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Motivation

As discussed in Nicholas, J. D., L. Wang, et al. (2012). " Use of the Simple Infiltrated
Microstructure Polarization Loss Estimation (SIMPLE) Model to Describe the Performance of
Nano-Composite Solid Oxide Fuel Cell Cathodes." Phys. Chem. Chem Phys., the main
usefulness of the SIMPLE model is that it provides a quick means of determining the lowest
possible Rp for Mixed lonic Electronic Conductor (MIEC)-lonic Conductor (IC) composite
cathodes when 1) bulk oxygen transport only happens through the ionic conducting scaffold, 2)
oxygen ion incorporation only occurs at the MIEC particles. These requirements are commonly
met for nano-composite cathodes (NCC’s) made via the infiltration of a range of MIEC materials
(LSCF, SSC, other MIEC cobaltite oxygen surface exchange catalysts, etc.) into a range of ionic
conducting scaffolds (ceria, zirconia, lanthanum strontium gallium manganite, etc.). The
SIMPLE model can also be used as a SOFC NCC’s design tool.




SIMPLE Model Derivation

The SIMPLE model describes the performance of SOFC NCC’s made of MIEC nano-composite
particles atop an ionic-conductor scaffold. It is based to a large degree on the Tanner Fung
Virkar (TFV) model which describes the performance of SOFC cathodes made of electronic
conductors atop an ionic conductor scaffold. Therefore, much of the derivation below is an
expansion and extension of that found in Tanner, C. W., K.-Z. Fung, et al. (1997). "The effect of
porous composite electrode structure on solid oxide fuel cell performance.” J. Electrochem. Soc.
144(1): 21-30.

Modeled Geometry

Like the TFV model, the SIMPLE model assumes that the ionic conducting scaffold
geometry can be represented as a series of columns
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Figure 1. An idealized representation of a symmetric SOFC cathode cell
(Not Drawn to Scale). Image courtesy of Lin Wang.

Assuming a columnar cathode microstructure enables an analytical solution for NCC
polarization resistance, i.e. the SIMPLE model, to be obtained
Note that for the idealized geometry in Figure 1
w

p=1-—
where p is volume fraction of pores in the cathode, w is one-half the total scaffold
column thickness, and r is the repeat unit thickness
As discussed in Nicholas, J. D., L. Wang, et al. (2012). " Use of the Simple Infiltrated
Microstructure Polarization Loss Estimation (SIMPLE) Model to Describe the
Performance of Nano-Composite Solid Oxide Fuel Cell Cathodes." Phys. Chem. Chem
Phys., the major source of NCC electrical losses is the difficulty of incorporating oxygen
into the MIEC, and electrical losses associated with the difficulty of transporting oxygen
through the bulk of the ionic conducting scaffold are comparatively small. (This can be
observed by comparing the results of the SIMPLE model, which accounts for surface
resistance and bulk transport losses, and a Surface Resistance (SR) Model, which only
accounts for surface resistance). Because of this, the microstructural details of the
scaffolds don’t matter that much. The close agreement between the measured and
SIMPLE model predicted polarization resistances also speak to this fact.




Model Assumptions: Discussed further in_Nicholas, J. D., L. Wang, et al. (2012). " Use of the
Simple Infiltrated Microstructure Polarization Loss Estimation (SIMPLE) Model to Describe the
Performance of Nano-Composite Solid Oxide Fuel Cell Cathodes.” Phys. Chem. Chem Phys.

1. The IC scaffold geometry can be idealized as a series of high aspect-ratio IC columns.
Poorly-necked real-world scaffold particles will invalidate this assumption. However, the
close agreement between SIMPLE model predictions and real-world measurements of
NCC’s made of well-necked scaffold particles, suggests this is a reasonable assumption,
especially for NCC’s where surface exchange resistances dominate the overall
polarization resistance, and the microstructural details of the IC scaffold are relatively
unimportant.

