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The design of a cathode inter-layer is important to the high performance of a solid oxide fuel cell (SOFC). In
this paper, the processes of electrochemical reactions, electronic and ionic conductions and gas transports
in an SOFC are discussed in detail. An analysis shows that the current conduction and electrochemical
processes can be replicated by an equivalent circuit model. A corresponding macro-scale model using
the Butler-Volmer equation for electrochemical reactions, Ohm’s law for current conduction and the
Dusty-gas model for gas transport is described. A percolation theory based micro-model is used to obtain
the effective electrode properties in the macro-model from the microstructure parameters of the porous
electrode. Experimental I-V relations can be accurately accounted for by the proposed theory. The macro-
and micro-models are then combined to systematically examine the effects of various parameters on
the performance of a composite cathode inter-layer. The examined parameters include the thickness,
effective electronic and ionic conductivities, exchange current density, operating temperature, output
current density, electrode- and electrolyte-particle radii, composition and porosity of the cathode inter-
layer. The comprehensive study shows conclusively that a cathode inter-layer thickness in a range of
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10-20 m is optimal for all practical material choices and microstructure designs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

To achieve high fuel cell performance, engineers are explor-
ing increasingly sophisticated structures for solid oxide fuel cell
(SOFC) electrodes. One common approach is to use functional
graded porous composite electrodes, and extensive efforts have
been devoted to examining the effects of various structural and
material parameters on cell performance [1-5]. A typical com-
posite electrode is a mixture of electrode-particles, such as Ni or
lanthanum-doped strontium manganate (LSM), and electrolyte-
particles, such as yttria-stabilized zirconia (YSZ) [1,6]. It provides
parallel paths for oxygen ions (through YSZ), electrons (through Ni
and LSM), and gaseous species (through the pores) [7,8].

Fig. 1 shows a typical anode-supported SOFC, which consists
of five distinct layers: (a) a porous Ni+YSZ anode support layer
with relatively large Ni- and YSZ-particles, (b) a porous Ni+YSZ
anode inter-layer with fine Ni- and YSZ-particles, (c) a dense YSZ
electrolyte layer, (d) a porous LSM +YSZ cathode inter-layer with
fine LSM- and YSZ-particles, and (e) a porous LSM cathode current
collector with relatively large LSM-particles. The composite nature
of a porous electrode allows for a large number of triple-phase-
boundaries (TPBs), in which three distinct transporting phases

* Corresponding author. Tel.: +86 551 3606345; fax: +86 551 3606348.
E-mail address: zjlin@ustc.edu.cn (Z. Lin).

0378-7753/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.04.065

meet, i.e.,, LSM-YSZ-pores or Ni-YSZ-pores. On the cathode side,
oxygen from a gas channel is transported through a porous cathode
current collector to a cathode TPB (gas-LSM-YSZ). At the cathode
TPB, an electrochemical reaction occurs between oxygen and elec-
trons, which come from an external circuit through the electronic
conducting phase of the cathode. The product (02-) is then trans-
ported to the anode TPB through an ionic conducting phase within
the cathode inter-layer, electrolyte and anode inter-layer. At the
anodic TPB, fuel (e.g., Hy) from the channel is transported through
the porous anode to the anode TPB and reacts with the oxygen ions.
The product H,O is transported back to the fuel channel through
the porous anode structure and e~ are conducted to the external
circuit through the electronic conductive phase of the anode.

The above-described transports of gas species, electrons and
ions and electrochemical reactions may cause various types of
polarizations. Concentration overpotential is caused by the trans-
porting resistance of gaseous species through a porous structure.
Ohmic polarization is caused by conducting resistances of electrons
and ions within the composite electrodes and a dense electrolyte
[9,10]. Activation overpotential is caused by the energy barriers
for the electrochemical reaction at TPBs [7,11,12]. As the state
of the art of composite electrodes becomes increasingly sophis-
ticated [13,14], there is an increasing need to understand the
detailed chemical and physical processes within composite elec-
trodes and develop a quantitative theory to predict the influence of
microstructures on fuel cell performance. Applying this knowledge


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zjlin@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.04.065

D. Chen et al. / Journal of Power Sources 195 (2010) 6598-6610 6599

Nomenclature

B flow permeability, m?

foé effective binary diffusivity, m2 s~!

Deff effective Knudsen diffusivity for gas species o,
m2s!

Ey, activation energy for H, oxidation, Jmol~!

Eo, activation energy for O, reduction, ] mol~!

Eo Nernst potential, V

E®d equilibrium electric potential difference at electro-
chemical reaction interface, V

F Faraday constant, C mol~!

JTPB charge transfer rate per unit TPB length, Am~!

Jo local exchange transfer current per unit TPB length,
Am!

Joref parameter in the expression of jo, Am~!

iop output current density, Am—2

ie local electronic current density, Am~2

i local ionic current density, Am~—2

i;{i volumetric charge transfer rate, Am—3

ig,i charge transfer rate per unit dense electrolyte sur-
face, Am~—2

L€ cathode inter-layer thickness, m

Mgy, molecular weight of gas species o, kg mol~1

n){’ number of k-particles per unit volume

ni number of k-particles per unit dense electrolyte sur-
face

Ng molar flux of gas species o, molm=2 s~1

p total gas pressure in electrode, atm

pd partial pressure of gas species « in gas channel, atm

DPa partial pressure of gas species « in electrode, atm

Py percolation probability of k-particle

rg hydraulic pore radius, m

T radius of k-particle, m

R universal gas constant, Jmol~1 K1

Ra reaction rate of species o, molm—3s~!

T operating temperature, K

Tref reference temperature, K

Va diffusion volume for gas species o, m3 mol~!

Vop output voltage, V

Xa molar fraction of gas species «

Zie average number of contacts between a k-particle
and ¢-particles

Z overall average coordination number of all solid par-
ticles

Greek

o, Br the forward and reverse reaction symmetric factors

n polarization, V

)L‘T’I,B' o bercolated TPB length per unit volume, m—2

)L%,Bv o Dercolated TPB length per \dense electrolyte sur-
face, m~!

n viscosity, kgm=1s-1

o chemical potential of species «, ]

Pg porosity

[N local electronic electric potential in electrode-
phase, V

Ebg &, in anode-phase shifted by a reference potential,
\%

@g &, in cathode-phase shifted by a reference poten-
tial, V

D; local ionic electric potential in electrolyte-phase, V

D; ®; in electrolyte-phase shifted by a reference poten-
tial, V

Y volume fraction of k-particles in solid phase

W,t( threshold volume fraction of k-particles

octt effective electronic conductivity, Sm~!

ocft effective ionic conductivity, Sm!

a,? electric conductivity of k-material in dense solid,
Sm!

T tortuosity of gas transport path

0 contact angle between electrode- and electrolyte-
particles

Superscripts and subscripts

a anode

act activation

c cathode

con concentration

cr contact resistance
e dense electrolyte
ed electrode-particle
el electrolyte-particle

ohm ohmic

is important to the design, optimization, and fabrication of certain
microstructure architectures as a means to achieve high fuel cell
performance.

