as an example, Figure 1 shows the concep-
tual illustration of the microstructure diagram and physical-
chemical processes: (1) because the LSCF-conductor on cath-
ode side shows mixed conducting properties, both LSCF- and
SDC-conductors will contribute to the alternative O*~ con-
ducting paths; (2) the e charge can be conducted from anode
to the cathode side through the dense SDC electrolyte directly,
which lead to a continuous electronic potential distribution
throughout the whole cell structure; and (3) the PEASs are
very different from those for the conventional electrode, such
as the percolated volume LSCF-SDC-pore TPBs (Figure 1a),
percolated TPBs over dense electrolyte surface (Figure 1b),
and percolated volume LSCF-SDC DPBs (Figure 1c). Which
and how much part of these PEASs can be real electrochemi-
cal active sites (EAS) are further determined by the balance
among the local electrochemical activation polarization and
the species, e and ionic transporting resistances to achieve
the minimal total potential loss. These further depend on the
detailed electrode composition, microstructure parameters,
and operating conditions. Therefore, although it is difficult to
comprehensively consider these characteristics using the mul-
tiscale model, it is essential to understand the effects of IT-
SOFC material compositions and microstructure parameters
on the macroelectrode characteristic properties; and further on
the detailed working processes.

In this article, the detail electrochemical reaction, electric
leakage, and e, ion and gas transporting processes in the typi-
cal IT-SOFC are analyzed and illustrated schematically using
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Figure 2. lllustrations of the microstructure diagram and physical-chemical processes within a typical LSCF-LSM/

SDC/Ni-SDC IT-SOFC.

Red dashes indicate four different PEAS on cathode side. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

an equivalent circuit approach to provide a way to easily
understand the specific characteristics and complicated chemi-
cal and physical processes. As there is continuous electronic
potential distribution throughout the entire cell structure,
proper constraint relationships between the activation overpo-
tential expressions and electric boundary settings are obtained
by carefully analyzing the local electrochemical equilibrium
process. It can be an important reference for the proper bound-
ary settings in different SOFC models. Taking LSCF-SDC/
SDC/Ni-SDC cells as an example, a multiscale predictive
models that comprehensive considers these special character-
istics for the typical mixed conducting SOFCs is developed.
The generalized percolation micromodel is used to evaluate
the characteristic properties of each SOFC component from
the microstructure parameters. Based on these properties, the
macroscale single cell model is developed to predict the work-
ing details within the cells. The effects of electronic current
leakage on the open circuit voltage (OCV) and operating per-
formance are studied as well. Finally, the accuracy of the
developed multiscale models is verified by comparing the cal-
culated results with the 25 experimental /-V curves obtained
from literature. Such verified multiscale models are not limited
to the LSCF-SDC/SDC/Ni-SDC, can greatly enhance our
understanding of the IT-SOFC, and are essential for the further
investigations of the effects of the electrode microstructures
on the IT-SOFC performances, identification of guidelines for
SOFC performance optimization.

Theory and Numerical Model

Taking the typical LSCF-SDC/SDC/Ni-SDC IT-SOFC as
an example, the development and application of the multiscale
models for SOFCs using MIEC materials are illustrated. It is
necessary to note that the applications of the developed multi-
scale models are not limited to the LSCF-SDC/SDC/Ni-SDC
IT-SOFC, and they can also be applied to describe other
SOFCs using different electrode compositions and mixed con-
ducting materials.
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As shown in Figure 1, a typical LSCF-LSM/SDC/Ni-SDC
IT-SOFC consists of three layers: (a) a porous Ni-SDC com-
posite anode layer with Ni- and SDC-particles; (b) a dense
SDC electrolyte layer; and (c) a porous LSCF-SDC composite
cathode layer with LSCF- and SDC-particles. Taking hydro-
gen as fuel and air as an oxidant as an example, the elementary
electrochemical e -ion charge transfer reaction based on 0%~
can be described as

Anodic reaction : H,(pore)+ 0>~ (SDC)
— H,O(pore)+2e™ (Ni) (1)

Cathodic reaction : 0.50;(pore) + 2¢~ (LSCF)
— 0?7 (SDC or LSCF) )

where the information in the parentheses indicate the located
positions of the reactants.

The potential electrochemical active sites

According to Egs. 1 and 2, the elementary e 0% charge
transfer reaction simultaneously involves electrons, ions, and
gases, and these reactants are located at different material
phases. Thus, the coexisting sites of the percolated gas trans-
porting, electronic conducting, and ionic conducting paths are
essential for the electrochemically active reaction. As shown
in Figures 1 and 2, different PEASs and activities are obtained
based on different IT-SOFC electrode compositions,

1. for LSCF-SDC composite cathode in Figure 1, because
both LSCF- and SDC-materials contribute to the O~ trans-
port, there are three different types of PEASs, (a) the perco-
lated LSCF-SDC-pore TPBs within the composite cathode
shown in Figure la. Here, the TPBs means the coexist sites
among three different material phases (i.e., pore, LSCF- and
SDC-material phases); (b) the percolated LSCF-pore DPBs
between the mixed conducting material (i.e., LSCF) and
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pores within the composite cathode shown in Figures Ic;
and (c) the percolated TPBs over the dense electrolyte sur-
face shown in Figure 1b;

2. for the pure LSCF cathode layer, however, there are
only two types of PEASs: (a) the percolated LSCF-pore
DPBs; and (b) the percolated TPBs over the dense electro-
lyte surface;

3. for a typical Ni-SDC composite anode in Figure 1, the
PEASs consist of (a) the percolated Ni-SDC-pore TPBs
within the composite anode; and (b) the percolated TPBs
over the dense electrolyte surface;

4. for LSCF-LSM composite cathode in Figure 2, as both
LSCF- and LSM-material phases contribute to the electronic
conducting path, there are four types of PEASs: (a) the per-
colated LSCF-pore DPBs within the cathode shown in Fig-
ure 2a; (b) the percolated LSCF-LSM-pore TPBs within the
cathode shown in Figure 2b; and (c) and (d) the percolated
TPBs over the dense electrolyte surface (i.e., both LSCF-
electrolyte and LSM-electrolyte intersections), as shown in
Figures 2c, d, respectively.

The equivalent circuit of electric processes within the
IT-SOFC

The physical and chemical processes within the typical
LSCF-SDC/SDC/Ni-SDC IT-SOFC are simply shown in
Figure 1. The white, purple, and red arrows indicate the rele-
vant e, 0%, and gas transport paths, respectively. On the
anode side, fuel from the anode gas channel is transported
through the porous anode structure to the percolated Ni-SDC-
pore TPB sites. Around these sites, the fuel is oxidized by oxy-
gen ions (0*), as specified in Eq. 1. The product H,O is
transported back to the fuel channel through the porous anode
structure. Most produced e are conducted to the cathode side
through the electronic conducting paths within the anode and
the external circuit to provide useful electric power. A fraction
of the produced e~ will conduct to the cathode reaction sites
directly through the dense electrolyte, because the electronic
conductivity of the dense SDC electrolyte cannot be negligi-
ble.”® Because these electrons do not flow through the external
circuit, they are considered be consumed.

On the cathode side, air from the cathode channel is trans-
ported through the gas path to the cathode PEASs (i.e., the perco-
lated volume LSCF-SDC-pore TPBs and LSCF-pore DPBs and
the percolated TPBs over the dense electrolyte surface). At these
sites, O, reacts with the e from both the external circuit and the
dense electrolyte. The product O>~ are then conducted to the
anode electrochemical reaction sites by the ion conducting SDC-
(or LSCF-) paths within the cathode and dense electrolyte.

