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ABSTRACT

This report briefly summarizes the work done over the duration of the project, beginning
October 1, 2003 and ending September 30, 2005. This project was on understanding cathode
mechanisms in intermediate temperature solid oxide fuel cells (SOFC) and developing
superior cathodes. A particular emphasis was on the role of defect chemistry and the role of
space charge effects. It was hypothesized that the space charge should have a major effect on
cathode activation polarization. If the space charge increases oxygen vacancy concentration,
it should be beneficial. On the other hand, if space charge suppresses oxygen vacancy
concentration, it may adversely affect the cathodic reaction. It was determined that a
combined effect of porous body microstructure/defect chemistry can be significant on
transport and polarization. Also explored extensively was the role of interfaces, where
electrode reactions occur, on transport through oxygen ion conducting materials. In
particular, fundamental aspects of transport were theoretically examined. The analysis has
significant implications on the very measurement of overpotential using the so-called three
electrode system. In the area of cathode polarization, an important property concerns the

chemical surface exchange coefficient, k., . An experimental technique was developed

which allows for the measurement & using porous bodies. Some of the work conducted

chem
under this project has been published in the open literature. Copies of the papers are included
here in lieu of a detailed report. Much of it has been reported in text form in the quarterly
reports submitted. Also included in this report are the manuscripts yet to be submitted for
publication.
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BRIEF SUMMARY OF THE WORK PERFORMED

In what follows, brief summary of the work done is given. This is given as summaries of
each of the papers (and the preprint) described here. Copies of the papers are attached as
part of this final report.

Paper 1: “Theoretical Analysis of the Role of Interfaces in Transport through Oxygen Ion
and Electron Conducting Membranes”, A. V. Virkar, J. Power Sources, 147 8-31 (2005).

Summary

This manuscript examines transport through oxygen ion and electronic conducting
membranes including electrode/membrane interfaces by explicitly incorporating both
ionic and electronic transport through the membranes and across interfaces. Spatial
variation of electrochemical potential of oxygen ions, u 02> electrochemical potential of

electrons, z, (or reduced negative electrochemical potential of electrons, ¢ =—/i, /e,
where e is the electronic charge), and chemical potential of molecular oxygen, ), ,

through membrane and across interfaces are examined as functions of transport properties
of membranes and interfacial regions. The analysis shows that description of transport
across electrode/membrane interfaces requires two transport parameters — one for ions,
and another for electrons. The transport equations are applied to fuel cells, pressure-
driven oxygen separation through mixed ionic-electronic conducting (MIEC) membranes,
and voltage-driven oxygen separation through predominantly oxygen ion conducting
membranes. In fuel cells and MIEC oxygen separation membranes, the . varies

monotonically between the two end values corresponding to those at the two electrodes.
Thus, in fuel cells and MIEC oxygen separation membranes, the stability of the
membrane is assured as long as the oxygen partial pressure, po, ., on the fuel side or the

permeate side is above the decomposition oxygen partial pressure of the membrane. By
contrast, in voltage-driven oxygen separation membranes, 1o, in the membrane can lie

outside of the end values. Thus, in the case of oxygen separation under an applied
voltage, the transport properties of the material and the interfaces determine membrane
stability. Implications of the analysis concerning the applicability of the so-called the
three-electrode system under an applied voltage to investigate electrode polarization are
presented. It is shown that the use of the three-electrode system for the estimation of
electrode kinetics can lead to significant errors at high applied voltages, and may result in
overestimation of electrocatalytic activity of the electrode. This manuscript also defines
electrode overpotential in terms of the rate of potential useful work degraded as an
irreversible process at an electrode and the net current measured in the external circuit.
The as-defined overpotential may not be experimentally measurable.

Key Words: Mixed ion-electronic conductors; oxygen ion conductors; fuel cells; oxygen
separation; transport across interfaces.



Paper 2: “Estimation of Charge-Transfer Resistivity of Pt Cathode on YSZ Electrolyte
using Patterned Electrodes”, R. Radhakrishnan and S. C. Singhal, J. Electrochem. Soc.,
152 (5) A927-A936. (2005)

Summary

Yttria-Stabilized Zirconia (YSZ) electrolyte discs with patterned platinum (Pt) electrodes
having different three phase boundary (TPB) lengths (/;pp), but the same electrode-

electrolyte interface area, were deposited on one of the two faces using
photomicrolithography. Platinum counter electrode was applied on the other face, and a
platinum wire reference electrode was positioned along the cylindrical surface.
Impedance spectra under zero applied bias were obtained in oxygen partial pressures,
(po, ), ranging between 107 and 1 atm and over a range of temperatures between 650

and 800°C. Area specific charge transfer resistance, R, , was found to vary inversely
with /,,,. The value of charge transfer resistivity, p,, corresponding to the charge

transfer reaction occurring at TPB, was estimated at various temperatures and p, . The
R, and p. decrease with increasing pp and with increasing temperature. The

activation energy for the overall charge transfer reaction was found to vary between 0.75
eVata py, 0f0.001 atmand 1.63 eV fora py, of 1 atm.