The task of understanding the relationship between electrode
properties and microstructure seems to rest naturally on micro-
scale models [15-20]. As an electrochemical reaction can only occur
at sites where electrons, ions and chemical species coexist simulta-
neously, only those TPBs in which each of the three transportation
phases belong to a percolated network can support the transport of
relevantreactant species. These TPBs are defined as percolated TPBs
and are important factors in determining cell performance. Because
the percolation micro-model is generally regarded to be accu-
rate and convenient in relating electrode properties with electrode
microstructure through a coordination number [21,22], this work
adopts such a micro-model [4] for estimating from the microstruc-
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Fig. 1. Sketch of the physical processes in an anode-supported SOFC with functional
graded electrodes. Dark particles represent electrode-particles and light particles
represent electrolyte-particles.



6600 D. Chen et al. / Journal of Power Sources 195 (2010) 6598-6610

ture the electrode properties, such as percolated TPB lengths per
unit volume, percolated TPB lengths per unit dense electrolyte
surface, effective electron and ion conductivities, hydraulic pore
radius, and others. This micro-model not only satisfies the contact
number conservation requirement [4,22], but also can be used to
estimate the electrode properties in a multi-component system.

However, not all percolated TPBs are electrochemically active.
Knowing the electrochemically active zone (EAZ) is useful for the
design and optimization of an electrode’s inter-layer structure. For
example, using an inter-layer thickness that is smaller than the EAZ
thickness will cause higher activation polarization. Using an inter-
layer thickness thatis much larger than the EAZ thickness will cause
high ohmic and concentration polarizations.

The electrochemical reaction is driven by the balance of local
equilibrium potentials that are affected by the electronic and ionic
conductivities of the composite electrodes, the gas transport in the
electrodes as well as operational conditions, such as output current
density and operating temperature. A quantitative determination
of electrochemical activity requires careful consideration of both
the electric potential profile and the electrochemical potential dis-
tribution within the composite electrode. This cannot be achieved
by the percolation theory based micro-model alone and requires
a combined approach of micro-scale and macro-scale modeling.
The cell-level scale macro-model is required to simulate simul-
taneously the gas transport, the ionic and electronic conductions,
and the electrochemical reactions in an SOFC with porous compos-
ite electrodes, while required effective material properties may be
provided by the electrode micro-model.

The main objective of this work is to study the detailed electro-
chemical and physical processes in an SOFC, and comprehensively
analyze the factors that affect the performance of cathode inter-
layer. For that purpose, an equivalent circuit model is proposed
to represent the electrochemically active sites and the electron
and ion conducting paths in an SOFC. With this model, the local
electronic and ionic electric potential profiles in the electrode-
and electrolyte-phases can be described based on local gas com-
positions and electrochemical kinetic analysis. Correspondingly, a
cell-level scale macro-model, coupled with our particle-scale per-
colation micro-model [4], is developed to analyze the effects of
thickness, material properties (such as exchange current density
based on per TPB, electronic and ionic conductivities), operational
conditions (such as temperature and output current density) and
microstructure (such as the mean particle radius, electrode- and
electrolyte-particle radial ratio, composition and porosity) on the
performance of a cathode inter-layer, providing the theoretical
basis for optimal design. The micro-scale and macro-scale coupled
model is calibrated to the experimental data; however, the purpose
of the combined modeling is not only to match the experimental
data, but also to explore the parameter effects on cathode inter-
layer performance and provide guidelines for a manufacturer of
electrode development.
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2. Theory

Due to the low ionic conductivity of the electrolyte-material,
electrochemical reactions may occur only in a small region around
the interface between the dense electrolyte layer and the electrode
layer. This is believed to occur exclusively within the composite
electrode inter-layer. However, which part of the electrode inter-
layer could be a percolated TPB zone and what percentage of this
zone can be electrochemically active are determined by many fac-
tors. The main factors influencing the EAZ are discussed below. As
the activation overpotential is dominated by the electrochemical
reactions at the cathode side, we focus our discussion on the EAZ
of the cathode inter-layer.

2.1. Effect of electrode composition on EAZ

To facilitate a discussion of the effects of electrode composition
on the EAZ, Fig. 2 shows three different representative electrode-
particle loading scenarios for the cathode inter-layer.

(a) Low electrode-particle loading: Low electrode-particle loading
occurs when the composite electrode inter-layer consists of a
small portion of electrode-particles mixed with a large por-
tion of electrolyte-particles. As illustrated in Fig. 2a, most of
the electrolyte-particles belong to percolated clusters, while
the electrode-particles can only form some short connecting
networks near a cathode current collector. In this case, the per-
colated TPBs (noted with a bracket on the left) are found only
close to the cathode current collector surface. These percolated
TPBs, however, are only potentially electrochemically active.
What percentage of these can be cathode EAZ (noted with a
bracket on the right) depends on the ability of ions to be trans-
ported from dense electrolytes to the percolated TPBs. This, in
turn, depends on the cathode inter-layer thickness and ionic
conductivity. In a very thin electrode inter-layer, where ions can
propagate throughout structure with relatively little potential
losses, most of the percolated TPBs in Fig. 2a are electrochemi-
cally active. This behavior is observed experimentally when the
polarization resistance does not depend strongly on the vol-
ume fraction of electrode composition [22,23]. In a relatively
thick electrode inter-layer, however, ions cannot propagate at a
significant distance from the dense electrolyte surface because
of the low ionic conductivity of the electrolyte-particles (e.g.,
YSZ). In this case, the percolated TPBs near the current collector
are essentially inactive. Again, this behavior is observed experi-
mentally. In relatively thick composite electrodes, polarization
resistance increases sharply before the electrode-particles are
percolated [22,24].

(b) Equivalent electrode-particle loading: Equivalent electrode-
particle loading occurs when there are similar electrode- and
electrolyte-particles loadings. As shown in Fig. 2b, most of the

c) Cathode current collector
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Fig. 2. Illustration of the cathode inter-layers with different loadings of electrode- (dark) and electrolyte- (light) particles: (a) low electrode-particle loading; (b) equivalent
electrode-particle loading; (c) high electrode-particle loading. Brackets on the left indicate the regions of percolated TPBs. Brackets on the right indicate the electrochemically

active zone (EAZ).
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electrode- and electrolyte-particles are found to be percolated.
In this case, the percolated TPBs are distributed throughout
the structure. However, the cathode EAZ (noted with a bracket
on the right) is concentrated near the dense electrolyte sur-
face because of the relatively low ionic conductivity of the
electrolyte-particles. As a result, there is an upper limited
thickness, ly, such that the EAZ can spread from the dense
electrolyte surface to the electrode inter-layer. The remaining
portion of the thick cathode inter-layer is electrochemically
inactive. Using an inter-layer thickness that is smaller than [
may cause higher activation overpotential for the electrode.
However, using an inter-layer thickness that is larger than [y
may not further reduce the activation polarization, instead, it
may cause higher ohmic and concentration polarization for the
composite electrode. Therefore, Iy is a useful parameter for the
electrode design.