To further carefully understand the electronic and ionic con-
ductions and the electrochemical reaction processes, the
equivalent circuit corresponding to the LSCF-SDC/SDC/Ni-
SDC is presented in Figure 3. Dark bricks indicate the elec-
tronic conduction path formed by LSCF- (or Ni-) particles.
Light and blue colored bricks represent the ionic conduction
paths constructed by the SDC- and LSCF-particles, respec-
tively. The parallel circuits within the black, red, and blue
dashed panes represent the local percolated LSCF-SDC-pore
(or Ni-SDC-pore) TPBs within the composite electrode, the
percolated TPBs over the dense electrolyte surface, and the
percolated LSCF-pore DPBs within the composite cathode.
These PEASs are the alternative ¢ -0>~ charge transfer reac-
tion paths. Generally, it is reasonable to represent these reac-
tion paths by the parallel circuits that consist of electromotive
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Figure 3. The equivalent circuit of the electric process
within LSCF-SDC/SDC/Ni-SDC SOFC.
Parallel circuits within the black, red, and blue dashed
panes represent the local percolated volume LSCF-SDC-
pore TPBs, percolated TPBs over dense electrolyte sur-
face, and percolated LSCF-pore DPBs. E; and E? are
the local equilibrium electric potential differences.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

forces, capacitors, and resistors.’*>> Electromotive forces E
and EZ9 are the local equilibrium electric potentials difference
between the electronic and ionic conducting phases. iqp, ficak,
ie, and i~ are the output current density, electronic current
due to internal leakage, local electronic, and ionic current den-
sities, respectively. It is necessary to note that due to the nega-
tive charge of e and 0’7, the electronic (or ionic) current
flows in the opposite directions of e (or 0%) charge flows.
iop flows from the anode interconnect to the composite
anode and is converted into the ionic electric current iy~ by
the elementary e -O”" charge transfer reaction around the

DOI 10.1002/aic 3789


http://wileyonlinelibrary.com

percolated Ni-SDC-pore TPBs. There are parallel paths for the
electronic and ionic current conductions within the composite
anode to convert i into iy~ gradually. Both the anode elec-
tronic current and the leaked electronic current from dense
SDC electrolyte are converted into i~ before entering the
dense electrolyte. In other words, all of the produced 0%
should flow through the dense electrolyte. The total flow is
given by the sum of 7, and ijc., Which should be used to cal-
culate the total fuel and oxygen consumptions.

The i is transported through the dense electrolyte to the
LSCF-SDC composite cathode, where the 0%~ will be con-
verted back into the i, through the e -O®  charge transfer
paths. It should be noted that there are, (1) two parallel ionic
conduction paths formed by both the LSCF- and SDC-
particles, (2) one electronic conduction path formed by the
LSCF-particles, and (3) three different alternative e -0
charge transfer reaction paths (i.e., percolated volume LSCF-
SDC-pore TPBs, percolated TPBs over the dense electrolyte
surface, and percolated LSCF-pore DPBs). Generally, the
paths with minimal overall potential losses would be chosen
for the interconversion of the O*~ and e~ charges and their
transport through the entire cathode structure. Most of the pro-
duced i, is transported back to the anode reaction sites through
the electronic conduction paths within the cathode, the cathode
interconnect, and the external load. Because of the nonzero
electronic conductivity of the dense SDC electrolyte, a frac-
tion of the produced e current leaks through the dense elec-
trolyte to the anode TPB sites. As ij., does not flow through
the external load, it is considered to be consumed. In conclu-
sion, the equivalent circuit model can be used to accurately
depict the detailed electrical processes within the typical
LSCF-SDC/SDC/Ni-SDC IT-SOFC.

The real EAS

The analysis in Figure 3 shows that the paths with minimal
overall potential losses would be chosen for the interconver-
sion of the O~ and e~ charges and their transport throughout
the entire cathode structure. The overall potential losses con-
sist of the local anode/cathode electrochemical activation
polarizations and the transporting resistances of species, e,
and ions. Thus, the sites common to the percolated e , ionic,
and gas transporting paths shown in Figure 1 are only the
PEASs. Which and how much part of these PEASs can be the
EAS depends on the following factors:

1. the e conductivity capability from the interconnect
into the electrode structure (shown as white path in Figure
1), This can be described by the effective electronic conduc-
tivity based on the component geometry a:ff and is deter-
mined by the electrode composition, microstructure
parameters, intrinsic properties of each material and operat-
ing conditions;

2. the ion propagating capability from the dense electro-
lyte surface into the composite electrode (shown as the pur-
ple paths in Figure 1). This is described by the effective
ionic conductivity af)fzf, based on the component geometry.
For LSCF-SDC cathode in Figure 1, both LSCF- and SDC-
conductors contribute to the high effective 0>~ conductivity;

3. the capability for species transport from the cell chan-
nels into the porous electrode structure (shown as the red
path within Figure 1). This is described by the effective dif-
fusivities of each species within the porous electrode struc-
ture DT and is controlled by the gas mixture composition,
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intrinsic properties of each gas, porosity, hydraulic pore
radius, and tortuosity of the gas flow path;

4. the electrochemical activities around various PEASs. These
are described by the local exchange transfer current rates, activa-
tion energies, and forward/reverse reaction symmetric factors
around each type PEAS. For LSCF-SDC composite cathode in
Figure 1, three types of PEASs are present and possess very dif-
ferent capabilities for electrochemical activity;

5. the thickness of the specific composite electrode and
the operating conditions are also important factors that affect
the EAS distribution within these SOFCs.

Generally, most of the effective characteristics described
above are affected by the details of electrode composition, mi-
crostructure parameters, and operating conditions. Taking the
LSCF-SDC composite cathode as an example, the relevant
PEAS and EAS distributions for three different representative
LSCF-loading scenarios are illustrated in Supporting Information.

Mathematical description for the local electrochemical
equilibrium process

According to the anodic e -O*~ charge transfer reaction in
Eq. 1, the reactant electrochemical potentials should be bal-
anced at the equilibrium state (no net reaction case) to obtain®®

fu, F pop- —2F O, = puyy,0—2F O (J) 3)

EJ=07, —0gi= % (b, + o>~ — tiy0) (V) 4)
where p, is the chemical potential of reactant o. It can be eval-
uated as p, = +RTIn p,, where 1 is the chemical potential
at standard condition (p** = 1 atm). T is the local temperature,
and p, is the partial pressure of species « at the local sites. F is
the Faraday constant defined as the electric charge carried by
one mole of electrons. @, and @4 are the local equilibrium
electrical potentials at the ionic and electronic conducting
phases, respectively. The local anode equilibrium electric
potential difference E5! between two conducting phases then
achieved by Eq. 4. We note that E59 is evaluated based on the
operating conditions instead of the open circuit conditions and
is considered the local electromotive force in Figure 3.

However, for the actual operating process that produces
nonzero electric current, the electrochemical potential at the
left side of Eq. 1 should larger than that at the right side

ty, F o —2F @ > py,0—2F . () (%)
M=~ (0~ )

1 ©)
=55 (MH2 + - _#Hzo) —(Pg- — D) (V)

In this case, the actual local ionic and electronic electric
potentials, ®.- and @, should shift from their respective equi-
librium values at the equilibrium state, (Df)qz, and @4, Such shift
is defined as the local anode activation overpotential as Eq. 6.

Generally, for the PEAS located around the percolated Ni-
SDC-pore TPBs, the e -0>" charge transfer rate per unit TPB
length jrpp (A m~ ') can be evaluated as a function of Nact
using the empirical Butler—Volmer equation as**

. . 200F 2p,F -1
JTPB=/1PB0 |€XP | o tact | TEXP | T o Mact (Am™)
7

where R is the universal gas constant. o and f, are the forward
and reverse reaction symmetric factors, respectively. The local
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Table 1. Collection of Different Electric Potential Shift Assumptions and the Relevant Constraint Relationships Between
Activation Overpotential Expressions and Electric Boundary Settings
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ylgclzd)oz-—q)e‘F'uoz ——1In atm e|B1
4F  4F " po,
Assumption 4 @, o =0~ +E— RT, Puo D¢[gs — P ls1 =Vop
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Note: Eoff(uH +0.5u0), ,u%’o) A“ +81n

z()

Ey= (,u“ +uS, yHZO) LN the Nernst potential at standard state (1 atm).

exchange transfer current per unit TPB length at the anode
side can be expressed as?"?®

a  _a oo Em (1 1
JTPB.0 =JTPB 0,1t €XP R \T T
3

where Ey, is the activation energy for H, oxidation reaction.
JtpB.orer 18 Often a551gned empirically at a reference tempera-
ture Tier. p, and pa are the partial pressure of species o at the
local site and channel inlet, respectively.

Similarly, the equilibrium electrochemical potentials for the
oxygen reduction reaction in Eq. 2 can be written as Eq. 9.
The equilibrium electric potential difference at the cathode
between the electronic and ionic conducting phases can then
be estimated by Eq. 10

PH,PH,0 (Am_l)

0
Pn,Pu,0

0.5110, —2F D =j100- —2F O ©)

1
EA=00— 0%, = (o, ~280>-) (V) (10)

Due to the presence of the output electric current through
the cell at operating conditions, the real local electric poten-
tials, @, and @, shift from their equilibrium values, ¢ and
<I>eoq,. The shift of the local potential difference is defined as
the local cathode activation overpotential
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is the Nernst potential based on species concentrations on the channel inlets.