Corollaries

a. The equipotential lines within the IC scaffold are horizontal. Finite element
modeling results on IC columns in Tanner, C. W., K.-Z. Fung, et al. (1997). "The
effect of porous composite electrode structure on solid oxide fuel cell
performance.” J. Electrochem. Soc. 144(1): 21-30 showed that for large aspect
ratio columns such as those in an approximated real-world cathode structure (a
250 nm thick column, 20 microns high), the equipotential lines are horizontal
through the majority of the column.

2. The only significant resistances are MIEC oxygen surface exchange resistance and I1C
scaffold bulk oxygen transport.

Corollaries

a. Bulk oxygen transport only happens through the ionic conducting scaffold (a
good assumption since the bulk oxygen conductivities of ionic conductors are
many orders larger than that of MIEC materials) and oxygen ion incorporation
only occurs at the MIEC particles (a good assumption since MIEC’s typically
have oxygen surface exchange resistances much lower than IC’s).

b. Losses associated with electron transport through the MIEC can be ignored.
Another way to say this is that the electronic conductivity of the infiltrated MIEC
is high enough, and the MIEC infiltrate is interconnected enough, that electronic
transport losses can be ignored. Analysis on the performance of real cathodes
indicated that this is the case for heavily infiltrated cathodes tested near open
circuit.

i. This causes the potential on the surface of the MIEC, ¢?, to be the same
on all MIECs surfaces throughout the cathode.

c. Losses associated with oxygen transport through the MIEC can be ignored.
Another way to state this assumption is to say that the MIEC nanoparticles are
below their characteristic thickness. This is a good assumption since the
characteristic thickness values for most MIEC materials are at least several
microns from 400-700C, and the infiltrate particle thickness is typically below 25
nm.



d. Losses associated with gas-phase diffusion can be ignored. Concentration
polarization resulting from poor gas-phase diffusion is not expected to contribute
to the near open circuit potential Rp predicted by the SIMPLE model since under
these conditions the oxygen fluxes are small and the NCC pores are large.

e. Losses associated with the IC-MIEC interface can be ignored. In the few cases
where they have been measured, MIEC-ionic conductor interfacial resistances
have been anywhere from 10-100 times less than the ionic surface exchange
resistance at sub-700°C temperatures.

3. The resistance caused by the movement of charged species is independent of driving
force. Another way of saying this is that it is the electrochemical potential, n, which
drives charged species, and since n = u + zF¢, where u is the chemical potential, zF is
the charge on the charged species, and ¢ is the electrical potential, a polarization
resistance calculated by assuming an electrical driving force (as occurs in a symmetric
cell impedance test) will be the same as that results from a concentration gradient (as
occurs in a working fuel cell).

4. Oxygen transport through the IC scaffold behaves ohmically. This is another way of
saying that the ionic conductor behaves as a dilute, ideal solution which has a constant
composition and structure throughout.

i, =z;F]J; i; is the current density of species i
% z; is the Kroger-Vink oxidation state of species i

F is Faraday’s constant, 95485 C/mol
J; 1s the atomic flux of species i
q; is the charge carried by species i

Applying the Nernst-Planck Equation in the absence of
convection,
Ji = M;c;Vn;

where M; is the mobility of species i, ¢; is the
concentration of species i, and Vn; is the gradient of the
electro-chemical potential of species i

I} = z;FM;c;Vn;
Applying the definition of electrical conductivity,

0; = (z;F)*Mc;

' z;F Vi Applying the definition of the electrochemical
potential,
n=u+zF¢
where u is the chemical potential, zF is the charge on
the charged species, and ¢ is the electrical potential.
i = ivy + 0;V¢ For ideal materials,

ziF ti = ) + RTInX;




For materials of constant
composition and structure
that behave ideally, the
Nernst-Planck equation says
that

i =0,V
This is a form of Ohm’s law.

