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Finite element analysis is used to calculate eteb&mical
potential distributions of charged species and c¢ba&m
potential distributions of neutral species in solid
electrolytes of electrochemical cells. Potentiatributions

of charged species follow the Laplace equationjevthat

of neutral species are related to the potentialshairged
species through the local chemical equilibrium. @ations
with different cell geometries and transport partare
show that an embedded probe with electrically o)
coating along the probe surface (with tips uncoated
required for the measurement of electrochemicatrcl

of electrons within a solid electrolyte. Simulati@iso
shows that by optimizing both electronic and ionic
conductivities, cell stability can be improved.

I ntroduction

Measurement of electric potential in electrocheindevices such as solid oxide fuel
cells (SOFCs), solid oxide electrolyzer cells (SGE®r oxygen separators are often
made by placing a reference electrode on the surfdeasurement of electric potential
with embedded electrodes (probes) has also beemtedp(l). In a typical SOFC, the
electronic conductivity is typically negligible cqared to the ionic conductivity. In

many studies, therefore, the electronic condugtiaf the electrolyte is altogether
neglected. However, the establishment of local nioglynamic equilibrium, an

assumption made inherent in all transport the@guires that the electronic conductivity
cannot be set to zero mathematically (2, 3). Thoaselucidate the role of electronic
conduction in a predominantly ionic conductor, $ mecessary to incorporate the
electronic conductivity, however small it may bds@, local equilibrium demands that
transport of both ions and electrons (holes) bertakto account to describe the local
chemical potential of electrically neutral speciessch as oxygen. The local chemical
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potentials of electrically neutral species deteertime thermodynamic stability and thus
also the device stability.

The purpose of the present work is to caleutlstribution of electron electrochemical
potential, oxygen ion electrochemical potential amgtigen molecular chemical potential
inside a typical solid electrolyte used in an SO&Cin an SOEC or in an oxygen
separator under an applied voltage.

Theory and Simulation Details

Two typical cell geometries are considered in timautation: one is an anode-
supported cell (Figure 1A); the other is an eldgtessupported cell (Figure 1B). These
cells were simulated under a fuel cell mode andx@amgen separation mode (under an
applied voltage).

Electrochemical potential distribution for botectrons and oxygen ions obeys
Laplace’s equation, as shown in equations 1 anes@ectively, assuming the ionic and
the electronic conductivities are position indepartd In the present work, interfacial
regions are described by a set of transport paemand interface thicknesses.

V(e Vi, )=0o Vi, =0 [1]
V(o\Viy)= 0oV =0 [2]
Local chemical equilibrium is described by equation

IZIOZ*

26 [3]

Ho, _

4e ¢
In the above equationsy, is the electronic conductivityg, is the ionic (oxygen)
conductivity, /. is the electrochemical potential of electrops, is the electrochemical

potential of oxygen ions;zozis the chemical potential of oxygen and the elegigtential,

¢ is the measurable electric potential related ® ¢hemical potential of electrons
and the electrostatic potenti@ through equation 4.

p=-te=—Lero [4]
e e

Simulations were performed using both two-dimensiand three-dimensional finite
element analysis (FEA). In two-dimensional FEA, NE&/7, a 2-D 8-Node Thermal
Solid, is used for meshing as shown in Figure 2Athree-dimensional FEA, SOLID90,
a 3-D 20-Node Thermal Solid, is used for meshingtesvn in Figure 2B and Figure 2C.
FEA is performed by ANSYS. In all simulations thenleedded probe is placed in the
middle of electrolyte layer. The parameters forhesimulation are listed in Table .
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Results and Discussion