Moo =B~ (@)
1 (11)
17 (Ho, itz ) = (@e= @z ) (V)

For the PEAS located around the percolated LSCF-SDC-
pore TPBs, the e -0% charge transfer rate per unit TPB
length jrpg (A m~ ") can be similarly evaluated using Eq. 7.
The relevant local exchange transfer current per unit TPB
length on the cathode side can be estimated as”’~*

025
Eo, (1 1 Po, .
JreR 0 =) ex (— 2 (—— >> 2 Am
TPB,0 —JTPB,0,ref SXP R \T T pg i ( )

12)

where Eo, is the activation energy for the O, reduction reaction.
JTpB. 0.ret 18 assigned empirically at reference temperature Tref.

For the PEAS located around the percolated LSCF-pore
DPBs, the ¢ -0>~ charge transfer rate per LSCF-particle area
can be analogously evaluated as

. . 20 SC F 2 F
ILSCF=ILSCF,0 {CXP (% ﬂfwt> —exp (‘ ﬁ;% ﬂfwtﬂ

(Am™?)
(13)

where opscr and fi; o are the forward and reverse reaction
symmetric factors, respectively. The local exchange transfer
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Figure 4. The sketch figure of the typical IT-SOFCs
with pure LSCF layer and LSCF-SDC com-
posite cathode layer thicknesses as x and
40 —x pm to distinct five different cells in
Table 2.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

current based on per unit LSCF-particle surface area can be

estimated as
0.25
o (1 1)) (22)
R \T T p(o)2

(14)

ILSCF,0 = ILSCF,0,ref€XP <—

where iiscrorr 1S assigned empirically at the reference
temperature Ty

Thus, three different current sources/leakages can be
obtained for the e~ and O electric current conservation
equations at the cathode side.

Proper constraint relationships between activation
overpotentials and electric boundary settings

Once the properties of each IT-SOFC component layer are
assigned, all of the above equations, except - in Egs. 6 and
11, can be solved using the local independent variables (e.g.,
T, p,, ®,, and ®x-). To conveniently solving the Butler—
Volmer and overpotential expressions described above, the
local electric potentials, @, and ®.-, should be shifted by a
reference amount to overcome the effects of p.-. Generally,
the constant potential shift does not alter the electronic (or
ionic) electric potential profiles within the electronic (or ionic)
conducting phase. However, it is very important to note that
the relevant overpotential expressions and electric boundary
settings should be changed consistently to ensure the accuracy
of the mathematical model. To the best of our knowledge,
over the past decades, three shift assumptions for @, and ®qp-
had been proposed and widely used in previous work by us
and others.”*% These shift assumptions and the relevant
constramt relationships are collected in Table 1. Here, 0 elB1
and <|p¢ indicate the relevant boundary condition constraint
of the electronic potentials at the anode/interconnect and cath-
ode/interconnect interfaces, respectively.

It is necessary to note that for most of the convenient SOFC
models that assumes that the dense electrolyte is an ideal elec-

tronic insulator, the ®. value at the anode and cathode 31des
were usually shifted by two different constant potentials as (I)
and (I) respectively. However, because the electronic current
leakage phenomenon at the dense SDC electrolyte is not
ignored in the LSCF-SDC/SDC/Ni-SDC SOFC model in this
article, there is a continuous ®, distribution throughout the
whole cell structure. Therefore, the @, value at both the anode
and cathode sides should be either shifted by the same con-
stant potential or left unchanged to preserve the electronic
electric potential profiles within the cell. It is essential to
develop an accurate IT-SOFC mathematical model. Assump-
tion 4 in Table 1 is proposed and used, in which @, is left
unchanged and the local ®.- is shifted by a reference amount

1
Do =1 (yOZ —2y02_> +®g (V) (15)

The expressions for the overpotential in Eqs. 6 and 11
should then be rewritten as

) 1
o= 55 (M, o~ Hyo)
- 1
— Py — aF (/,LO2 2,[102—)—(1)C (16)
RT
_Est+(q) q)oz ) PH;O (V)
2F " PH,
. RT 1 atm
ngct=(l)ozf—(l)e—ﬁln o, (V) (17)

where E™ is the Nernst potential at standard state (1 atm). This
can be easily calculated as a function of the operating
temperature 7.

As @_ in both the anode and cathode sides is not shifted, the
electronic potential difference between the cathode/intercon-
nect and anode/interconnect interfaces (B6 and B1) is equal to
the output voltage V,, as

Vop=e|ps = Pelp; (V) (18)

Generally, these assumptions and their relevant constraints
in Table 1 can be used as an important reference to check the
setting accuracy of the SOFC mathematical models.

Multiphysics model for typical SOFC using mixed
conducting materials

To illustrate the application of the typical SOFC multiscale
models, five different IT-SOFCs with LSCF-SDC composite
(or pure LSCF) cathodes, as reported by Wang et al.,'* are
chosen to develop and validate the numerical models. Figure 4
shows schematic of these IT-SOFCs, where the thicknesses of
the pure LSCF and LSCF-SDC composite cathode layers are x
um and 40 —x pm for the distinct five different cells in
Table 2. The detail thicknesses, composition, and microstruc-
ture parameters of each component layers in different cells are
presented in Table 3.

The electrochemical reactions are processed to produce the
volumetric e -0~ charge transfer rates and the surface
e -0% charge transfer rates over the electrode/dense

Table 2. Five IT-SOFCs with Different Pure LSCF and LSCF-SDC Composite Cathode Layer Thicknesses

Structure Cell A Cell B Cell C Cell D Cell E
Pure LSCF layer x um 40 pum 30 um 20 um 10 pum 0 pum
LSCF-SDC composite cathode layer 0 um 10 pum 20 pum 30 um 40 pum
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Table 3. Electrode Composition, Microstructure Parameters, and the Calculated Effective Characteristic Properties of Each
IT-SOFC Component Layer

Cathode Collector Cathode Interlayer Electrolyte Anode Interlayer Anode Supporter

Composition LSCF LSCE-SDC SDC Ni-SDC Ni-SDC
Thickness (um) x = 40,30, 20, 10, 0" y=1-—x" 13" 6" 460"
Mass ratio 60/40" 50/50" 60/40'
Volume ratio 1 61 1 0.45 0.55
Specific area (m* g~ ') 5.414 5.4/6.2' 6.2 3.4/6.2' 3.4/6.2'
Particle diameter (um) 0.99'* 0.99/0.53' 0.53" 0.8/0.53" 0.8/0.53"

45.5%" 40.4%" 30% 40%

o
ot (s m)

3.33 X 10*, 700°C
3.47 X 10*, 650°C
3.57 X 10*, 600°C
3.62 X 10* 550°C
3.62 X 10*, 500°C

1.05 x 10% 700°C
1.09 X 10% 650°C
1.12 X 10*, 600°C
1.14 x 10* 550°C
1.14 x 10% 500°C

0.6212, 700°C
0.4102, 650°C
0.2575, 600°C
0.1523, 550°C
0.0838, 500°C
3.7047, 700°C
2.3534, 650°C
1.4149, 600°C
0.7969, 550°C
0.4151, 500°C

4.03 x 10* 700°C
4.13 % 10% 650°C
4.23 x 10*, 600°C
432 % 10* 550°C
4.42 x 10%, 500°C
0.3887, 700°C
0.2763, 650°C
0.1811, 600°C
0.1084, 550°C
0.0587, 500°C

1.64 X 10°, 700°C
1.68 X 10°, 650°C
1.72 X 10°, 600°C
1.76 X 10°, 550°C
1.80 X 10°, 500°C
0.1928, 700°C
0.1346, 650°C
0.0869, 600°C
0.0515, 550°C
0.0277, 500°C

ol (Sm™!) 0.2842, 700°C 0.3008, 700°C
0.1458, 650°C 0.1823, 650°C
0.0681, 600°C 0.1035, 600°C
0.0286, 550°C 0.0549, 550°C
0.0107, 500°C 0.0269, 500°C
re (1m) 0.606 0.414
Jfppeqr (M 3.62 X 10"
esLscr (m™") 2.02 X 10° 1.29 X 10°
Mpper (M) 1.63 x 10° 9.13 X 10°
T 14 16

0.298 0.362
2.62 X 10'? 439 x 10'?
496 X 10° 1% 10°

14 14

electrolyte interface. These are viewed as the electric current
sources/leaks to the electronic (or ionic) electric current con-
servation processes. The electronic and ionic electric poten-

tials, @, and (i)ozf, should obey the following charge
conservation equations

-V.c .
I 0 Lscr in cathode current collector
-V.c Ve . .
) i, i, in cathode interlayer
v le:v (_O_:fqu)e) — e-O°"  TPB e-O“" .LSCF . (]9)
0 in Electrolyte
_ WVa .
ACT. in anode
_ Ve .
0 LscF in cathode current collector
, 0w - (iv_‘gz, PB +iV_’gz, scg)  in cathode interlayer
Vi =V (—05 VO )= i e (20
0 in Electrolyte
iV in anode
e-0*"TPB

where o and 6% are the effective electronic and ionic
conductivities, respectively. i, and iy~ are the local elec-
tronic and O® electric current densities, respectively. As
asz of the dense SDC electrolyte cannot be neglected,m’32
in Eq. 19, the equation describing i, conservation in the
dense electrolyte layer should also be solved to describe
the electronic current leakage phenomenon.

