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Abstract

A new approach for lower operating temperature solid oxide fuel cells (SOFCs) interconnections (IC) consisting of a bi-layer structure is
proposed and analyzed. The bi-layer structure consists of a p-type layer exposed to cathodic gas (air/oxygen) and an n-type layer exposed
anodic gas (fuel). It is theoretically shown that the interfacial oxygen partial pressure which is an important designing variable, is dependent
primarily on the oxygen partial pressure gradient across the IC, the low level oxygen conductivities of the two layers and is largely independen
of their electronic conductivities and the total current density through the IC material. By careful design of the composition and thicknesses
of the two layers, one can, in principle, obtain an IC with a low cell-to-cell resistance.
© 2005 Published by Elsevier B.V.
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1. Introduction connection material like the solid electrolyte in the SOFC, is
exposed to highly oxidizing conditions on the cathodic side
Current research on solid oxide fuel cells (SOFCs) is (po,=0.21 atm) and highly reducing conditions on the anode
focused on reducing the operating temperature from a nom-side of the where a highly reducing atmosphere ¢£ato
inal temperature of 1000 to 600-800C. Reducing the  10~2!atm) exists. Thus, a gradient in the electronic conduc-
operating temperature allows the use of low-cost stack andtivity exists across the interconnect with a high conductivity
manifolding materials, shorter heat up time, and enabling on the cathode and side and poor conductivity on the anode
use in small scale residential and transportation applicationsside leading to an overall low average electronic conductivity
[1-3]. However, reducing the operating temperature also hasacross the interconnect. Bi-layered electrolyte has been con-
the unintended negative consequences of higher electrodesidered for use in SOFC or membranes with the objectives of
polarization, and higher area specific electrolyte and inter- blocking electronic current, improving open-circuit voltage
connection resistancé4,5]. In particular, doped LaCr§) a and increasing interfacial oxygen partial pressure to enhance
high temperature p-type semiconductor which is used as thechemical stability of materials under reducing environment
interconnection material in state-of-the-art high temperature [9-19]. In this paper, we propose and analyze a novel
SOFCsisavery poor choice for an interconnection material in concept for an improved SOFC interconnection structure
the 600—800C temperature regime for two different reasons with a high average conductivity across the entire thickness.
[6-8]. First, the conduction mechanism in doped Lagi®©
small polaron hopping which is a thermally activated process.
Thus, the p-type conductivity of this material decreases expo-2. Bi-layer interconnection
nentially with decreasing temperature. Secondly, the inter-
The new interconnection concept, we propose is shown
* Corresponding author. Tel.: +1 617 358 2297; fax: +1 617 353 5548.  Schematically inFig. 1 The concept we propose consists
E-mail address: sgopalan@bu.edu (S. Gopalan). of a bi-layer structure with one p-type layer and one n-type
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Fig. 1. Bi-layer interconnection element.

layer adjacent to each other. In an actual device, the p-typeApplying Eq.(1) to transport of -, h* and e, the species
layer of the bi-layer interconnection will be exposed to current densities can be written as,
an oxidizing environment and the n-type layer exposed

to reducing conditions. During operation of the cell, the J; = -~ Vn; (2a)
layer exposed to the cathodic side will develop p-type

conductivity and the layer exposed to the anodic side will Jp= _% Vi (2b)
develop n-type conductivity. If designed correctly, such a e

structure has the potential to serve as an excellent SOFC T Ing (2¢)
interconnection, maintaining a high electronic conductivity """~ ¢ In

across its thickness. In what follows, we analyze Species g 5m ofthe species current densities can then be equated to

transport across the propo;ed bl-Ia_yer ln_terc_:onnectlon anbhe total current density through the bi-layer interconnection
derive equations that provide design criteria for such a ,qor SOFC operating conditions, i.e

structure.
J=Ji+Jp+Jn )

The next step in the analysis is the assumption that local
3. Theoretical analysis thermodynamic equilibrium prevails between neutral oxygen
gas, oxygen ions and electrons/holes, i.e. the following reac-

Fig. 2 shows a schematic of the bi-layer interconnec- tions are in thermodynamic equilibrium everywhere across
tion and associated transport directions of oxygen iohs0  the interconnection structure.

holes i and electrons® The generalized current density of

speciesk’ is given by[20], 10, +2e = 0% 0]
1 _ ..