Design of an Embedded Probe

An ideal embedded probe should be able to measue €lectric potential without
disturbing electric and ionic potential distribut®inside the cell. Figure 3 shows the
results of two-dimensional simulations with an edded probe (Figure 3A and Figure
3B) and without an embedded probe (Figure 3C amuirEi 3D). In Figure 3A, the
electric potential measured at the probe end meaelectrolyte surface is the same as the
value at probe tip inside the cell. However, thgéadifference between Figure 3A and
Figure 3C as well as the difference between Fi@Beand Figure 3D shows that both
electronic and oxygen ion electrochemical potestdibktributions are disturbed by the
embedded probe. Especially in Figure 3B, therdar@e ionic potential drop across the
probe, which is inconsistent with the physical piet This abrupt decrease results from
the over-simplified model. A disc sample without @mbedded probe can be simulated
using a two-dimensional model (Figure 2A) due te #xial symmetry. However, when
an embedded probe is introduced, axial symmetrjonger exists. A two-dimensional
model with a probe represents a sample with emlkedusal sheet, which completely
blocks off the ionic current, leading to an abnaptic potential drop (Figure 3B).

Figure 4 shows the results of a three-dimer@icimulation in the case of an
embedded metal probe. Figure 4A and Figure 4B ghewelectric and the ionic potential
distributions at the cross section, which passesutih the probe; while Figure 4C and
Figure 4D show the cross sections which are faryafn@m the probe. The similarity
between Figure 4D and Figure 3D indicates that erymn electrochemical potential
distribution is not much disturbed by the embeddeixbe. However, electronic potential
distribution is still disturbed by the embeddedh@@s can be seen by comparing Figure
4C with Figure 3C. This is attributed to the ealcton migration path along the probe.
Coating the embedded probe with a thin insulathglss thus considered necessary.

Figure 5 shows the results of a three-dimeradisimulation with an embedded probe
having an insulating coating on the surface offitabe except at the ends. Both electron
and oxygen ion electrochemical potential distribns now remain undisturbed as can be
seen by comparing Figure 5C with Figure 3C and fediD with Figure 3D. Note the
electric potential measured at probe end near léwtrelyte surface is still the same as
the value at the probe tip inside the cell. Thes¢ures make an embedded probe with an
insulating coating (except at the ends) ideal fecteic potential measurement.

Oxygen Chemical Potential Distribution

The thermodynamic stability and also the deviceibtg are determined by the local
chemical potentials of electrically neutral specigs the case of SOFC, SOEC and
oxygen separators, cell stability is determinedh®gylocal oxygen chemical potential. As
stated in the theory part, oxygen chemical potemgiaelated to the electron and the
oxygen ion electrochemical potentials by the lat@mical equilibrium.

Figure 6 shows the results of a three-dimeradisimulation in the case of an oxygen
separator-1. In an oxygen separator cell, oxygeametal potentials at the cathode and
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the anode are nearly identical since the cathodxp®sed to air and the anode oxygen
pressure is about 1 atm. In the present simulatiores assumed identical oxygen

chemical potentials at both electrodes. By settigg at both electrodes to zero, Figure

6E and Figure 6F show that thg, in the electrolyte reaches a maximum value of aibou

1.0 V (with chemical potential given in units ofljmear anode (where?Os oxidized to
oxygen gas) interface. Such a high local chemio&ttial suggests high oxygen partial
pressure which may lead to cell instability, sushceacking or electrode delamination.
Indeed, electrode delamination as well as eled&otyacking has been experimentally
observed (4). Electric potential drops linearlyossr the electrolyte (Figure 6B) since the
electrolyte has a very low electronic conductivititowever, the oxygen ion
electrochemical potential first sharply rises thouge thin anode/electrolyte interface
layer and then flattens though the rest of the ded to the low ionic conductivity in the
anode/electrolyte interface layer. Thus, the additf the two potentials using equation 3

leads to a maximum im,, in the electrolyte near the anode/electrolyterfate. This

maximum indicates that the sluggish oxygen ion atign across anode/electrolyte
interface leads to the accumulation of oxygen.