Where X; is the mole fraction of species i. Since
¢; = X;/p, by definition where p,, is the molar
density,
u; = uf + RTIn(c;pp)

Since (n(ab) = In(a) + In(b)

u; = uf + RTIn(c;) + RTIn(pyy,)
Taking the gradient of all terms

Vu; = Vu? + RTVIn(c;) + RTVin(p,,)

Since p is the reference chemical potential, Vu = 0
and

Vu; = RTVin(c;) + RTVIn(p,,)

Applying the rule alny _ 1dy

W y dx
Vc; Vv
Vu; = RT— + RT 2£m
Ci Pm

Assuming that the composition of the IC is constant,
Vc; = 0. This is a good assumption for most IC’s at
intermediate temperatures because they are heavily
doped materials where the oxygen vacancy
concentration is extrinsically controlled.
Also assuming that the structure of the IC is constant so
that the molar density is constant through the ionic
conductor, Vp,, = 0, and

V‘Lll' =0
Plugging this in,

Proof that this is a form of Ohm’s Law

ij =0V
If species i is the dominant charge
carrying species we can drop the
subscripts
i=aVo
Multiplying both sides by the
cross-sectional area, A
Ai = AdV¢
The current, I, is related to the
current density via
I = All
I = AoV
The conductivity is defined as




1
g =-
p
where p is the resistivity
[==V¢
The 1D gradient is
P Tl
where | is the path length
A
I = 5‘1’1 — ¢,
The voltage is defined as
A V=g —
=4y 1~ ¢
P The resistance of a dense block of
material is defined as
p*l
R =
- .A
where R is the resistance
I = 1 V
"R .
Rearranging
This is the forms
of Ohm’s Law
we know and
love.

5. Oxygen transport across the MIEC surface behaves ohmically. This is a good assumption
because the more-complicated Butler-Volmer Equation predicts ohmic behavior at low
overpotentials. Because of this assumption, the SIMPLE model can only be used to
predict open-circuit NCC polarization resistances. A variant of the SIMPLE model
incorporating the Butler-Volmer Equation is under development.



General Equation for Electrode Polarization Resistance

Figure 1 shows the modeled
repeat unit. The resistance
across the repeat unit, Rgy, IS
given as:

1
Rpy = Rea + EREL

where R4 is the resistance of
the cathode and Ry, is the
resistance of the electrolyte

1
ARRU - ARCA + EAREL

1
ARRU = RP +§AREL

1
Rp = ARgy — EAREL

1
RP == T6RRU - ErtREL

d
RP = T6RRU - %

Multiplying everything by the geometric cathode area, A, to
turn these resistances into Area Specific Resistances

Defining the cathode polarization resistance, Rp, as the area
specific resistance of the cathode

Rearranging the expression

Assuming a rectangular geometric cathode area such that
A =ré and the columns shown in Figure 1 extend into and
out of the page by a distance &, so that Figure 1 shows a
portion of the cathode in the r direction.

Since the electrolyte is dense block of material, the definition
of resistance can be applied

where pg; is the electrolyte resistivity, | is the path length, and
A is the cross-sectional area.
Since, p = 1/, and as shown in Figure 1, for the electrolyte,

[ =dand A = ré, this equation becomes:

R — d
EL ™ 618

where ¢ is the oxygen ion conductivity of the electrolyte
Plugging this in,

Solving for Rpy

As stated in in assumptions
3 and 4, the SIMPLE model
assumes that current flow
across the repeat unit Ry

Applying the definition of




behaves ohmically so

Vry
Rpy = T
RU

Rpy = ——
U rSiny

Rry = .
r8igy

Rpy = ——
RU™ 1 8ipy

_ ¢0 - ¢|y=0

current density and A=rt,
IRU

lR ==
U™ rs

The voltage across the
repeat unit given as

Vey = ¢0 - ¢|y=0

If we have a symmetrical
cathode setup, such as that
depicted in Figure 1, and we
apply ¢° to one cathode and
—¢° to the other, because of
symmetry, ¢|,-o=0

The local current density at
one spot along the bottom of
the repeat unit in Figure 1
(where the origin is in the
lower left corner of the
repeat unit and the vy
direction is up the page),

obey’s Ohm’s Law
according to assumption 3
i=0aV¢

Since there is only a
gradient in the y direction
this reduces to:
_ doxy)

dy
Since, the total current
density coming out of the
bottom of the repeat unit,
which is equal to igy, IS
given as