, o | " 30, = 0%~ +2h* (ii)
e null = e + h* (i)

pO, (c)

Fig. 2. Species transport direction in bi-layer interconnection.

pO, (a)
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Assumption of thermodynamic equilibrium of the above the cathodic and anodic sigie),’s. Assuming that the chem-

reactions gives,

1

EVMOZ +2Vinn = Vi 4)
1

EVuoz = Vn; +2Vnp )
Viin+Vnp =0 (6)

Substituting Eqs(2a)+2c), (4)~6) in (3), it can be shown
that:

on+ op 1 oi(on+ op)
Joo=h+Jp=———"—J—————V
el : P o; +on+op 2e 0; + on + op 1O,
(7a)
1 oi(lon+o i
Jl.szz(ffrer)WOz+(m>J (7h)
2e 0; + on + 0p o;i +on+op

Each of the above Eqéra)which represents the total elec-

tronic current density (electron and hole current density) and

ical and electrostatic potential gradients are one-dimensional
and integrating E8b) over both layers it can be shown that:

___ksToi [ po,(C)

= e, '”[pOZ(i)] (%)
_ ksToiz | [ po,(i)

2= g, [p@(a)] (%0)

The interfacial oxygen partial pressupe, (i) which is an
important design parameter as will be seen shortly can be
derived by equating the ionic current densities through the
two layers at steady state, ik =Jp, i.e.

. f S i 1) 1 i ) i 3
po,(i) = [{POZ(C)}(G 1/ 1){p02(a)}(0 2/ 2)} /((0i1/81)+(0i2/382))
(10)

Eq.(10)givesthe interfacial oxygen partial pressure as afunc-
tion of the oxygen partial pressure on the cathodic and anodic
sides, the oxygen ionic conductivities in the two regions and
the thickness of the two layers.

Taking into consideration, their well-matched thermal

(7b)which represents the total ionic current density has two expansion coefficients (TEC) and high electrical conductiv-

terms. One associated wifhthe total external current den-
sity and the otheW 1o, the gradient in the neutral oxygen

chemical potential gradient. The transport coefficient multi-

oi(on+op)

plying Vuo,, namelym_wmw7p is easily recognized as the

ambipolar conductivity of the individual layers. In general,

the conductivitiess;, on andop will be functions of tem-

ity, Lai—SryMnO3_; (LSM) and A site donor doped SrTi§O
(AST) were chosen as the p-type and n-type layers, respec-
tively [21,22] Partial ionic conductivity literature data on
both LSM and AST are limited. For the purposes of the
present calculation, it is assumed thaisy =10"" Scnt?,
oiasT=10"°ScnT! at 900°C [23-25] Assuming the cath-

perature and composition. Since the composition is both aode side oxygen partial pressuysg, (c) =0.21 atm and anode
function of the local electrostatic potential and the oxygen side oxygen partial pressurpp,(a)=10"8atm, Eq.(10)
partial pressure, the conductivities are expected to vary as acan be employed to calculate the interfacial oxygen partial

function of position. In what follows, we make relevant sim-

pressure as a function of the thickness of the two layers,

plifying assumptions to derive analytical expressions that can which is displayed irFig. 3. Fig. 4 shows the variation of

guide design of the bi-layer interconnection.

log(po,) versus thickness of bi-layer LSM-AST interconnec-

Firstly, we assume that the ionic conductivity in the two tion at 900°C, po,(c) =0.21atm,po,(a)=10"8atm. The
layers is invariant withpo,. Secondly, we assume that the interconnection design criterion jso, (i) > po,» Wherepg,
ionic conductivity is much smaller in magnitude than the sum is the decompositiopo, for the p-type materials. It is clear

of the electron and hole conductivities, i®.< (on +op).

from Figs. 3 and 4hat higher the AST layer thickness, the

The first assumption is true of most p-type and n-type oxide more gradual is the decrease in interfagia with increas-

electronic conductors. In these materials, the oxygen ionic
conductivity is determined extrinsically, i.e. it is a stronger

function of the aliovalent dopant level rather thpg,. The

second assumption is a necessary condition to be satisfied of
any candidate interconnection material. With the second of

these assumptions, Eq¥a)and(7b) can be simplified to,

1
Jei = J — —0i Vo, (8a)

2e

1
Ji=—

2e (8b)

i VMOZ

. — — AST=0.025cm
\ ——AST=0.05cm

— - -AST=0.1cm

log10 (po,_i)

—_—
Tt ——

These assumptions imply that at steady state, the current -18
passing through the bi-layer interconnection is substantially
electronic in nature. Further, the rather small oxygen ionic

currentthrough the bi-layer given. by E(6b)doe§ notdepend Fig. 3. Variation of interfacial oxygen partial pressure vs. thickness of LSM
on the total current through the interconnection but only on Jayer with the change of the thickness of AST layer.
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Fig. 4. Variation of logpo,) vs. thickness of bi-layer LSM-AST intercon-
nection.

ing LSM layer thickness. Thus, it is more preferable to have
a much thicker AST layer and a thinner LSM layer. A more

precise determination of appropriate thicknesses will have

to await measurements of variation of ionic partial conduc-
tivities as a function of temperature apd,. This work is

presently ongoing in our labs. This analysis shows that for a

given pair of p-type (LSM) and n-type (AST) materials, by

carefully choosing the thickness of the two layers, one can in
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