For the LSCF-SDC comeosite cathode with a mixed con-
ducting LSCF-conductor, ie_’gz,‘TpB (A m %) is the e -O*~
charge transfer rate per unit volume based on percolated
LSCF-SDC-pore TPBs

iz-oziTPB =j1PB A 1pp o (AM ) (21)

where AYpg . is the percolated TPB lengths per unit vol-
ume (m °), as determined by the electrode composition
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and microstructure parameters. jrpg (A m~ ') is the e -
0>~ charge transfer rate per unit TPB length, as specified
in Eq. 7.
Ve . [, .
I o Lscr 18 the e -O~ charge transfer rate per unit vol-

ume based on the percolated LSCF-pore DPBs

.V, . -3
i Lscp —ILSCRSes LSCF (Am™7) (22)

where Se, 1scr is the percolated LSCF-pore DPB areas per unit
volume (m ') and is a function of the electrode microstructure
parameters. i scr (A m72) is the e -0%~ charge transfer rate
per unit LSCF-particle surface area, as specified in Eq. 13.

In addition, the e /0>~ electric sources/leaks at the cath-
ode/electrolyte interface should also be considered at the rele-
vant boundary conditions. The e -O®~ charge transfer rate per
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Table 4. Boundary Condition Settings for Solving the Charge and Gas Transporting Processes

Bl B2 B3 B4 BS B6
. . . . _Sa . __ Sc .. .
Ionic charge balance Insulation Continuity g =i o el =1 ey Continuity Insulation
. - s __Sa . _Sc -
Electronic charge balance 0 Continuity n-ie I o Tpp N 1e=0 00 qpn Continuity Vop
_ l»S‘a
—n-Nu. = e-0%" TPB —S¢
n- Hz_izF —nNe = e-0>"TPB
Mass balance e, o Continuity s 0 aF Continuity g, R,
> Sa >
1 5
_ e-O""TPB —n-Nn. =0
—n-Np.g=22 0 N,
H,O oF
unit dense electrolyte surface area based on the percolated In this article, variables /, j, i, and iV are used to represent
LSCF-electrolyte interface can be expressed as the electric current in A, the produced/consumed electric cur-

iS-OZ* =JTPB )“"SFPB‘eff (Am™?) (23)

where /I%PB'eff is the percolated TPB lengths per unit electro-
lyte surface area (m ™~ ') and is evaluated using electrode micro-
structure parameters.

For the cathode current collector with pure LSCF, only the
e -07" charge transfer rate per unit volume i;’_‘gz, LSCF (A V- -N,=R,
m ) based on the percolated LSCF-pore DPBs should be con-
sidered. For Cell A, however, the charge transfer rate at the No +ZXI‘N a=XalNp_ _ RLT (pV X+, Vp+

expressed as

pure LSCF-cathode/electrolyte interface should also be consid- D%ﬁ,a = Diff; uDgs
ered, because of the absence of the LSCF-SDC cathode (24)
interlayer.

For the Ni-SDC composite anode, the e -O”~ charge trans-  where « and f8 specify two different types of gases within the
fer rate per unit volume iZ_"ng‘TPB (A m™) based on the perco- porous electrode. N, and x, are the molar flux and molar frac-

szBOP

rent per length in A m™', the current densities in A m™ 2, and
the produced/consumed electric current per volume in A m >,

The Dusty Gas model is thought to be sufficiently accurate
to describe the multicomponent gas transport in a porous
medium. For binary gas transport, the Dust Gas model can be

)

lated Ni-SDC-pore TPB lengths per volume /ypg .. and the  tion of species a, respectively. By is the permittivity, g is the

charge transfer rate at the anode/electrolyte interface ie_’?)z,

PB viscosity of the mixture, and p is the total local gas pressure.

can be analogously estimated by Eqs. 21 and 23, respectively. According to the charge transfer rates, the species sources/
As the thickness of anode interlayer is only 6 um, EAS may leaks R, (mol m > s~ 1Y) for O,, N», H,, and H,O in different

extend from the dense electrolyte surface, through the anode component layers are obtained as
interlayer, to the anode support layer. Therefore, the charge
transfer sources are added for the entire composite anode.

v, v, .
- (le_'gz, iscrt ze_gz, ’TPB) /(4F) cathode interlayer

Ro,= , Rn,=0 incathode
_iz:(c)z’,LSCF/ (4F) cathode current collector

(25)

this case, Knudsen diffusion in the porous electrode is impor-

Ry,=— iZ-gZ* 1P /(2F) } tant; and can be represented by
in composite anode (26) b, 2r, [8RT
AVE ff U _
RH?o:le-z)z’,TPB/(zF) D?(trfl.a_ Tng M (m*s™")
o

The effective binary diffusivities can be estimated as®

o P 3.24X1078T173 ( L1

N 2 \m. v
f p(vi/3+v;/3) M. My

where 7, is the mean hydraulic pore radius.

(28)

0.5 The boundary conditions required for all interfaces (as indi-
) (m*s™") (@7 cated in Figure 4) are analyzed and collected in Table 4. Boun-
daries B1, B2, B3, B4, B5, and B6 represent the interfaces

between the anode interconnect, anode support, anode inter-

where v, is the diffusion volume for species « layer, dense SDC electrolyte, LSCF-SDC composite cathode
(v, =6.12X107%, 13.1X107%, 16.3%10°°, and 18.5x10°° layer, pure LSCF cathode layer, and cathode interconnect,

0 0

m’ m.ol_l fpr H,, H,0, .02, and N, respectivelySS}, ¢, is the r§spectively. c%z, Ch,o and c%z, cy, are the reactgnt concentra-
porosity, 7 is the tortuosity of the gas path, and M, is the mole tions at the anode and cathode channels, respectively. Accord-

mass of species o. ing to the constraint relationship between the overpotential
While the pore size is small compared with the mean free expression and the electric boundary conditions in Assumption

path of the gas molecules, gas molecules collide more fre- 4 of Table 1, the output voltage V,, and reference voltage (0
quently with the pore walls than with the other molecules. In in our case) are added at the cathode/interconnect interface B6
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and anode/interconnect interface B1, respectively. The e /
O”" charges sources/leaks over the anode/dense electrolyte
and cathode/dense electrolyte interfaces (labeled as B3 and
B4) are e;lﬁo considered. "zliazanB and i::i)z,_TPB (A m?) are
the e -O°" charge transfer rates based on the percolated TPBs
over the dense electrolyte surface ﬁpB_eﬁ-. The relevant species

sources/leaks over B3 and B4 are considered by —n - Ny,=

S, _S, _
_leii)Z*.TPB/(ZF)’ —n NHzofle—aoZ*,TPB/(ZF)’ —n-No,=
—i:foz,_’TPB /(4F), and —n - Ny, =0. For Cell A, which has a

40 pum pure LSCF cathode, B5 absent, and B4 is the interface
between the pure LSCF cathode layer and the dense electro-
lyte layer. For Cell E which has 40 um LSCF-SDC composite
cathode, however, B5 is absent.

Generally, solving the above single cell model requires a set
of electrode characteristics properties for each of the SOFC
component layers, such as O'gff, ang,, )L}/PB'eff, Ses.LSCE» /l-SrPB'eff,
and r,. The ability to provide the effective electrode properties
of each component layer based on the material composition,
microstructure parameters, and working conditions is one of
the most important factors for the use of the IT-SOFC multi-
scale models. It is essential to further investigate and optimize
the effects of the microstructure parameters and cell designs
on the SOFC performance.

Generalized percolation micromodel for IT-SOFC
composite electrode

In our previous paper,”* the empirical expressions for the
coordination number, proposed by Suzuki and Oshima® were
revised to satisfy the contact number conservation principle; the
percolation micromodel, reported by Costamagna et al.*® was
generalized to predict the effective properties for a conventional
composite electrode with three-component random packed sys-
tem (e.g., LSM-, coarse, and fine YSZ-particles).** In past years,
the model has been widely used to evaluate the electrode prop-
erties for a conventional composite electrode that consists of
pure ionic (e.g., YSZ and SDC) and electronic conducting mate-
rials (e.g., Ni and LSM). In this article, this model is adopted to
calculate the electrode properties for Ni-SDC composite anode.