1 T
iy = —j i(x.y) dx
rJ y=0
Plugging in
_ doxy)

dy
Turns this into




y=0
Plugging in this expression

R r¢° d
P= 5
for"dd)c(;;y) dx 20

y=0

Equation 1:
Rp = ¢° a
e Q rdd)(x, y) d - %
=] dx
T dy =0

for Ry

dx
y=0

1 (7 do(x,y)
fo -

RU =T dy

Plugging this in

Rearranging

This expression shows that the polarization resistance can be
determined as long as the potential distribution at the center of

the electrolyte is known.

The equation is independent of geometry of the cathode.
e Because of that, it can be used as the basis for Finite
Element Modeling studies on crazily complicated

cathode geometries aimed at calculating

the

polarization resistance of those cathodes.
e |t can also be solved analytically for idealized

geometries.

Regardless of the cathode geometry, the potential distribution
within the cathode is solved at steady state by finding

solutions to Laplace’s Equation.

Within any material,

. dp
Vl——a
Where i is the current
density, p is the charge

density, and t is time

Vi=0

V(eVp) =0

This is a form of the charge
conservation equation

At steady state, Z—’t’ =0

Since the electrolyte is
assumed to be ohmic,

i =0aVo
Since the structure and
composition of the

electrolyte are assumed to




be constant as  per
assumption 3, from the
definition of conductivity,

0; = (z;F)*Mc;
o is position independent
oV(Vep) =0

Equation 2:
V2 =0
This is Laplace’s Equation.




Using ldealized Geometry Boundary Conditions to Solve Laplace’s Equation

Facet 1

2,

A

Z woeg
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I

Facet 4

Figure 2- Repeat Unit
with numbered interfaces
across with current flows.
Due to symmetry, no
current flows across the
unlabeled leftmost and
rightmost interfaces.

By assuming the columnar geometry to the right we can use the
boundary conditions below to solve for, first, the potential
distribution within the scaffold, and second, for the polarization
resistance, Rp.

1% Boundary Condition: At steady state, the current within a volume
element of scaffold must sum to zero. (this is the same condition
which gave rise to Laplace’s Equation)
1. This can be applied locally to any volume of material within
the scaffold, or
2. This can be applied across the entire repeat unit scaffold so
that the current across the top 3 facets must equal that across
the bottom (i.e 4™) facet
L+L+1;=1,

2" Boundary Condition: The current across the surface of Facet 1 is
equal to that immediately inside the scaffold

L =1
1 |y=(h+%)

Determining I;

From assumption 4, we assume ohmic surface

reactions so,

I = 4 The voltage across the surface is the potential
7R, difference on the surface, ¢°, minus that on the
other side of the surface, i.e. just inside the
scaffold. Put mathematically,
Vi =¢°%—¢(h+d/2)
d
~(¢(n+5)-9")

What is R;, the resistance across the surface
Facet 1? Well if we were talking about the
resistance of a bulk material we would turn to
the definition of resistance,

pl

rR=C
A

But what would the path length, [, be across a
surface? What would be the resistivity across a
surface? Since we don’t know either of these
terms we multiply both sides by A, and refer
the grouped terms as the area specific
resistance (ASR), denoted R,
Rs = AR = pl

Because we can’t separate out p and [l for a
surface, we measure area specific resistances




of surfaces.
Based on the
definition of ASR,
Rs
R, = 1
where R; is the area
specific surface
resistance of the
scaffold surface. From Figure 2, the
cross-sectional area
of Facet 1 is given
by A; = wé.
R, = X
1T ws
From the Figure 1
model geometry
¥
p= T
where p is volume
fraction of pores in
the cathode, w is
one-half the total
scaffold column
thickness, and r is
the  repeat  unit
thickness.
Rearranging this,
w=r(1-p)
Rs
STCET;
Plugging in this
expression for Ry,
-r(1—p)6 d 0
h= Rg <¢ <h+§> ¢>