Figure 7 shows the results of a three-dimeraisimulation in the case of oxygen
separator-2, which has the same geometry as oxgeggarator-1 but with a larger ionic
conductivity in the anode interface layer. Thigglarionic conductivity ensures that the
anode interface is no longer the rate-limiting layend thus oxygen accumulation is

suppressed. Comparing Figure 7E with Figure 6Enate that the highest,, reached
in oxygen separator-2 is much lower than that iygex separator-1, and it is only

localized at the electrode edge (at a singularyjart from the edge, the highesg, is

about ten times smaller in oxygen separator-2 coatb#o that in oxygen separator-1.
This simulation result suggests that optimizingn$g@ort properties is essential to ensure
cell stability.

Summary

Using finite element analysis, electrochemigattential distributions of charged
species and chemical potential distributions oftraspecies were calculated. Potential
distributions of charged species are governed byl Hplace equation; while that of the
neutral species are determined by the local chéremailibrium. An embedded probe
with an electrically insulating shell (with endscmated) is shown to be ideal for the
measurement of electric potential. Chemical podntof neutral species determine cell
stability, and by optimizing both electronic andhi transport parameters, cell stability
can be improved.
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Table I: Simulation Parameters

Systems Electrolyte Cathode Anode Apo, Ad  Apoo.
C¢ Cij C¢ Oj O¢ Cij

Units S/lcm S/lecm S/cem S/cm  S/cm  S/cm Vv Vv Vv

2D no probe 5E-6

5e-4 5E-4 5E-4 2E-2 1E-3 11 1.085015
2D bare probe 5E-6 5E-4 5E-4 b5E-4 2E-2 1E-3 1.1 8%.00.015
3D bare probe 5e-4 5E-4 5E-6 5E-4 2E-2 1E-3
3D coated probe 5E-4

1.1 74.00.026
5E-4 5E-6 5E-4 2E-2 1E-3
Oxygen Separatorl 1E-4

1.1.074 0.026
1E-6 1E-4 1E-6 2E4 2E-4 0 1 1-11
Oxygen Separator2 1E-4  1E-6

1E-4 1E-4 2E-4 2E-4 0 1.1 -1.1

oe andoi are electronic and ionic conductivities in thersmstrated layer.
Apoz, A andApoy-are the potential differences across the entire cel
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Figure 1: A shows the structure of an anode supdosblid oxide fuel cell, and in the
simulation it is operated in a fuel cell mode (omercuit condition described here). B
shows the structure of an electrolyte supporteid snlide oxygen separation cell. In both
cells, the electrodes are equipotential, so thatieqtials are represented by the potentials
at the outer surfaces of the interface layers.
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Figure 2: A shows the meshing used in the two-dsreral finite element simulation; B
and C show the meshing used in the three-dimensgamalation. All meshing is fine
enough such that the calculations rapidly converge.
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A B

Figure 3: Electric and ionic potentials are plottedA and B, respectively, for samples
with an embedded probe. The potentials plotted ian@ D are for samples without an
embedded probe, and they are used as a benchmdeketanine whether the embedded
probe disturbs the potential distributions acrbssdell.
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Figure 4: Three-dimensional simulation results, $ample with bare metal probe, are
presented in a two-dimensional slide. A and B shelectric and ionic potential

distributions, respectively, at the cross sectibough the probe. C and D show the
distributions at a cross section far away fromphabe, so that they are not disturbed by

the embedded probe.
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Figure 5: Three-dimensional simulation results $ample with a probe containing an
insulating layer along its surface (except at tips)t Note that the presence of the
embedded probe with an insulating coating does angnificantly disturb the local
potentials.
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Figure 6: Three-dimensional simulation resultsdrygen separator-1. A and B show top
and side views, respectively, of the electric poé&trdistributions. C and D show the
ionic potential distribution; E and F show the ogggchemical potential distributions.
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00
Figure 7: Three-dimensional simulation resultsdwygen separator-2.
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