IT-SOFCs with electrodes that contain mixed conducting
material usually show very different relationships between the
microstructure parameters and macroscopic electrode charac-
teristics than do the conventional electrodes, the generalized
percolation micromodel is used to estimate the characteristic
properties of LSCF-SDC composite (or pure LSCF) cathode
layer from the electrode composition, microstructure parame-
ters, and working conditions. These microstructure parameters
include the volume fraction, mean particle radii, size distribu-
tions, and intrinsic properties of each material, the porosity,
and working conditions. Some of these effective characteristic
properties are obtained through the equations presented below

a. The percolated LSCF-SDC-pore TPBs per unit volume:
As illustrated in Figure la, the percolated LSCF-SDC-pores
TPBs in the porous cathode are one of alternative PEASs. It
can be estimated as a function of the electrode composition
and microstructure parameters

"V _ A% e i -2
1pB eft = VLSCE SDCM sCRZLSCE, sDCPYscpPspe (M) (29)

where 7y scp spc =277 is the 1-D circular length per contact
between LSCF- and SDC-particles. This can be observed
from an enlarged picture of Figure la. The neck radius
depends on the smaller particle radius and the contact angle
0 following r.=min (rLscr, r'spc)sin 0.

AIChE Journal November 2015 Vol. 61, No. 11

Published on behalf of the AIChE

nXSCFZLSCF, spc is the number of LSCF-SDC contact
points per unit electrode volume. The number of k-particles
per unit volume in the entire cathode structure can be esti-
mated as m) =(1—¢, )y /[4nr}/3]. Y, is the solid volume
fraction of k-particles. Z scrspc is the average number of
contacts between the LSCF-particle and all of its neighbor-
ing SDC-particles. It can be estimated through the revised
coordination number expression as>*

Yo/re
ZkM:1 Wi /rx

where Z=6 is the average coordination number of all of the
particles in a random close packing of rigid spherical par-
ticles.”” Compared with the expressions reported by Suzuki
and Oshima,® Eq. 30 proved to be better able to satisfy the
contact number conservation principle nz,/Zk,g=n}/Zg,k.

Pigcp and Pfgcp are defined as the probabilities that the
LSCF-particles belong to the percolated ionic and electronic
conduction paths, respectively; Pi. is the probability that
the SDC-particles belong to the percolated ionic conduction

Zk1/=0.5(1+l‘£ I%)Z (30)

path.  For  the LSCF-SDC  composite  cathode,
Pl scr=Pspc=1, and P{ . can be estimated as>839
4.236—Ziscr.scr )
Plsr=1- (Tn GV

b. The percolated LSCF-pore DPBs per unit volume: As
shown in Figure lc, the percolated LSCF-pore DPBs per
electrode volume are considered to be another important
type of PEAS for the cathode e -O”  charge transfer reac-
tion. This is proportional to the number of LSCF-particles
per unit volume n\L’SCF, the exposed surface area of each
LSCF-particle s.; and the probabilities that the LSCF-
particles belong to both the percolated electronic and ionic
conducting paths P§ gopPl gop

_.V i -1
Ses LsCF =Ny scpSesPLscrPLscr (M) (32)

As observed from an enlarge picture of Figure lc, s.s can be
determined by subtracting the overlap between the neighbor-
ing particles from the spherical surface area of the percolated
LSCF-particle, as given by

Ses =217 scp[2— (1—c0s Opscr)ZLsCF, LscF

(33)

—(1=cos Opscr)Ziscr, spc) (m™ 1)

The contact angles 0pscr between rpscg- and its neighboring
ro-particles  should satisfy the relationship  riscrsin
9LSCF =r2sin 92.40

c. The percolated TPBs per unit dense electrolyte surface
area: The percolate TPBs over the dense electrolyte surface
are also important PEAS for the e -0*" charge transfer
reaction.”” The percolated TPBs per unit electrolyte surface
area can be estimated by

S _ S e -1
;VTPBA,eff_“/LSCF,eIe nscrPrscr (M) (34)

where the 1-D circular length per contact between LSCF-
particle and the dense electrolyte surface can be evaluated as
VLSCF. ele =27 gcpsin 0 (shown in Figure 1b). The number of
LSCF-particles per unit dense electrolyte surface can be cal-
culated as 1} g = (1= Wyscr/ (2mriser/3). >

d. The effective ionic and electronic conductivities: The
intraparticle and interparticle electric conductivities represent
the charge transport capabilities through the interiors of the
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particles and through the particle-particle interfaces, respec-
tively. For an LSCF-SDC composite cathode, both the
LSCF- and SDC-particles contribute to the 0>~ conduction
path. It is acceptable to assume that the ionic intraparticle
conduction paths of LSCF- and SDC-particles within each
particle layer are connected in parallel, such that there are
three parallel paths (i.e., LSCF-LSCF, SDC-SDC, and
LSCF-SDC interfaces) available for O>” transport through
the particle layer interfaces.*”*° This is described by

-1
ol — 1 N 1
o itra,eff i,tra,eff iter,eff iter,eff iter,eff
d + $pc-spc T OLsCR-Lscr 0

SDC T OLSCF LSCE-SDC
(Sm™)
(35)
where o, is the effective ionic intraparticle conductivity

of mat-material based on the electrode geometry. It can be
simply estimated as*>*'

i i 2 _
AT =G (1= (Sm™) G6)

where 0';,,;?'0 is the intrinsic ionic intraparticle conductivity

of mat-material in a dense solid.

ter.eff . . . . . . . age
6,57 is the effective interparticle ionic conductivities

among the ionic conductors, such as LSCF-LSCF, SDC-SDC,
and LSCF-SDC. Careful analysis of the results shows that

a7 should be evaluated based on the smaller particle layer

2min (r, r).*° The empirical expression for o"k“f;’eﬂ, reported
by Chan,>’ should then be generalized and revised as
; 2 i pi
idereff _ iter0 4ay—min (r, 1) n) Zy PP} Sm™)  (37)

k=1 k=1 5]( ;

where Jd;—; is the interface thickness between k- and [-particles,
which is estimated to be approximately 5 nm.** ag—=mr? is
the per contact area between k- and [-particles. a}'/" is the
intrinsic ionic interparticle conductivity.

As the interparticle electronic conductivity is sufficiently
large making a negligible contribution to resistance to the total
electronic conduction, a definition that is analogous to Eq. 36
is used to evaluate the effective electronic conductivity it
based on the geometry.

e. The hydraulic radius of the porous cathode structure:
This is an important factor for the determination of the mul-
ticomponent gas transport in the porous media; and can be
calculated as™

" :% d)g (‘//LSCF l//SDC) -
N <(1_¢g)> ILSCF " rSDC (m) (38)

The intrinsic electric conductivities of each material are
required to use the generalized percolation micromodel to
evaluate the effective characteristic properties of each IT-
SOFC component from the electrode composition, microstruc-
ture parameters, and operating conditions. As most of the
experiment values for these properties had been measured at
various temperatures, many convenient formulas achieved by
fitting the reported experimental data are presented in Support-
ing Information.

Results and Discussion
Multiscale models verification

The finite element commercial software COMSOL Multi-
physics is used in the present study to solve the coupled partial
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Table 5. The Working Conditions and Parameters for the

Modeling
Parameters Value
Eo, (J mol™ ) 130 X 10°, Ref. 28
% scr> PLscr 72 0.5,0.5 .
ILSCEref (A M 7) 3.0 X 10
owh 05.05
j(%.ref (A m ) 1 X 10
Ey, (J mol ™) 120 X 10°, Ref. 27,28
o, 1, 0.5, Ref. 27,28
j?)‘ref (A mil) (8)(7) X 1072
a .
Pi,» Plo (atm) 0.97, 0.03
Po,: Py, (atm) 0.21, 0.79

differential equations of electronic, ionic, and gas transports.
The source (or leak) items within the single cell model are
modeled using the mathematical relations presented in the
macromodel section. The boundary conditions required to sim-
ulate the five different IT-SOFCs are listed in Table 4; here,
Assumptions 4 of Table 1 is adopted to describe the constraint
relationship between the overpotential expressions and electric
boundaries. The effective characteristic properties of each
component layer are calculated through the generalized (or
traditional) percolation micromodel and the fitting formulas of
intrinsic properties for each material.