Determining I,

Unlike the case for I; and I3, the potential
along the left side of Facet 2 (i.e. inside the
scaffold) changes along the facet. Therefore we
must divide the cathode up into infinitesimally
small pieces Ay thick, analyze the currents in
each of those pieces, and sum the effects
together to get the entire current across Facet 2.

h+d/2
12 = f IC
da/2

Ma20 — 9(y) dy

12 = 6
a2 Rs
I, cannot be evaluated until the potential
distribution within the scaffold, ¢(y) is
determined. We will have to come back to I,
later.

A small section of the scaffold column:

A ¢u

y+Ay/2 I I I /

S 2 2
a2

S

Y

Since we are assume
ohmic surface
reactions,

Ve
. =-<
c Re

Assuming horizontal
potential lines,

V.=9¢°— o)

From the definition
of ASR,

Rs

Re=—

Cc AC
where R; is the area
specific surface

resistance of the

scaffold surface.

AC = de
R
Re = 5dy




Determining I3

Just as with Facet 1, from assumption 4, we
assume ohmic surface reactions so,
L =0

The voltage across the surface is the potential
difference on the surface, ¢°, minus that on the
other side of the surface, i.e. just inside the
scaffold. Put mathematically,

Vs = ¢° - ¢(d/2)

Based on the
definition of ASR,
Rs
Rs = A From Figure 2, the
cross-sectional area
of Facet 1 is given
by A; = (r —w)é
R Rs
P (r-w)s .
From the Figure 1
model geometry
w
p=1-—
Multiplying both
sides by r.
D=1r—Ww
Rs
> rps
Plugging in this
expression for R,




Determining I,

Note that this is not a surface. This facet is
located in the middle of the electrolyte. From
the definition of current density,

I, = Ai,

14 == T5l4

14 = T6O’V¢)4

6 (5) - 90

I, =rdo /2

_ 2rdo (d)
2

From Figure 2, the cross-sectional area of
Facet 4 is given by A; = 1r6.

Since the scaffold behaves ohmically,
i=0aVo

Because of the assumption of horizontal
potential  lines, from y=—§to§ the

electrolyte looks like a dense block of material
with a constant gradient in potential across it.
Therefore V¢ evaluated at facet 4 is the same

as V¢ evaluated betweeny = 0 and y = g

() -0

¢y = /2

Tanner, C. W., K.-Z. Fung, et al. (1997). "The
effect of porous composite electrode structure
on solid oxide fuel cell performance.” J.
Electrochem. Soc. 144(1): 21-30 do finite
difference  modeling to show that the
assumption of constant potential gradient in the
electrolyte is a good one when h<<d, as is the
case for the symmetic, electrolyte-supported
used to validate the SIMPLE model.

Because of the symmetry in a symmetric cell,

$(0) =0




Applying the 1% Boundary Condition Locally

Since we must have charge conservation within
an infinitesimally small section of the cathode
shown to the right,

IA+IB+IC:0

Before we can make use of this relation we
need to solve for I, Iz, and I,

Solving for I,

Since we are in an ohmically behaving

scaffold,
Va
IA — R_A
¢ (y + %) — ¢
Ay
py+t—5) -
I, = 06r(1 —p) ( i}?
2
Iy =06r(1-— p)%

dy y+A2_y

A ¢°

y+Ay/2 i i F—

R 2R R 2
R 2 AR

S
A\ 4

Vi =¢(y+A2—y)—¢(y)

Since this is a
dense block of
material with a
single charge
carrier,
_ ek
4T A 1,, the path length= Az—y
Ay =wéo
Ra=35ws
From the Figure 1
model geometry
Ay w=r(l-p)
Ra= 206r(1 —p)
Plugging this in

Applying the definition of derivative,
x+h)—f(x
100 = L EED = f
o h0 "
and noting that in the equation to the left,
Ay
h = 7
and noting that this is being evaluate at the position
of Facet A, y + Az—y