(c) High electrode-particle loading: This occurs when a small frac-
tion of electrolyte-particles are mixed with a large portion
of electrode-particles. As shown in Fig. 2c, most electrode-
particles are percolated with increased electrode-particle
loading, while the electrolyte-particles can only form short con-
necting paths near the dense electrolyte surface. In this case,
the cathode percolated TPBs are concentrated near the dense
electrolyte. High electrode-particle loading may come at the
expense of too few electrolyte-particles and consequently too
small percolated TPBs and EAZ. High activation polarization is
often expected.

As discussed above, the electrode-particle loading determines
the distribution of the percolated TPBs within the electrode inter-
layer. The percolated TPBs are potentially electrochemically active.
However, whether these percolated TPBs are truly electrochemi-
cally active is determined by other factors such as the thickness and
effective ionic conductivity of the cathode inter-layer. In the follow-
ing discussion, we focus our attention on the electrode inter-layer
with equivalent electrode-particle loading.

2.2. Equivalent circuit model for the electric process

For an SOFC with composite electrodes illustrated in Fig. 2b, the
electric process, including the electron and ion transfer paths and
electrochemical reactions, can be represented by an equivalent cir-
cuit model shown in Fig. 3. As illustrated in Fig. 3, the electronic
current of an operating cell, iop, flows from an anode interconnect
to an anode support to an anode inter-layer. The electronic current
(id) is then converted into an ionic current (i;) by electrochemical
reaction (by oxidizing hydrogen fuel) at different EAZ locations in
the anode inter-layer. That is, there are parallel paths for the elec-
tronic and ionic current conductions in the anode EAZ. All of the
electronic current is converted to ionic current before entering the
dense electrolyte. Purely ionic current is transported through the
dense electrolyte to the cathode inter-layer where the ionic cur-
rent is converted back into electronic current by an electrochemical
reaction (by reducing oxygen) inside the EAZ of the cathode inter-
layer. Purely electronic current is transported from the cathode
inter-layer to the cathode current collector and then to the cathode
interconnect. In Fig. 3, the local electrochemical reaction inter-
faces within the EAZ are represented by the parallel circuit within
the dashed pane. The electromotive forces for the electrochemical
reactions, Ec? and E&Y, are the differences of the local equilibrium
electric potentials in the electrode- and electrolyte-phases.

As can be seen from the above discussion, the equivalent circuit
model depicts an accurate picture of the electrical processes in an
SOFC.
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Fig. 3. Equivalent circuit model for the electrical process of an SOFC. Dark and light
bricks indicate the electrode- and electrolyte-materials, respectively. B1, B2, B3, B4,
B5 and B6 represent the interfaces between the anode interconnect, anode support,
anode inter-layer, dense electrolyte, cathode inter-layer, cathode current collector
and cathode interconnect, respectively. iop, i and i; are the output current density,
local electronic and ionic current densities, respectively. The parallel circuit within
the dashed pane represents the local electrochemical reaction interface, in which
ES® and ESY are local equilibrium electric potential differences.

2.3. Mathematical description for the electrochemical process

The electrochemical reaction in the anode EAZ can be expressed
as Hy + 0%~ = H,0 + 2e~. At equilibrium (no net reaction), the
electrochemical potentials of the reacting species should be bal-
anced for the reaction, and we have [25],

M, + Moz — 2FP{Y = py,0 — 2FPL, (1)

where i is the chemical potential of species a, Fis the Faraday con-
stant. @79 and ®¢** are the local equilibrium electrical potentials of
the electrolyte-phase and electrode-phase, respectively. The anode
equilibrium electric potential difference between the two phases is
as follows:

1
El =@ — @3 = 5 (Hy + Koz = Hi0) (2)
Similarly, oxygen reduction inside cathode EAZ can be written
as1/20; +2e~ = 0%~ and the equilibrium electrochemical poten-

tials are related as:

0.510, — 2FP = o — 2FP1 (3)
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The cathode equilibrium electric potential difference between
the electrode-phase and the electrolyte-phase can then be
expressed as follows:

1
El = g% — @ = aF(Ho2 = 214g2-). (4)

At working conditions when there is electric current flowing
through the cell, the local electric potentials, ®;, 2 and &g, are
different from their equilibrium values. The local activation over-
potential, nact, can be expressed, respectively, for the anodic and
cathodic electrochemical reactions as follows:

Maee = Ea® = (i — Y); 15 = Ec — (D — D). (5)

The charge transfer rate per unit TPB length between the elec-
tronic and ionic current, jrpg (Am=1), can be evaluated with the
empirical Butler-Volmer equation as follows [26]:

. . 204F —2B.F
JtPB =Jo [eXp (ﬁ’?act) —exp ( le_r ﬂact)] (6)

where R is the universal gas constant, T is the absolute tempera-
ture and o and B, are the forward and reverse reaction symmetric
factors, respectively. In this equation, jg is the local exchange trans-
fer current per unit TPB length (Am~1) and is often estimated as

follows [7,27]:
0.25
1 1)) Po,
T Threr pgz

o En, /1 1 PH,PH,0
s exp [ _EH2 (, _ 7) Ph,Ph,0
Jo =1Jo,ref €XP ( R \T T szpgzo

where Ey, and Eo, are the activation energies for the anode and
cathode electrochemical reactions, respectively. Oftentimes jg,ref
and j(c),ref are deduced from experiments or assigned empirically
at the reference temperature Tyef.

The charge transfer rate per unit volume (Am~3) can then be

expressed as i“a{i = jTPBAYpp o WHere ALy o is the percolated TPB

length per unit volume (m~2). The charge transfer rate per unit of
dense electrolyte surface (Am~2) is calculated as i3, = jrppA3

TPB.eff’
where A%PB_eff is the percolated TPB length per unit of electrolyte

surface (m~1).

To make solving the current conduction equations, which will
be described later, more convenient, the local electric potentials are
shifted by a reference amount as follows:

. 1 R 1
g = D+ 551, — 1ho) Pe=Pe— zpud,.

~ 1
Pi=Pi — 5phor-s (8)

where 12 denotes the chemical potential of species « at the inlet
of an anode or a cathode channel. The constant potential shift does
not alter the electronic or ionic electric potential profiles within
electrode- or electrolyte-phases of fuel cells, and different shifts
may be adopted by different researchers [3,7,28]. Using Eq. (8) and
the pressure dependence of the chemical potential of an ideal gas,
Eq. (5) may be rewritten as follows:

P PH,0 s o pd
2F NG i = B B g n 2 (0)
H,PH,0 po,
where po and pd, are the partial pressure (atm) of species « at the
local reacting site and the channel inlet, respectively. Eq. (9) shows
that a local activation overpotential may be considered to be the
corresponding difference between the local electronic potential,

&., and the ionic potential, @i, subtracted by the local concentra-
tion overpotential.