Most of the electrode composition, microstructure parame-
ters, and operating temperature are obtained from the experi-
ment data, reported by Wang et al.,'"* which allows our model
to correspond to the experimental data as much as possible.
Table 3 lists the basic model parameters with the experimental
sources specified. Assuming that all of the particles within the
composite electrode are spheres, the material volume ratios
within each material layer are estimated using the particle
diameters, mass ratios, and specific areas reported in the litera-
ture.'* Based on the percolation micromodels for LSCE-SDC
(or Ni-SDC) composite electrode, the effective electrode prop-
erties of each component layer, such as Aypg .fr» SesLSCE»
Appesrs 0, o, and r, are calculated from the reported
parameters, and the calculated results are collected in Table 3.

The calculated result in Table 3 shows that the pure LSCF
layer and LSCF-SDC composite layer exhibit very different
characteristics. Compared with the pure LSCF cathode, the
use of the LSCF-SDC composite cathode introduces additional
percolated LSCF-SDC-pore TPBs per unit volume
Jpper = 3:62 X 10" m™? and increase the total effective
ionic conductivity of the cathode structure (i.e., agfzf, increases
from 0.068 to 0.104 S m™ ! at 600°C), because of the higher
intrinsic 0>~ conductivity of the SDC-material. At the same
time, the increased SDC-loading also leads to a lower ogff
(i.e., decrease from 4.82 X 10* t0 2.03 X 10* Sm™" at 600°C)
and decreases both the percolated volume LSCF-pore DPBs
Ses,Lscr from 2.02 X 10%t0 1.29 X 10° m ™' and the percolated
TPBs over the dense electrolyte surface A%PB_eff from 1.63 X
10°t09.13 X 10° m™".

As several parameters could not be obtained directly from
experiments or the literatures, they should be obtained by tun-
ing the model. Generally, a smaller number of adjustable
parameters and a larger size of the experiment fitting database
are favorable for higher reliability of the developed theory
models. In Egs. 8, 12, and 14, jﬂTPB,(lref j"CFPB.O,ref’ and 7LSCF0 ref
at the reference temperature 7Tyr = 800°C and of and of g in
Egs. 7 and 13 are the only parameters that had to be adjusted
to fit the reported 25 I-V experimental curves. The factor ad
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

for the LSCF-SDC composite electrode is added to the elec-
tronic/ionic electric conductivities of the dense electrolyte to
represent the effects of the additional interface contact resist-
ance among different component layers and the LSCF-SDC
interparticle resistance for the O*~ conducting in composite
electrode.'® The operating condition are pgz =0.97,
PhLo=0.03, p§ =0.21, and p{ =0.79 atm. All of the parame-
ters used in the modeling are collected in Table 5.

Based on the electrode characteristics presented in Table 3
and the parameters presented in Table 5, all of the 25 literature
experimental /-V curves at various temperatures (i.e., 500,
550, 600, 650, and 700°C) from five different cells (shown in
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Table 2)'* are fitted with only a few adjustable parameters. As
shown in Figures 5a—e, good agreement between the theoreti-
cal and 25 experiment /-V curves is achieved, which demon-
strates the validity of the generalized multiscale SOFC models
described above.

Comparison of the pure LSCF and LSCF-SDC
composite cathodes
Both the experimental and model results presented in Fig-

ures Sa—e show that the cell performances decrease with
increased LSCF-SDC composite cathode thickness; the
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[Color figure can be viewed in the online issue, which is
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performances are in the order, Cell A>Cell B > Cell C >
Cell D > Cell E, with Cells B, C, D, and E showing quite sim-
ilar performances. Obviously, although the use of the LSCF-
SDC composite cathode can increase /ypg o and agf; in com-
parison with the pure LSCF cathode layer, it does not lead to a
large enhancement of the cell performance. This phenomenon
is very different from the conventional SOFCs with composite
electrodes that consist of the pure electronic and ionic conduc-
tors (i.e., LSM-YSZ), in which increasing }h\T/PB_eff and agfsz
greatly reduces the cathode activation polarization and
improve the cell performance. The small improvement
obtained here may be attributed to the following factors

i. the most important reason is that increasing the SDC-
loading greatly reduces both Ses1scr from 2.02 X 10° to 1.29
X 10° m™" and 23pp o from 1.63 X 10° 0 9.13 X 10° m ™"
(shown in Table 3). As illustrated above, i}/pBAeff, Ses,LSCF>
),%,B‘eff are three important PEAS types for LSCF-SDC com-
posite cathode. Which and how many part of them can be
EAS, should further depend on the details of electron, ion,
and species transport capabilities and electrochemical activ-
ities around these PEASs. Taking Cell E at T= 600°C and
fop =25 X 10* A m~? operating condition as an example,
the modeling result shows that the cathode e -O” charge
transfer rate produced by the percolated volume LSCF-SDC-
pore TPBs represents less than 5% of the total amount. Most
of the e -0~ charge transfer reactions are supported by the
percolated TPBs over the dense electrolyte surface because of
the very short ionic conducting path and the percolated vol-
ume LSCF-SDC DPBs. Thus, unlike the case of LSCF coated
with SDC," for LSCF-SDC composite cathodes, the oxygen
reduction activities around the percolated volume LSCF-SDC-
pores TPBs are smaller than the percolated LSCF-pore DPBs.
A similar conclusion for composite LSCF-CGO had also be
obtained by experiment reported by Esquirol et al.** This con-
clusion can also be supported by the X-ray diffraction
reported by Wang et al.,'"* which shown that there were not
chemical change at the LSCF-SDC interfaces.

ii. although the increased the SDC-loading dose increase
ot from 0.068 to 0.104 S m™ ' at 600°C (listed in Table
3), the O~ transport may suffer from the large LSCE-SDC
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interparticle resistance before it can use the high ionic con-
ductivity of the SDC-conductor. Because most of the oxygen
reduction reactions in the cathode body take place around
the percolated LSCF-pore DPBs and located over the LSCF
side, as described in factor (i);

iii. as shown in Table 3, the electronic conducting capabil-
ity o' decreases by more than 50% from the pure LSCF
cathode to the LSCF-SDC composite cathode. This greatly
decreases the overall electric conductivity of the entire cath-
ode layer, because of the larger electronic conductivity value
relative to the ionic conductivity. This behavior is consistent
with the experimental results reported by Wang et al.'* and
Yu et al.*

Thickness of the real EAS

Although the percolated LSCF-pore DPBs have been found
to be the dominant sites to support the cathode electrochemical
reactions in comparison with the percolated LSCF-SDC-pore
TPBs, only a fraction of these sites can be EAS. As shown in
Figure 6, for Cell E, the EAS extends 10 um from the dense
electrolyte surface into the composite cathode, and the remain-
ing cathode structure is inactive. This conclusion is further
supported by the reported experimental results shown in
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Figure 7. Distributions of both i, and iy within IT-
SOFCs at T =600°C and j,p, = 2.5 X 10* Am™2,

Discontinuities of the i, and i:- distributions at the elec-
trode/dense electrolyte interfaces indicate the charge
transfer rates by kiPB. (a) Cell A; (b) Cell E. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table 6. The Theory Standard Nernst Potentials, Ideal Theory OCVs, and the Simulated Real OCVs for Five IT-SOFCs at

Various T

LSCF/LSCF-SDC 500°C 550°C 600°C 650°C 700°C
NP at standard 1.06 V 1.05V 1.04 V 1.02V 1.01V
Theory OCV 1 1.15V 1.15V 1.14 V 1.13V 1.12V
Theory OCV 2 1.08 V 1.07V 1.06 V 1.05V 1.03V
OCV of Cell A 40 pum/0 pum 0.87 V 0.86 V 0.83 V 0.80 V 0.77 V
OCV in Cell B 30 pum/10 pum 092V 0.88 V 087V 083V 0.79 V
OCV of Cell C 20 pum/20 pum 092V 0.89 V 087V 083V 0.79 V
OCYV of Cell D 10 pum/30 pum 0.92 V 0.89 V 0.87 V 083V 0.79 V
OCV of Cell E 0 um/40 pm 092V 0.89 V 087V 0.84 V 0.79 V

Note: Theory OCV 1 and OCV 2 indicated the calculated ideal Nernst potentials at p%z /p%2 =0.97/0.21 and 0.8/0.21, respectively.

Figures 5b—e.'* Although the LSCF-SDC composite and pure
LSCF cathode layers exhibit very different properties and
Cells B-E have different thickness combinations (listed in
Table 2), similar /-V curves were obtained for Cells B, C, D,
and E whose the LSCF-SDC composite layer thicknesses were
larger than 10 um. It means that 10-um LSCF-SDC composite
cathode thickness is sufficient to support most of the cathode
electrochemical reaction; and that the effect of the cathode
structure beyond this thickness on the cathode activation
polarization is relatively small.