Solving for I

Similar to the derivation of I,

Since we are in an ohmically behaving
scaffold,

(
Iz = —0dr(1—p)

Ig = —00r(1—p)——

d¢
dy y_Az_y

Va :¢(}’_A2_y)_¢()0

Since this is a
dense block of
material with a
single charge
carrier,
Ap I, the path length= %y
Ag = wt
Re = oowt
From the Figure 1
model geometry
Ay w=r(l-p)
Rp = 20tr(1—p)

Applying the definition of derivative,
fe+h) - f(x)

"(x) =lim
f -( ) = h
and noting that in the equation to the left,
Ay
h = —7
and noting that this is being evaluate at the position
of Facet A, y — Az—y




Solving for I
Since we assume ohmic surface reactions

6Ay

= (9" o)

Applying the 1% Boundary Condition locally,
IA + IB + IC = 0

d
a6r(1 —p) (dy y d;i’) >
—¢») =0
de _d¢
dy yi Syl
O-rRs(l - p) Ay
+(@° =) =0

Assuming horizontal potential lines,

V.=¢°— o)

From the definition of ASR,
Re = S5
c — AC
where R; is the area specific surface resistance
of the scaffold surface.

AC == 6Ay

Plugging in our expressions for Iy, Iy, and I

Iy =a6r(1l— p) dy
y+
Iy = —0dér(1— p)d—(ﬁ
(SA
= (¢’ ¢(y))
6Ay

By definition,




d2
orRs(1=p)— f - o) +¢°=0
y

This is a 2" order P.D.E which has a solution
Equation 3

d d
wr-ssenl2)s )

where @ = \/orR;(1 — p)

All that now prevents us from knowing the
potential  distribution everywhere is a
knowledge of the coefficients ¢; and C,.

The fact that this is indeed a solution can be
checked by plugging it into the preceding equation




Applying the 2" Boundary Condition to Solve for C,

According to the 2" Boundary Condition, the
current across the surface of Facet 1 must equal that
immediately inside the scaffold

L=I
1= 1l g,

4
2

ceom () =2 = -

()i

C, = Ciexp <_02(h) [_R_S " E]

7+l

_a-;QRSO-
aiRSSJ
[ aRg ]

om |
C, = Clexp( p )

e 2

From our work above,
_—r(1—p)d dy o
h= Rs <¢ (h * 2) ¢ )

L _oor(1—p) 22
Aoy = 00T =P gy

d
h+7

Cancelling like terms

From Equation 3,
d_, ,_d
wor=stscom(E2)m{22)

a
do C, (—h) C, (h)
— =——exp|—|+—exp|—
dy h+g a a a a

[0) (h + ) o0 + Clexp( ) + C,exp (Z)

Grouping the exp ( ) and exp ( ) terms

Rearranging and making use of the rule
Exp(a)/Exp(b)=Exp(a-b)

Combing the fractions

Simplifying




—2h
G = Gperv ()

Plugging this into Equation 3,

d d
$() = ¢ + Crexp <2a—y> + Ceap (%)

We get Equation 4,

g—y y = 2h -2
¢(y) = ¢° + Crexp <2a> + C1fexp (2

Defining g = [

Rso—a

Rso+a

]




Applying the 1% Boundary Condition across the Entire Cathode to Solve for C;

Before we can apply the steady-state charge
conservation boundary condition,

Il + 12 + 13 = 14_
We need to simplify each of these terms by

making use of Equation 4.