The cell output voltage, Vop, can be written as the difference
between the electronic potentials at boundaries B1 and B6:

Vop = P¢lss — Plip1- (10)
Eq. (10) may be transformed in terms of Eq. (8) as,
®Slps — Palp1 = Vop — Eo (11)

where Ej is the Nernst potential of the fuel and oxidant used and
may be calculated as [28]:

1 1
Eo = 5p(kh, + 5010, — uﬂzo)os
_AGO RT Py,(o) " (2)
2F " 2F o

where AGY is the free energy change of the reaction H, + 1/20, =
H,O at the standard state.

2.4. Governing equations for electrical processes

The electrical processes are governed by electron conservation,
ion conservation and Ohm’s law. The volumetric charge transfer
rate, i‘ér at a local electrochemical reaction site can be viewed as a
current source or leak. Consequently, the electric potentials obey

the following charge conservation equations:

o 0 in cathode current collector
V.i{= V. (—offvde) = (13)
¢ (-0 v ) i< incathode inter-layer
—iZf in cathode inter-layer
V.=V (—aglffvéi) =<0 in dense electrolyte (14)
l‘e'f inanode support and inter-layer
V.2=V. (—ae“V@a) = —i¥® inanode supportand inter-layer
e = ed e) = Tl PP y
(15)
where ¢ and o¢fT are the effective electronic and ionic conductiv-

ities, respectively. Here o€ and of" are determined by the material
composition and are different for each of the five different layers
of the cell. Because the anode support is usually made of a mixture
of anode-material (Ni) and electrolyte-material (YSZ) for thermal
compatibility, Eqs. (14)and (15) have, in principle, allowed a charge
transferreactionin the anode supportincase the anode EAZ spreads
beyond the anode inter-layer.

2.5. Governing equations for gas transport

The gas transport processes are governed by the mass balance
equation:

V'N(x:Raa (16)

where N, and R, are the molar flux and reaction rate of species «,
respectively. In this equation, R, is calculated as fi\e/"ia /2F, i;’,'ia /2F,
—iZ"f/4F and zero for H,, H,0, O, and N, respectively. It is gen-
erally agreed that the dusty gas model is an accurate method for
describing the gas transport in a porous media with small pore sizes
[29]. For binary gas with species a and [3, the dusty gas model may
be expressed as [30-32],

N, XaNg — xgN, 1 XaB
e P (VR + XD+ T Vp), (17)
Dotl( D(xB Dotl(



D. Chen et al. / Journal of Power Sources 195 (2010) 6598-6610 6603

where x, is the molar fraction of species o, By the permittivity,
. . ff .

i the viscosity, p the total gas pressure, DS the effective Knud-

sen diffusion coefficients of species o and Dgfé the effective binary

diffusion coefficients.

The effective binary diffusivity can be estimated as [33],

-871.75 05
De%:@3.24x10 T L_‘_L ’ (18)
o7 13 13\2 \Ma Mg

p (vol + UB )
where ¢ is the porosity, T is the tortuosity, M is the molar
mass, vy is the diffusion volume for species o (vy=6.12 x 1076,
13.1x107%,16.3 x 10-% and 18.5 x 10~ m3 mol-! for H;, H,0, O,
and N, respectively [33]).

The effective Knudsen diffusivity is calculated as [34],

eif _ $g2rg | 8RT
D(xl(_ T 3 JTMOL’ (19)

where rg is the mean hydraulic pore radius. The Knudsen diffusion
is important when pore size is small in comparison with the mean
free path of gas molecules. Gas molecules collide more frequently
with the pore walls than with the other molecules.

2.6. Effective properties of porous composite electrode

Numerical modeling with the above governing equations
requires a set of electrode property parameters to predict fuel cell
performance. For a meaningful examination of the influences of
the electrode microstructure and cell design on the fuel cell opera-
tions, the capability to provide effective electrode properties based
on electrode microstructural characteristics is required. This is
achieved by a coordination number based percolation micro-model
that provides a convenient path for relating the effective electrode
properties to the microstructure parameters [4,19,21,35].

Considering a binary system with a random packing of spheres
corresponding to the electrode-particles (denoted as ed) and
electrolyte-particles (denoted as el), the TPB length per unit volume
can be estimated as,

)"\l'/PB =2m min(reds rel) sin 6 (nXdZed,el) s (20)

where 6 is the angle of particle contact, assumed to be around 15°
according to Costamagna etal.[22]. Herer, (k=ed orel) is the radius
of k-particle. Additionally, n} = 3(1 — ¢g)y/4nr} is the number of
k-particles per unit volume in a composite electrode [3,4]. Finally,
Y is the volume fraction of k-particles in a solid structure.

For the A‘T’I,B to be potentially electrochemically active, the par-
ticipating particles must be percolated through the entire structure.

The percolated TPB lengths per unit volume can be estimated as,
Aop.eff = MppPedPel (21)

where the probability of k-particles belonging to percolated clus-
ters can be estimated as [22],

376472, \ 2%\
p,<:<1_<'2_“‘) ) . (22)

The average number of £-particles in contact with a k-particle can
be estimated as [4],

Zio =05 (1412/r2) 7Y/l (23)
ot ( ¢ Z) ZkM:1wk/rk

where Z is the overall average coordination number of all solid par-
ticles and M is the number of particle types. Here Z is set to six
for a random packing of spheres [15,22,36] and M is two for binary

systems. Eq.(23) satisfies the contact number conservation require-
ment for any ratio of r/r; and is an important improvement over
the previous theories [4].

Similarly, for the electrochemical reactions taking place at the
electrolyte-electrode interface, the percolated TPB length per unit
dense electrolyte surface area is calculated as,

A3ppeff = 27Ted SIN O3 Peg, (24)

where the number of k-particles per unit dense electrolyte surface
is [3,4],
s (1—¢g)¥i

M= "S5 (25)
¢ 2mrt /3

Moreover, the effective electric conductivity of the k-phase is deter-
mined as [37],

eff _ 0 Vi — wlt ’
0—k _GI<(1+¢g/(1_¢g)_w15 ) (26)

where a,? is the electric conductivity of k-material in a dense solid.
In this equation, 1/f,t< is the threshold volume fraction of k-particles,
which is determined by [4,22],

7 VealTed =1.764;
wéd/red + (1 - Iﬂéd )/rel
t
.
Va/Te —1.764. (27)

(1- 2])/red + wél/rel
O‘I? for Ni, LSM and YSZ may be estimated as [3,10],

of; = 3.27 x 10° - 1065.3T
o 42x107 (—1150)
exp

OlsM = T T (28)
—-10300
4
005, = 6.25 x 10% exp (f)

The parameters of Gf{’sz are deduced from the experimental values
of42Sm~! at 800°C and 1.6 Sm~! at 700°C [1,38].