Furthermore, Figure 6 shows that the extended EAS thick-
ness within Cell E with a 40-um LSCEF-SDC composite cath-
ode is larger than that within Cell A with a 40-um pure LSCF
cathode. This difference is due to the lower percolated LSCF-
pore DPBs Se, 1 scr and higher O~ conducting capability o
in Cell E than that in Cell A. As discussed above, a higher
agfzf, means that O>~ can be transported farther away from the
dense electrolyte surface with a lower potential drop. It can
also extend the thickness of the EAS and reduce the 7 ; addi-
tionally, a lower Ses1scr means that a more electrochemical
active zone and a higher n; , distribution are required for the
charge transfer reactions, while the output current density is
fixed. Therefore, both of these two factors contribute to a
larger EAS thickness in Cell E. Thus, we can conclude that,
for IT-SOFCs using LSCF-material, a 10 um cathode thick-
ness is sufficient to support most of the cathode electrochemi-
cal reactions.

Figure 7 shows the distributions of both the electronic (blue
points) and ionic (red points) electric current densities (i, and
ioe-) in Cells A and E at T=600°C and i,, =2.5 X 10* A
m 2. The cathode zone extends from —35 to —13 um, the
dense electrolyte is from —13 to O um, and the anode zone
goes from 0 to 10 um. Discontinuities of the i, and iy distri-
butions at the electrode/dense electrolyte interfaces indicate
the amount of current density conversions by the percolated
TPBs over the dense electrolyte surfaces. It is obvious that
only a limited thickness of the cathode involved in the electro-
chemical charge transfer reaction between i, and i-, with the
rest of the cathode remaining electrochemically inactive.
Although the SDC-material may exhibit a high ¢%;  at the IT
working regime, the e conducting capability within the dense
SDC electrolyte cannot be ignored.

As observed from Figure 7a for Cell A, within the cathode
reaction zone, the i, is gradually converted into l;?z—. The
amplitude of i, on the electrode zone is i, =2.5 X 10" A m 2
that equals to the output current density iy, =2.5 X 10" A
m ™ 2. However, a larger amplitude of i =29 X 10* Am™?
is achieved in the dense electrolyte zone compared with i,
The positive values of i, and iy~ within the electrodes indicate
that most of the i, and i,, flow along the y direction from the
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anode side through the dense electrolyte to the cathode side
(shown in Figure 3). It is necessary to note that, the i, in the
entire dense electrolyte and part of the cathode reaction zone
are negative; a minimal value i = —0.4 X 10* A m™? can
be achieved and kept within the dense electrolyte. These can
be attributed to the e conducting capability of the dense SDC
electrolyte. Here, the negative sign represents the fact that part
of the i, flows from the cathode side to the anode side through
the dense electrolyte directly. Because it does not flow through
the external load, it is considered to be an electronic leakage
current. Thus, the amplitudes of in»-, instead of the iy, =2.5
X 10* A m~2, should be used to evaluate the fuel/oxygen
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Figure 8. The iyp, ig2-, and ijeak through the dense elec-
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

consumptions, and |iq2-| = |iop| + |iteax|. Similarly, for Cell E,
the amplitudes of iy>-, i, and ijeqc at 7= 600°C and i,, = 2.5
X 10" A m™? are 2.72 X 10%, 2.5 X 10%, and —0.22 X 10* A
m 2, respectively. Compared with Cell A with a 40-um pure
LSCF cathode, using the LSCF-SDC composite cathodes
(e.g., Cells B-E) reduces the i., and increases the OCV (e.g.,
from 0.83 to 0.87 V at 600°C).

Effects of the internet electronic current leakages
through dense electrolyte

In Table 6, the standard theory Nernst potentials, ideal
theory OCVs, and the simulated real OCVs for five IT-SOFCs

at various T are collected and compared. The standard Nernst
potential, ideal theory OCV 1, and OCV 2 are calculated by
the ideal Nernst potential expressions based on standard state
(1 atm); and p%z/p%2 =0.97/0.21 and 0.8/0.21 cases, respec-
tively. The real OCVs for Cells A-E are obtained from the
modeling results in Figure 5. Good agreements between these
modeled real OCVs and the experimental data, reported by
Wang et al.,"* further demonstrates the validity of the devel-
oped multiscale models. As there are internal electronic cur-
rent leakages through the dense SDC-electrolyte, the real
OCVs in Cells A-E are significantly decreased compared with
the ideal theory OCV 1 values; these decreases in the real
OCYV values become more pronounced as the operating tem-
peratures increases. Compared with Cell A with a 40-um pure
LSCF cathode, Cells B-E with LSCF-SDC composite catho-
des exhibit higher OCVs, because of their relatively high gas
transport and electronic conduction resistances.

Figure 8a shows the iy, and the ionic and leakage electric
current densities (iy2- and i, ) through the dense electrolyte
of Cell A as a function of the output voltage V,, at T = 600°C,
p(})IZ =0.97, and py, =0.21. The calculated result shows that the
produced ionic and output electric currents (i~ and igp)
decrease with increasing V,,,. The electronic leakage current
ilcak> however, increases with the increasing V,,. This means
that although the dense electrolyte internal electric leaking
phenomena can strongly affect the OCVs, their effect on the
IT-SOFC performance in the operating regime is relatively
small, especially at the high i,, conditions (i.e., V,, <0.6 V).
This conclusion is considered to be reasonable by analyzing
Figure 1: (1) the effects of internal electric leakage in the
dense electrolyte stand out for the open circuit conditions,
because in that case, the dense electrolyte is the only elec-
tronic conduction path from the anode to the cathode sites.
Therefore, internal electric leakage has a strong impact on the
OCV; (2) in contrast, when the external circuit is connected,
most of the produced electrons at the anode side may choose
the external conduction path; instead of the dense electrolyte;
to achieve the lowest ohm potential loss from the anode side
to the cathode sites. The dependence of the electron transport
on the dense electrolyte will be very small. Similarly, the
effects of V,, on the iy, ig2- and ijeq Within the dense electro-
lyte of Cell E at T = 600°C, pfj, =0.97, and p), =0.21 case are
shown in Figure 8b. Conclusively, although the internal elec-
tronic leaking can greatly reduce the IT-SOFC OCV and
increasing the fuel/oxygen consumptions, its effects on the
SOFC performance at the main operating regime are relatively
small.

To further check the effect of the dense electrolyte internal
electric leaking phenomena on the SOFC performance in the
typical operating regime, the influence of varying the dense
electrolyte thickness / on the IT-SOFC performance is investi-
gated for Cell A at T = 600°C. Figure 9a shows that the ij.q
greatly decreases with the increased /, which leads to an
increase in the OCVs from 0.76 to 0.9 V for an / increases
from 8 to 25 um. This result provides an additional

Table 7. The Effects Three Different LSCF Loadings on the Effective Characteristic Properties of the LSCF-SDC Composite
Layers at 600°C

(S m™) cl (Sm) T (um) App.ett (M) Sessce (m”') Frpp et (M)

W1 scp=0.61 1.12 X 10* 0.1035 0.414 3.62 X 102 1.29 X 10° 9.13 X 10°
1scr=0.5 1.79 X 10° 0.1390 0.386 1.73 X 10" 524 X 10° 3.64 X 10°
Wi scp=0.7 1.99 x 10* 0.0836 0.439 3.93 X 10" 1.67 X 10° 1.22 X 10°
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demonstration that the internal electric leakage has a strong
effect on the OCV. However, the ratio of ijcak/iop decreases
significantly with decreased V. For most of the typical oper-
ating regime (i.e., V,, = 0.3-0.65 V), higher /-V performance
is achieved when a thinner electrolyte layer is used. Figure 9b
further shows the output power density W as a function of the
iop and various values of the electrolyte thicknesses / at
T = 600°C. It is obvious that a higher IT-SOFC performance is
obtained for thinner electrolyte thickness, particularly in the
high i,, zone. While the dense electrolyte thickness is
changed, the ionic ohmic polarization, in comparison with the
internal electronic leakage, still plays the critical role in the
IT-SOFC performance. The influences of the internal electric
leakage would be restricted to the low i, zone around the
OCVs, its effects in the IT-SOFC typical operating regime
(Vop = 0.3-0.65 V) are quite small. These results further sup-
port the conclusion that can be drawn from Figure 8.