Simplifying I;
—r(1-p)é d 0
w= T (o n) - o)

I = —rd—p)oc ;Sp)(?Cl <exp (%h) + Bexp (%))

Simplifying I,
h+d/2 40 _
L =6 " —¢0) dy
/2 Rg
I, =—— exp
RS d/2 a
y—2h— %
+ Bexp dy

cyexp () (<1 + exp (3) ) oo (e (3) + )

R

I =—

Equation 4,

4_ y y—2h— d
$() = ¢° + Crexp <27> + Cipexp <TZ>

Equation 4,

4 y y—2h— d
d) = ¢° + Crexp <ZT> + CiBexp (TZ>

Evaluating this integral in Mathematica

Distributing the — sign into the (—1+
exp (%)) breaking the exp (_TZh) into two

exp (_?h) terms and multiplying each of these
by one of the parentheses




Simplifying 15

—rpd d o
o= (v(2)-7)

Simplifying 1,

2réo  /d
== (5)

2réo (| —2h
I, = d ¢ +Cy+ Cyfexp (T)

Equation 4,

g—y y—2h-5
d() = ¢° + Crexp ZT + ¢ Bexp | ———2

Equation 4,

g—y y—2h—-5
$() = ¢° + Crexp | == | +C,pexp| ———=

Substituting the terms in purple into

Il+12+13_14:0

And solving for C; in Mathematica,

_90T 1o
2d¢

G =

ARt B e (20 + e (1= 0 () (14 oo (32)) + G+ 259) (1 + g (29))




Solving for the Cathode Polarization Resistance

Equation 1 says,

R ¢° d
p = -
_f(: d¢(x y) o dx 20
Rp = ¢° d
T
dy |,

Since the potential lines are assumed to be flat,

By plugging the expression for C; above into
Equation 4,

4 y y—2h- d
$() = ¢° + Crexp <ZT> + Cipexp (TZ>

the potential throughout the entire cathode will be
known. Taking the derivative of that analytical
expression with respect to y and then substituting in
for y=0 (in Mathematica)

M| can be determined.

Equation 5, the TFV Equation:

TR

RP=

1+p
1+,Bexp(

where

)><1 p>rex,9(j)+<f++;:p"(( ))> ( e h)>+rp

Rso0 —«a
=, orRs(1—p)and f = [Rja+ a]




Altering the TFV Equation to describe the performance of Nano-Composite Equations

In this formulation Rg is the effective
resistance on the cathode surface. To a first
order approximation, one can think of oxygen
incorporation occurring on the surface of the
MIEC nano-particles as occurring in parallel
with oxygen incorporation occurring on the
bare, exposed surface of the I1C scaffold

1 1 1

( Ry ) (RS,MIEC) * <RS,1C)

Asc AMIEC AIC

where Rsuec 1S the intrinsic area specific
surface resistance of the MIEC infiltrate phase,
Rg;c is the intrinsic area specific surface
resistance of the MIEC infiltrate phase, A, is
the surface area of the scaffold before
infiltration, A IS the exposed surface area
of the MIEC infiltrate phase, and A;; is the

exposed surface area of the IC scaffold after
infiltration

AIC

RS,IC

&: AMIEC +
RS RS,MIEC

Agc _ Amiec Asc — Amiec

RS RS,MIEC

RS,IC

Asc _ AMIEC

RS RS,MIEC

ASCRS,MIEC
Ry = ————

AMIEC

The area specific resistances have been divided
by their corresponding areas so the formula for
resistors in parallel could be applied

Reducing the complex fraction

Ajc = Ase — Amiec

In a typical MIEC infiltration, A,,;gcis at most
2-3 times that of A,.. However, because of
assumption 2, Rg ;¢ > R pmiec- This causes the
second term to drop out

Rearranging for the effective resistance on the
scaffold surface

Plugging this into Equation 5




Yields Equation 6, the SIMPLE Model Equation

. (AscRS,MIEC)
R — Amiec
g 1+ —h 1+Bexp(_7h) —h
- (_TZh) (1 —p)rexp (7) + - (_TZh) a <1 — exp (7)> +rp
where

a=.0rR;(1—p)and p = [

Rso'—a

R50'+(1

|




Summary of the Journal Publications Utilizing the SIMPLE Model
Shah, M., J. D. Nicholas, et al. (2009). "Prediction of Infiltrated Solid Oxide Fuel Cell Cathode

1.
2.

Polarization Resistance using Simple Models." Electrochem. Commun. 11: 2-5.