The hydraulic pore radius in the Knudson diffusivity expression
(Eq. (19)) is calculated as [4],

o2 1 1
g 31 _d)g wed/red+1//el/rel'

To test the validity of the percolation micro-model, the model
predictions were compared with the recent FIB-SEM data of Wil-
son et al. [39] and Iwai et al. [40]. Fig. 4 shows the comparison
of the measured A}, and A‘T’PB’eff for ¢¢ =0.5, average diameter of
0.56 + 0.4 pm for LSM-particles and 0.32 £ 0.2 pm for YSZ-particles
[39] and the calculated values by the percolation micro-model at
the same parameter setting and 6 =19.5° as a function of the YSZ
volumetric fraction in solid content, 1. The average contact angle
0, reflecting the overlap between particles, is not measured exper-
imentally, but should be approximately constant for different v
due to the use of a similar experimental procedure. This constant
6 is the only fitting parameter in the micro-model. As shown in
Fig. 4, there was good agreement between the measured and cal-
culated data for different y.]. Moreover, agreement between the
experimental data reported by Iwai et al. [40] and the percola-
tion micro-mode can also be obtained with a larger particle size,
consistent with the SEM image of Ref. [40] (Fig. 2b). The above anal-
ysis demonstrates the capability of the percolation micro-model to
relate microstructure parameters with effective electrode proper-
ties.

(29)
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results by the percolation micro-model.

2.7. Numerical simulation

The finite
MULTIPHSICS® Version 3.4 [41] was used in the present study

element

and AV

commercial software

TPB,eff

0.7

and the calculated

COMSOL

D. Chen et al. / Journal of Power Sources 195 (2010) 6598-6610

2.8. Basic modeling parameters

channel and the anode support instead of the interface between
the interconnect and the anode support that is appropriate for
current conduction. Similarly, boundary B6 for gas transport refers
to the interface between the cathode current collector and the
air channel. Moreover, depending on the problem, total current
density, iop, may be used to replace Vyp for the electronic current
conduction boundary condition at boundary B6.

Model parameters were chosen to correspond to experimental
data as much as possible. Table 2 lists the basic model parameters
with the experimental sources specified. Theoretical parameters
are often set to be consistent with experimental observations. For
example, the values of r.q/re in the cathode inter-layer and anode

support were determined by the micro-model to reproduce the
experimental conductivities of cathode inter-layer and anode sup-

port at 800 °C reported by Zhao and Virkar [1]. The values of chflf
and o< at 700 and 600°C as well as most data for AY, AS

TPB,eff’ “*TPB,eff

and other effective electrode properties were calculated from the
microstructure data and shown in Table 2.
Based on the parameters in Table 2 and p}, = 0.97 atm, p{, , =

2 2

0.03 atm, and poo2 = 0.21 atm, theoretical I-V curves may fit the
experimental results very well, as shown in Fig. 5a. The fitting used

to solve the coupled partial differential equations of electronic,  Jorer (Trer=800°C) and «f as the fitting parameters and the experi-

ionic and gas transport macro-models described above in Sections
2.4 and 2.5. The effective properties for each material layer with
different microstructures were calculated by the percolation
micro-model described in Section 2.6. The boundary conditions
required for all interfaces are shown in Table 1. Notice that bound-
ary B1 for gas transport refers to the interface between the fuel

Table 1

a
O,re

mentally deduced contact resistances [1] were also used. The term
Bf is chosen to be 1 — af. The terms & and f7 are inconsequential
so long asjf‘Lref is sufficiently large (j
of 50-100 larger thanj(c)'ref [26]). The good agreement between the
theoretical and experimental I-V curves demonstrates the suitabil-
ity of our proposed theoretical description.

¢ is estimated to be a factor

Boundary conditions for solving the coupled partial differential equations of current conduction and gas transport. “Insulation” means there is no flux through the boundary.

B1 B2 B3 B4 B5 B6
Ionic charge balance Insulation Continuity —-n-ij = sz -n-ij= —ii:f Continuity Insulation
Electronic charge balance Eo Continuity -n-id = —iz:;‘ -n-it = i:f Continuity Vop
s 7,-S.c
—n ~NH2 = 71‘3'?/21: No. — &
Mass balance pgz pgz - Continuity o —n-No, = —p Continuity p”o2 pgz
=n-Nogo = £3/2F 1Ny, =0

Table 2

The structural parameters and material properties of fuel cell layers.

Current collector Cathode inter-layer Electrolyte Anode inter-layer Anode support
Thickness (pum) 50[1] 20[1] 8[1] 20[1] 1000 [1]
bg 45%[1] 26%[1] 23%[1] 48% [1]
VYea 100%[1] 47.5%[1] 55%[1] 55%[1]
(regf(S m1) 4.05 x 10% 800°C 25.5800°C[1] 1413 800°C 430800°C[1]
4,00x103 700°C 25.0 700°C 1484 700°C 451 700°C
3.90x103% 600°C 24.4600°C 1555 600°C 473 600°C
o<f(Sm1) 0.36 800°C 4.2800°C[1] 0.31 800°C
0.14700°C 1.6 700°C[1] 0.12 700°C
0.04 600°C 0.47 600°C 0.04 600°C
Ted/Tel 1 1.85 2.71 2.71
Ter (um) 0.6 0.2 0.2 0.3
rg (wm) 0.72 0.23 0.27 0.53
Mg ege (M72) 2.71x 102 153 x 1012
Aeperr (M) 416x10° 261 x 105
Eo, (Jmol ™) 130 x 103 [7]
of, Bt 0.65, 0.35
JSper(AMT) 1.25x 104
En, Jmol ") 120 x 103 [7,27]
afe, 1,0.5[7,27]
3 e(AMTY) 8.0x 107
T 3 3 3 3
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Fig. 5. (a) Comparison of theoretical and experimental [-V relationships at differ-
ent temperatures. (b) The contribution of each polarization component to the total
overpotential at 800 °C.

Fig. 5b shows the contribution of each polarization to the poten-
tial loss at 800 °C. Here n? is the total polarization of the anode, i.e.,
the sum of the concentration polarization, nd,,, ohmic polarization,
n3,m» @nd the activation polarization, 73, of the anode. Both ng,,
and n3, - are important due to the large thickness of anode sup-
port and its relatively low electric conductivity. The terms ¢ and
N’ are the potential losses of dense electrolyte and interface con-
tact resistance, respectively. The term 7€ is the total polarization of
the cathode, i.e., the sum of concentration polarization, 7&,,, ohmic
polarization, 1S, , and activation polarization, ng, of the cathode.
As shown in Fig. 5b, the relative importance of these polarization
components is consistent with the conventional expectation, indi-
cating that each of the electrode properties was described properly
by the model.

Except for the cathode inter-layer thickness, the model param-
eters described above are used throughout the paper, unless
specified otherwise. Unless stated otherwise, the operating tem-
perature is 800°C and the operating current density is 10* Am~2.

3. Results and discussion

To examine the dependence of the performance of the cathode
inter-layer on the material properties and microstructure param-
eters, we tried to vary only one basic model parameter at a time
while keeping the others set at the standard values described in
the last section.