Effects of LSCF loading on the electrode properties and
cell performance

Generally, the verified multiscale model can be further used
to study the effects of the electrode composition, microstruc-
ture parameters, and operating conditions on the electrode
characteristic properties and the cell performances. As an
example to illustrate the application, while all the other micro-
structure parameters are kept, the effects of three different
LSCF loadings on the effective characteristic properties of
LSCF-SDC composite layer and the cell performance at
600°C are calculated. The calculated electrode properties are
collected in Table 7. As can be seen from Figure 10a, while
Y1 scr decreases from 0.61 to 0.5, the performance of Cell E
will be greatly decreased. For y; gcr Within the range of 0.61—
0.7, however, the effects of LSCF loading on the performance
of Cell E will be neglected. These results may attribute to the
instinct properties of LSCF and SDC materials and large ratio
of their particle sizes rpscr/rspc = 0.99/0.55 > 1. Figure 10b
shows the relevant local activation overpotential distribution
within the composite cathode 75, For ¥ gcp=0.5, the thick-
ness of the EAS will be greatly increased, because of the
increasing of ¢ and the decreasing of Sesrscr. ATppefr-
Jpp et and o< (shown in Table 7). For i, 5oz =0.7, however,
the thickness of the EAS will decrease slightly, because of the
decrezi]sing of Ggfzf,. an.d slight incr.ea.sing of Ses,Lng, i%PB’eff,
and /ppg ;- Considering the restriction of the article length,
the effects of all other compositions, microstructure parame-
ters, geometries, and working conditions on the characteristic
properties of each electrode layers, and further on the working
details will be further completed in the near future to achieve
the optimized guidelines.

Conclusion

The multiscale predictive models for the typical SOFCs
using mixed conducting materials are developed and vali-
dated. The developed multiscale models consist of a general-
ized percolation micromodel and a multiphysics single cell
model, and they can be applied to provide a quantitative con-
nection among the electrode microstructures, the effective
characteristic properties of each component, and the detailed
IT-SOFC performance. Taking the typical LSCF-SDC/SDC/
Ni-SDC as an example, the development of the multiscale
models was fully illustrated and validated using a series of
experiment results obtained from literature; and the follwing
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concusions were obtained from an analysis of the modeling
results:

1. The distributions of PEAS and real EAS in the typical
LSCF, LSCF-SDC, and LSCF-LSM IT-electrodes have been
analyzed systematically to provide a way to easily under-
stand the characteristics of the IT-SOFC electrodes contain-
ing mixed conducting materials;

2. Various appropriate constraint relationships between the
activation overpotential expressions and electric boundary
condition settings have been obtained by mathematically
analyzing the local electrochemical equilibrium process.
These are collected in Table 1 and can be used as an impor-
tant reference to check the accuracy of the SOFC mathemati-
cal model parameter and boundary settings;

3. Compared with the percolated LSCF-SDC-pore TPBs,
the percolated LSCF-pore DPBs in composite cathode are
the dominant sites for the cathodic electrochemical reactions.
The distribution of the real EAS will futher rely on the spe-
ciefic electrode characteristcs, electrode thickness, and oper-
ating conditions. For the typical IT-SOFCs using LSCF-
materials, a 10-um cathode thickness is sufficient to support
most of the cathode electrochemical reactions; the remainder
of the cathode zone is inactive;

4. Although the internal electronic leaking of the IT elec-
trolyte materials (i.e., SDC) greatly reduces the OCV and
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increases fuel/oxygen consumptions, its effects on the IT-
SOFC performance in the typical operating region are quite
small, especially for cases with the high operating current;

Generally, the developed and validated multiscale model
can be applied to various SOFCs with mixed conducting mate-
rials, not only limited to LSCF-SDC/SDC/Ni-SDC SOFCs. It
can also be further used to investigate the effects of various
compositions, microstructure parameters, and working condi-
tions on the electrode characteristic properties, and further on
the working details within the SOFC to provide guidelines for
optimizing of SOFC performance.
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Notation
ar—; = the contact area between k- and /-particles, m>
BSCF = Bay 5519.5C00 sFe0 2035
B, = flow permeability, m

¢, = the concentration of species o at the channel inlet, mol m
DPB = the LSCF-pore double phase boundary

DS = the effective diffusivity of species o, m*> s~
DM = the effective binary diffusivity, m? s~

3

B -
Df(f%n‘d = the effective Knudsen diffusivity of species o, m* s~
E“ = the local equilibrium electric potentials difference at work-

ing state, V
E™ = the Nernst potential at the standard state, V
E, = the Nernst potential based on species concentrations on the
inlets, V
= the activation energy for H, oxidation reaction, J
Eo, = the activation energy for O, reduction reaction, J
EAZ = the real electrochemical active sites
F = Faraday constant, C mol !
GDC = Gdy,1Ce.901 .95
Jrp = the local e -0%" charge transfer rate per unit TPB length,
Am™!
Jpeo = the 1local exchange transfer current per unit TPB lengths, A
m
i. = the local e electric current density, A m
i~ = the local 0% electric current densities, A m
iop = the output current density, A m~?
i1.ax = the internal leakage electronic current density, A m
iLsce = the e -O> charge transfer rate per unit percolated DPB
area, A m 2
irscr,0 = the local exchange transfer current per unit percolated DPB
area, A m 2

2
2

2

i:_og, pp = the ¢ -0%" charge transfer rate per unit volume based on
' percolated TPBs, A m >

i:—oz’ Lscr = the ¢ -O%" charge transfer rate per unit volume based on
' percolated LSCF-pore DPBs, A m >

i:-ol’,TpB = the e -O%  charge transfer rate per unit dense electrolyte

surface, A m ™2
LSCF = La0_65r0_4C00_2Feo_803,,;
LSM = La;_,Sr,MnO;
M, = the mole mass of species o, kg mol >
the molar flux of species o, mol m 2 s~ !
the number of k-particles per unit volume
ng = the number of k-particles per unit dense electrolyte surface
area

PEAS = the potential electrochemical active sites
P = the partial pressure of gas species o at the local reaction
sites, atm
pY = the partial pressure of gas species o in the channel inlet,
atm

Pi = the probabilities of k-particles belonging to percolated ionic
conducting path

P = the probabilities of k-particles belonging to percolated e
conducting path
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o = the mean hydraulic pore radius of porous electrode struc-
ture, m
ry = the radius of k-particle, m
r. = the neck radius between two connected particles, m
= the universal gas constant, J mol ' K!
R, = the sources/leak of species o, mol m s
SDC = Smyg ,Ceo 5025
SFMO = SIF60_75M00_25O375
Ses.Lscr = the percolated LSCF-pore DPBs per unit volume, m
Ses = the exposed surface area of each LSCF-particle, m?
= operating temperature, K
TPB = three phase boundary sites
the output voltage at working state, V
the diffusion volume for species o, m> mol !
x, = the molar fraction of species o
YSZ = yttria-stabilized zirconia
Zy; = the average number of contacts between k-particle and all
of its neighboring /-particle
Z = the average coordination number of all particles

-1

1

Greek letters

of, f, = the forward and reverse reaction symmetric factors
Yiscr.spc = the 1-D circular length per contact between LSCF- and
SDC-particles, m
YLscEele = the 1-D circular length per contact between LSCF-particle
and the dense electrolyte, m
0r—; = the thickness of the individual interface between k- and I-
particles, m
iifPB‘eff = the percolated TPB length per unit volume, m
Zrpper = the perc?lated TPB length per dense electrolyte surface
area, m
¢, = the porosity of porous structure
@, = the local e electric potential, V
(Do;’ = the local 0%~ electric potential, V
_ @, = the shift of @, by a reference amount, V
@2~ = the shift of @y~ by a reference amount, V
Y, = the solid volume fraction of k-particles
1, = the local activation overpotential, V
0 = the smaller contact angle between two particles (Figure 1a)
OLscr = the contact angles between 1 scr- and rp-particles (Figure

2

1c)
T = the tortuosity of gas transport path within the porous
electrode
o°ff = the effective electronic conductivity, S m!
_?Sesz,f = the effective 0>~ ionic conductivity, S m!
itetie

a;-, = the effective interparticle ionic conductivity among k- and /-
particles, S m™"'

the effective intraparticle conductivity based on geometry
the instinct electric conductivity of mat-material in a dense
solid, S m™'

1= the viscosity of gas mixture, kgm ™' s~

u, = the mole chemical potential of reactant o, J mol !

tra,eff

mat
tra,0

O mat

Superscripts and subscripts

a = anode
act = activation
¢ = cathode

eq = equilibrium
st = standard condition (1 atm)
ref = reference value
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