First use of the SIMPLE model (given the header TFV model in this paper).

Shows the SIMPLE model fits the performance of LagSro4C0o2Fes-CepoGdo101.95
NCC’s at 600°C and 700°C as a function of infiltrate loading to better than 40%

In this work, MIEC was infiltrated through an LSCF current collector an, limiting
application of the SIMPLE model to temperatures above ~575°C.

Nicholas, J. D. and S. A. Barnett (2010). "Measurements and Modeling of SmgsSrosC003;_—

no

Ce09Gdp10195 SOFC Cathodes Produced Using Infiltrate Solution Additives.” J.
Electrochem Soc. 157: B536.

Shows that a single infiltration of concentrated SSC solution can produce a cathode
which achieves 0.1Qcm? at 600°C

Shows the effect of SSC infiltrate solution addivites on SSC phase purity

Shows the SIMPLE model fits the performance of a single heavily infiltrated (11 vol%
infiltrate/volume of cathode) SSC-GDC NCC’s from 575-700°C to within 35%.

Shows that the performance of today’s best NCC are limited by both the SSC oxygen

surface exchange and GDC oxygen ion conductivity. Historically, MIEC oxygen surface
exchange has been so bad, that people didn’t give much thought to the ionic conducting
scaffold oxygen ion conductivity.

In this work, the MIEC was infiltrated through an LSCF current collector, limiting
application of the SIMPLE model to temperatures above ~575°C.

Nicholas, J. D., L. Wang, et al. (2012). "Use of the Simple Infiltrated Microstructure
Polarization Loss Estimation (SIMPLE) Model to Describe the Performance of Nano-Composite
Solid Oxide Fuel Cell Cathodes.” Phys. Chem. Chem Phys.

1.

2.

o

In this work, MIEC was not infiltrated though the current collectors, allowing the
SIMPLE model to be applied at all tested temperatures.

Shows that multiple infiltration-gelation-firing steps do not change the average infiltrate
particle size (existing infiltrate particles do not serve as nucleation sites for later infiltrate
particles)

Shows the effect of solution additives and the ratio of solution volume to solution
evaporation surface area on infiltrate phase purity.

Shows that the SIMPLE model can predict the performance of heavily infiltrated
Lag 6Srp.4Cog sFep 2034~ Ceolngo_101_95 and SSC-GDC NCC'’s (note the different LSCF
composition than in Shah et. al.) at all temperatures from 400-700°C to better than 70%
and 55% accuracy, respectively, (without the use of fiting parameters).

Provides a discussion of the assumptions limitations of the SIMPLE model

Describes how the SIMPLE model cannot be used to model the performance of lightly
infiltrated cathodes because of the electronic conduction losses through the infiltrate
phase.



7. Argues that the SIMPLE model can be used to predict the lowest possible polarization
resistance for NCC’s made of MIEC nano-particles atop an ionic conducting scaffold.

Wang, L. and J. D. Nicholas (2012). "The Applicability of the SIMPLE Model and its Use to
Predict Optimal SOFC Cathode Geometries." J. Electrochem. Soc. In Preparation.

1. Shows that the SIMPLE model can accurately model the performance of all NCC’s
currently described in the literature.

2. Shows the performance improvements possible with new NCC materials and extreme
microstructures.

Additional Journal Publications Relying on Some of the Derivations Presented Here

Nicholas, J. D. and S. A. Barnett (2008). "Finite Element Modeling of Idealized Infiltrated
Composite Solid Oxide Fuel Cell Cathodes." J. Electrochem. Soc. 156(4): B458-B464.

1. Shows how Equations 1 and 2 can be used as the basis of Finite Element Modeling on
Nano-Composite Cathodes.

2. Shows that Infiltrations of lonic-Conductor Followed by MIEC infiltration can improve
NCC performance by 30%

3. Presents a modified form of the characteristic thickness, for use with NCC’s

4. Calculates the actual potential distribution in a NCC, showing that the approximation of
horizontal potential lines utilized in the SIMPLE model is a good approximation