0.24 |
0.22 —\
< o020} %
= |
~ [ ]
0.18 |
\I
\
! —1
0.16 | _.--—-*--"""'“'
\.“I—I—I—I—I—I_IHIF-_-
0_14 1 1 1 | 1 1 1 1 1
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(@ L {um)
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6.0x10° |

electron current density
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ion current density
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T
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" 1 1 L 1 f
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(b) Local place within the cathode inter-layer (um)

Fig. 6. (a) Variation of the overall polarization of the cathode inter-layer, Vp,,
with the inter-layer thickness, L¢. (b) Distributions of electronic (black line)
and ionic (red line) current densities within the assembly of anode inter-
layer (—28 pm<I<—8 wm), electrolyte (—8 um<I/<0wm) and cathode inter-layer
(Opm<[<50 wm). Discontinuities of the current density distribution at the
electrode-electrolyte interfaces indicate the amount of current density conversion
by electrochemical reactions at the interface TPBs. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)

3.1. Effect of the cathode inter-layer thickness

The dependence of the overall polarization of a cathode inter-
layer, Vpo1, On its thickness, L€, is shown in Fig. 6a. The term V|
includes the activation overpotential for the electrochemical reac-
tion, the ohmic polarization for electric current conduction and the
concentration polarization for gas transport in the porous cathode
inter-layer. When L€ is close to zero, the ohmic and concentration
polarizations are also close to zero. However, all ionic current must
be transferred at the interface of the dense electrolyte and the cath-
ode inter-layer, i.e., at the surface TPBs. This is possible only with a
large activation overpotential. With an increase of L¢, an increasing
amount of the ionic current may be converted in the TPBs inside the
inter-layer, resulting in areduced activation overpotential. Further-
more, as the ohmic and concentration polarizations were relatively
small in comparison with the activation polarization, the overall
potential loss of the inter-layer decreased. Because all oxygen ions
produced inside the inter-layer must be transported to the dense
electrolyte through the inter-layer with low ionic conductivity,
most ionic current is produced near the dense electrolyte inter-
face, as shown in Fig. 6b. In other words, only a limited thickness
of the cathode inter-layer can support the electrochemical reaction
for a charge transfer between the electronic and ionic currents, and
the rest remains electrochemically inactive. Consequently, further
increases of the inter-layer thickness beyond a certain value have
virtually no effect on reducing the activation overpotential. On the
other hand, the ohmic and concentration overpotential increases
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with L€, albeit only slightly. As a result, the overall polarization of
the inter-layer decreased rapidly initially then increased gradually
with L€, as is evident in Fig. 6a. The minimal overall polarization
was achieved with an inter-layer thickness of about 15 wm. Notice,
however, any L€ in the range of 8-30 um can be viewed as suffi-
ciently optimal because the corresponding overall polarization is
higher than the minimum by less than 5 mV.

3.2. Effect of material properties

Although YSZ and LSM are the most common electrolyte- and
cathode-materials used in SOFC studies, there are also many other
candidate materials. In fact, different experimental processing for
the same material set can also result in very different effective
properties. Examining the effects of material properties on the cell
design is of practical importance. The effective material properties
discussed here include the electronic and ionic conductivities and
exchange current density based on per unit TPB length.

3.2.1. Effect of electronic conductivity

The overpotentials of a cathode inter-layer for a number of
O':gf were calculated and the representative results are shown in
Fig. 7. For a cathode inter-layer with low electronic conductivity
(aeecflf =5Sm™1), Vpol Was sensitive to the inter-layer thickness and
a minimum of 160 mV was found at L =10 pm. Allowing for a tol-
erance of 5mV in minimizing V},o(, L should be in the range of (6,
16) wm. For intermediate to high o¢ff, e.g., o¢ff > 15Sm~1, v, was
sensitive to thickness only for small L values. A minimum Vo of
152mV was found at L°=13 um for ¢ = 15Sm~!, and L in the

range of (7, 24) wm was sufficiently optimal. For aggf =250Sm1,a
minimum Vo of 146 mV was found at L¢ =20 pm and any thick-
ness of L°>10 wm was sufficiently close to the optimal design.
Overall, the use of L¢ in the range of 10-16 wm was suitable for
a cathode inter-layer with any practical aggf to achieve near opti-
mal performance. Because the upper limit of L¢ at 16 wm was due to
agg =5Sm~!, which is improbably low for practical applications,
it was safe to suggest a range of optimal L® to be 10-20 pwm.

3.2.2. Effect of ionic conductivity

Fig. 8 shows the results of the variation of V},,; with L for differ-
ent &l The range of o€/ examined was between 0.05and 1.5S m~1.
As shown in Table 2, ¢ may be only 0.04S m~! when the working
temperature is 600°C. However, there are many other materials

such as CeO, with much higher ionic conductivity and are more

0.25
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Fig. 7. Dependence of V,, on L¢ for cathode inter-layers with different effective
electronic conductivities, (T:gr.
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Fig. 8. Dependence of V,, on L¢ for cathode inter-layers with different effective
ionic conductivities, o¢fT.

suitable than YSZ as the electrolyte-material when the working
temperature is around 600 °C. Therefore, the chosen range of oglff
is representative in practice. As shown in Fig. 8, the minimal V),
was sensitive to Uglff, but was less sensitive to L€ unless L was sub-
stantially smaller than the optimal value. The optimal L¢ values
were 5, 8, 11, 17, 23 and 27 wm for ¢ = 0.05, 0.1,0.2, 0.5, 1 and
1.5Sm™1, respectively. The corresponding optimal Vo Were 249,
215, 179, 135, 106 and 92 mV, respectively. The observed results
can be attributed to the fact that a larger o¢f" allowed more oxy-
gen ions to be produced further away from the dense electrolyte
interface, substantially reducing the activation overpotential with
a smaller cost of ohmic overpotential. For a tolerance of 5mV in
Vpol Mminimization, the corresponding ranges of L were 2-18, 3-21,
5-25,9-33, 13-41 and 15-47 pm for o¢ff = 0.05, 0.1,0.2,0.5, 1 and
1.5Sm~1, respectively. Overall, an L in the range of 15-18 pwm was
almost optimal for all examined o¢ff (0.05Sm™! < & < 1Sm~1).

The low limit was due to an improbably high o¢ff and the high limit

is due to an improbably low o¢ff. For practical o€, L€ in the range

of 10-20 wm should be sufficiently optimal.

3.2.3. Effect of exchange current density
Fig. 9 shows the variation of V},o; with L€ for 3 x 10°Am~! <

Jorer < 103 Am~'. A higher J§ ref Means a lower activation over-
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Fig. 9. Dependence of Vj,,; on L€ for cathode inter-layers with different exchange
current density parameters, Jg ref
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potential for the conversion of a given amount of electronic or
ionic current. Naturally, V| decreases with the increase of jB,ref'
Moreover, a reduced activation overpotential with higher jaref
also increases the relative importance of ohmic and concentration
polarization. This causes an increased portion of the charge trans-
fer reaction to take place at the dense electrolyte interface and the
nearby inter-layer region. As a result, the minimum level of V
was found with a smaller L¢ for higher j(c),ref' as shown in Fig. 9.
The optimal thicknesses are 21, 19, 15,9 and 6 pm forjaref =0.3 x

1074, 0.5%x 104, 1.25x 1074, 5x 10~4 and 10~3Am™!, respec-
tively. Considering the tolerance of 5mV for minimizing V1,
10 pm < L€ <20 pm satisfies the requirement for any j§ .. in the

range of 0.3 x10~%and 1.0 x 103 Am™1,

3.3. Effect of operating conditions

We assumed in our modeling that the fuel cell is isothermal at
800 °C with a fixed output current density of 10* Am~2. The output
current density may vary due to different designs or load require-
ments. In fact, the current density generation in a working planar
SOFC can vary substantially across the cell plate [42]. Similarly,
SOFCs can be targeted for different working temperatures, and a
working cell is not isothermal. The influences of these two com-
mon working parameters on cathode inter-layer performance are
examined here.

3.3.1. Effect of output current density

Fig. 10 shows the influence of the output current density, iop,
on the variation of V,,,; with L¢. Naturally, a higher iop requires a
larger V},1. As the ohmic and concentration overpotential increased
approximately linearly with the current density, Vo increased lin-
early with L when L¢ was larger than the EAZ thickness, and the
slope was larger for a larger iop. As a result, the minimum level
of Vjo was found at a smaller L€ for a larger iop, as can be seen
in Fig. 10. The optimal thicknesses were 19, 17, 15 and 12 pm
for iop =0.3 x 104, 0.6 x 104, 10% and 1.5 x 10 Am~2, respectively.
Assuming a tolerance of 5mV for minimizing Vj,q, the correspond-
ing ranges of L¢ are 8-60, 8-41, 7-31 and 6-24 pm, respectively.
The limited sensitivity of the desirable L¢ range on the output cur-
rent density was satisfactory as it meant an optimal design could be
found for all practical working currents. Indeed, 8 um<L® <24 um
satisfied the design requirement for all iop examined.
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Fig. 10. Dependence of V;,o on L€ for different operating current densities, iop.
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3.3.2. Effect of working temperature

Several material properties were strongly dependent on
temperature. The ionic conductivity of the electrolyte-material
increased with the temperature exponentially (Egs. (28) and (26)).
Here o&ff varied from 0.076 to 0.55Sm~! when T is changed from
650to 850 °C. Additionally, j§ increased with T, resulting in a smaller
activation overpotential for the same charge transfer rate (Egs. (7)
and (6)). In addition, aeecflf changed moderately, varying from 24.8 to
25.5Sm~! when Tvaried from 650 °C to 850 °C. Overall, the change
of oglff was the predominant temperature effect. Consequently, the
temperature effect was qualitatively similar to the effect of ionic
conductivity discussed in Section 3.2.2.

Fig. 11 shows the influence of T on the variation of V},;; with L€.
The optimal L was found at 8, 11, 13, 15 and 14 pm for T=650,
700, 750, 800 and 850°C, respectively. The corresponding ranges
of L¢ in pm are, respectively, 3-23, 4-27, 6-30, 8-31 and 8-30
when allowing for a tolerance of 5mV to minimize V. Over-
all, 8 wm < L€ <23 wm was the range of optimal cathode inter-layer
thickness for all temperatures examined.

3.4. Effect of microstructure on cell performance

As can be seen from the discussions in Section 2, the
microstructural parameters for the cathode inter-layer can be sum-
marized as the size of the electrolyte-particle rgj, the ratio of the
electrolyte- and electrode-particles radii r.q/re|, the volume frac-
tion of electrode-particle .4 and the porosity ¢g.

3.4.1. Effectofry
The terms X‘T’pB‘eff, A%,B,eff and rg changed when r varied. Addi-
tionally, req changed as req/re; Was kept constant. As shown in

Section 2.6, A‘T’PB off Was proportional to the inverse square of rej, and

)L%,B'eff and rg were proportional to the inverse of re. In addition,
g only affected the gas transport in the inter-layer. Because the
concentration polarization of the inter-layer was relatively small
in all cases, variation of rg had very limited influence on the inter-
layer performance. The effects of changing )\‘T/PB' o and A%,B' o Were
significant as they influenced the activation overpotential directly.

The variations of Vo with L€ for various re are shown in Fig. 12.
Naturally, V), decreased with increases of )\‘T’PB' o and )L%,B' off 1OT
smaller r.. Reduced activation polarization increased the relative
importance of the ohmic and concentration polarization, and the
optimal L for minimizing V, was found at a smaller value for a
smaller 1}, as shown in Fig. 12. The optimal thicknesses were 9, 15,

21 and 23 pwm forre =0.1,0.2,0.4 and 0.6 m, respectively. Assum-
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Fig. 12. Dependence of Vj,, on L¢ for different radii of electrolyte-particle, re|.

ing a tolerance of 5mV for minimizing Vo, 12 um<L°<22 um
satisfied the optimal requirement for all r; examined.

3.4.2. Effect of relative particle sizes, 1oq/Te

As described in Section 2.6, off, o€l AYop g Adppeqr and T
changed with a change of req/re. Table 3 shows the variations of
these property parameters on the values of roq/ro in a range of
0.5-2. For r1oq/re1 =0.5, there were many more electrode-particles
than the electrolyte-particle in the cathode inter-layer for a fixed
Yeq at 47.5%. The connectivity of the electrode-particle network
was well above the percolation threshold, and crgcflf was high. How-
ever, the connectivity of the electrolyte-particle network was only
slightly above the percolation threshold, and o¢ff was low. Along
with an increase of req/re;, oS increased whlle oe“ decreased as
observed experimentally [2]. The factors ATPB off and ATPB of 2SO
decreased with an increase of r.q/re; due to the reduced num-
ber of electrode-particles in a given volume of the inter-layer
or the dense electrolyte surface, although this was compensated
for in part by the improved connectivity of the network of the
electrolyte-particles. The variation of rg on req/re; Was simple and
was determined by Eq. (29).

The variations of Vj,,; with L€ for various req/re| are shown in
Fig. 13. For req/re; <1, the minimum level of V), decreased with
an increase of req/re; as the benefits of the rapid increase of O‘eff
outweighed the drawback of the decreased ATPB off and ATPB o F

Ted[Te1 > 1, Vo1 increased with an increase of req/re) caused by the
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Fig. 13. Dependence of V},,; on L€ for different req/re).

rapid decreases of o°ff, AV while the increase of

S Mpperr and Adpp o
o¢ff was only moderate. The lowest Vo was found when req/re; = 1,

reflecting the best-balanced parameter set of o<, o€, Mpp.er and
)\,S

TPB eff" The minimum level of V},;; was found at different L¢ for
different req/re. However, if a tolerance of 5 mV for minimizing V|
was assumed, 8 pm < L€ <20 wm satisfied the optimal requirement
for all req/re; €Xamined.

3.4.3. Effect of inter-layer composition, V4

According to Eqs. (22) and (23), the percolation threshold for the
inter-layer electrode- and electrolyte-particles can be calculated
as YL, =0.435and 1 — ¢, = 0.816 for req/re = 1.85, respectively.
Here .4 <0.435 corresponded to the cases illustrated in Fig. 2a,
and the performance of cathode inter-layer is expected to be poor
unless L€ is close to zero. Similarly, 1.4 > 0.816 corresponded to the
casesillustrated in Fig. 2c, and the performance of the cathode inter-
layer was expected to decrease with an increase of L¢. However,
the effect of L¢ on the inter-layer’s performance when o4 >0.816
was limited due to the high electronic conductivity and minimal
gas transport resistance of the inter-layer. Therefore, we discussed
cases where 1/.q >0.435. The values of V.4 discussed were 0.475,
0.55, 0.63, 0.7 and 1; Yeq = 1corresponded to a purely electronic
conducting cathode inter-layer.

Table 3

Dependences of g¢ff, o, A¥PB . )L%PB'E“ and rg ON Teq/Tel fOr Te; =0.2 um, Veq =47.5% and ¢ =26%.
TeaTel g (Sm™) oy (Sm™) Mpp,err (M) Moo (M%) rg (M)
0.5 883 0.026 2.73 x 106 1.26 x 1013 0.12x10°6
0.75 607 0.12 1.8 x 106 1.17 x 1013 0.16 x 106
1 393 0.20 1.28 x 106 9.90 x 102 0.18 x 106
1.5 117 0.31 6.94 x 10° 4,69 x 102 0.21 x 106
1.85 253 0.36 4.16 x 10° 2.71 x 102 023 x10°6
2 7.06 0.38 2.98 x 10° 1.92 x 102 0.24 x 106

Table 4

Variations of o¢ff, off, MYop.ettr Ao ety AN Tg With Yreq for 1o =0.2 pum, rea/re1 = 1.85 and ¢g = 26%.
Ve o (sm ) o (sm ) Fmar ) Noper (1) ry(m
0.475 25.3 0.359 416 x 10° 2.71 x 1012 0.23x10°6
0.55 210 0.218 6.99 x 10° 4.08 x 102 0.24 x 10-6
0.63 606 0.107 9.25 x 10° 4.56 x 102 0.25 x 106
0.7 1120 0.0416 1.08 x 108 4.16 x 102 0.27 x10°6
1 7339 0 1.55 x 10% 0 0.33x10°6
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Table 5

1At eff yeff 3V S
Variations of Ol 1 Ocd )‘TPB,erf’ )"TPBAelT

and rg with ¢g for rej =0.2 wm, req/re = 1.85 and Veq = 47.5%..

e oe (S m-1) oef (Sm-1)

)”'SrPB,eff (m~1) )“¥PB.eff (m=2) rg (m)

0.10 46.57

0.20 32.047
0.26 25.349
0.36 16.743
0.46 10.602

0.56874
0.43023
0.35878
0.2573

0.17578

3.29 x 10'2
2.93 x 1012
2.71 x 1012
2.34x10'2
1.97 x 1012

5.06 x 10°
450 x 10°
4.16 x 10°
3.60 x 10°
3.03 x 10°

0.19x10-¢
0.21x 1076
0.23 x10-¢
0.27 x 10~
0.32x10-¢

As shown in Section 2.6, &[T, olf, AY0 . Afp o and Tg changed
with a change of ¥.4. Table 4 shows the variations of these property
parameters on the values of ¥.q. The variations of Vo with L¢ for
various ¥eq are shown in Fig. 14. The lowest V},,; was found when
Yeq =0.55 at L =13 pm due to the best-balanced parameter set of
offf, oeff, Moppefr aNd AZpp . However, the parameter set for the
cathode inter-layer of Zhao and Virkar (.q =0.475) was very close
to being optimal given that Vo at L¢ =15 pum was only 2 mV above
the global minimum. The minimum value of Vo for eq=1 was
about twice the global minimum, agreeing with the widely reported
experimental findings that a composite electrode exhibits lower
activation overpotential than a single phase electrode made of pure
electronic conducting material [35,43].

As shown in Fig. 14, the sensitivity of Vj,o to L when L€ is small
was quite different for different v/.4. However, in most cases, V) is
insensitive to L when L¢ was larger than the optimal value. Overall,
8 wm < L€ <30 wm was the range of optimal inter-layer thickness for
all ¥4 examined, if we assumed a tolerance of 5 mV for minimizing
Vpol-

3.4.4. Effect of porosity, ¢g

When there is a close packing of spherical particles, ¢g=0.26
was expected. A smaller ¢z was possible by using an advanced
processing procedure, and ¢¢=0.2 was the smallest ¢ reported
for a working electrode inter-layer [6]. As shown in Table 5, all of
the important property parameters, o&ft, o¢ff, Mpp e and ASppef
decreased with an increase of ¢g. Naturally, the performance of
the cathode inter-layer was higher for smaller ¢g, as shown in
Fig. 15. The cathode inter-layer performance could be improved
with a further reduction of ¢ if the connectivity of the gas pores
is maintained properly as assumed in our micro-model. However,
maintaining gas pore connectivity might not be easy experimen-
tally, and the guidelines provided here should be used with caution.

The minimum value of V,,; was found at L¢=17, 16, 15, 12 and
9um for ¢¢=0.1, 0.2, 0.26, 0.36 and 0.46, respectively. Overall,
9 wm < L€ <18 wm was the range of optimal inter-layer thickness for

0.30
0_23_«44:44::::::44444%:444:
0.26 - ed=1

N 0.247 ey

3 0.22 _ s
> Y~V V¥V vy vy vy VvYVyY VY Vv y v vy gy vy vw
0.20 Vog=0.63
Vo g=0-475 Y og=0.55
0-18 B A A A A A A A A A A A A
0.16 -
0.14 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
L* (um)

Fig. 14. Dependence of V;,o on L€ for different v/eq.

Voo (V)

0 5 10 15 20 25 30 35 40 45 50
L (um)

Fig. 15. Dependence of V,,,; on L€ for different ¢g.

all ¢ examined when assuming a tolerance of 5 mV for minimizing
Vpol- The upper limit of the optimal L was due to an unrealistically
high ¢¢ and may be safely extended to 20 pm in practice.

4. Summary

The processes of electrochemical reaction, electronic and ionic
current conductions and gas transports in an SOFC were discussed
and illustrated schematically. The schematic illustration provides a
way for the broad SOFC community to easily understand the com-
plicated multi-physics processes in SOFC.

We described in detail the mathematics required for the cor-
responding macro-model and a micro-model to deduce from
the microstructure parameters what effective properties were
required by the macro-model. The macro-model and micro-model
were used to study the dependence of the performance of cath-
ode inter-layer on its thickness, effective electronic and ionic
conductivities, exchange current density, operating temperature,
output current density, electrode- and electrolyte-particle radii,
composition and porosity, with a focus on finding the optimal
inter-layer thickness that minimizes the overall polarization of
the cathode inter-layer. Assuming a tolerance of 5mV for mini-
mizing the polarization of the cathode inter-layer, an inter-layer
thickness of 15 um was found to be optimal for all parameter
sets examined. Excluding unrealistic material parameters such as
very high ionic conductivity or very low electronic conductiv-
ity of the cathode inter-layer, a cathode inter-layer thickness in
the range of 10-20 pm was optimal for all practical situations.
The conclusions drawn by our comprehensive study are sim-
ple and robust and should be very useful to researchers in the
field.
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