Key words: Patterned electrode, Charge transfer resistance, Three-phase boundary,
Impedance spectroscopy, Oxygen reduction reaction

Paper 3: “Investigation of Electrolyte Stability using Amperometric Sensors: Implications
Concerning Electrode Polarization Measurements”, in SOFC-I1X, edited by S. C. Singhal
and J. Mizusaki, p. 1057-1067, Electrochemical Society Proceedings Volume 2005-7,
(2005)

Summary

Amperometric sensors with yttria-stabilized zirconia (YSZ) discs and YSZ cylinders
were made with platinum electrodes applied on the YSZ disc, which served as working
(inside) and counter (outside) electrodes, and a platinum wire electrode positioned along
the circumference of the disc. Two sets of platinum electrodes were applied on the YSZ
cylinder, one inside and the other outside. The YSZ cylinder was attached to the YSZ
disc using a sealing glass. A YSZ disc with a tiny diffusion hole was glass-sealed on the
other end of the YSZ cylinder. The amperometric sensor was tested at 800°C in air over
an applied DC voltage range from zero to 2.5 V. The measured current over a voltage
range from ~0.4 to ~1.6 V exhibited a plateau. For applied voltage > 1.7 V, the measured
current increased, with a rapid increase for applied voltage >1.9 V. This rapid rise is
consistent with the development of nonstoichiometry or the occurrence of YSZ
electrolyte decomposition. The voltage between the reference and the working electrodes
was measured. Based on this information, the cathodic activity of the platinum working



electrode was estimated. Implications concerning the use of the three electrode system for
the study of electrode polarization are discussed.

Paper 4: “Measurement of Transport Properties of Perovskite Cathodes”, R.
Ganeshanathan and A. V. Virkar, in SOFC-IX, edited by S. C. Singhal and J. Mizusaki,
p. 1487-1498, Electrochemical Society Proceedings Volume 2005-7, (2005)

Summary

Conductivity relaxation experiments were conducted on porous LagsSrosCoO.s)
(LSC50) samples over a temperature range from 350 to 750°C, and over an oxygen
partial pressure, po, , switch between 0.04 and 0.06 atm in order to determine the surface

exchange coefficient, k_,,, . The normalized conductivity data could be fitted to a first

order kinetic equation. The time constant decreased with decreasing temperature between
~750 and ~450°C, but sharply increased with decreasing temperature between 450 and
350°C. The corresponding k., Wwas estimated using three models: (a) A porous body

model wherein it is assumed that the kinetics of surface exchange is the slowest. (b)
Solution to the diffusion equation assuming the particles can be approximated as spheres.
(c) Solution to the diffusion equation assuming the particles can be approximated as

cylinders. The values of &, obtained from the three models were in good agreement.

In all cases, it was observed that k., increases with decreasing temperature between

750 and 450°C, but below 450°C, it sharply decreases with further decrease in
temperature.

Paper 5: “Effect of Microstructure and Space Charge on Cathode Polarization”, F. Zhao
and A. V. Virkar, in SOFC-IX, edited by S. C. Singhal and J. Mizusaki, p. 1521-1531,
Electrochemical Society Proceedings Volume 2005-7, (2005)

Summary

Bar-shaped samples of porous samaria-doped ceria (SDC) with large neck sizes were
fabricated using a three-step method. In the first step, two phase samples containing NiO
+ SDC were fabricated by sintering powder compacts. In the second step, NiO was
reduced to Ni at 800°C in a hydrogen-containing atmosphere. In the third step, Ni was
removed by acid leaching, leading to the formation of porous SDC samples with wide
inter-particle necks. The conductivity of bar samples was measured using a DC 4-probe
technique between 650 and 800°C. The samples were then annealed at 1200 and 1400°C.
The conductivity of the samples was again measured between 650 and 800°C. It was
observed that the lower the annealing temperature, the lower was the conductivity.
Anode-supported cells were fabricated with cathode made of Sr-doped LaCoO; (LSC)
and SDC, wherein the SDC layer was formed by the three-step method. Cell performance
was measured at 800°C with the cells subjected to thermal treatments at 1200 and 1400°C
prior to infiltration of LSC using aqueous salt solutions. It was observed that the lower
the annealing temperature, the lower was the cell performance. The observed behavior is
attributed in part to space charge effects. Thermal treatments, however, may also lead to



precipitation of insulating phases at grain boundaries thereby increasing resistance and
lowering cell performance.

Preprint 1: “Effect of Morphology and Space Charge on Conduction through Porous
Bodies”, F. Zhao and A. V. Virkar.

Summary

An analytical model on the role of connectivity on electrical conductivity of porous
bodies, including the roles of grain boundaries and space charge, was developed. Porous
samaria-doped ceria (SDC) samples were fabricated using two methods: (1) conventional
sintering of powder compacts and (2) a method comprising the fabrication of sintered
NiO + SDC two phase samples, followed by reduction of NiO to Ni, and the removal of
Ni by acid leaching. The latter method can fabricate porous sample with preferred high
porosity and larger inter-particle neck. Electrical conductivities of as-fabricated bar
samples were measured using DC 4-probe technique. The electrical conductivity of some
of porous SDC samples fabricated using leaching process, as a function of temperature
and oxygen partial pressure, is measured with DC 4-probe method. It was observed that
the neck size has significant effect on the effective conductivity of porous body. The
increase of electrical conductivity with reducing oxygen partial pressure can be explained
well by the space charge model. Finally the model was applied to composite electrode.
The effect of morphology of porous ionic conductor framework in composite cathode on
electrode polarization was discussed.
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Abstract

This manuscript examines transport through oxygen ion and electronic conducting membranes including electrode/membrane interfaces by
explicitly incorporating both ionic and electronic transport through the membranes and across interfaces. Spatial variation of electrochemical
potential of oxygen ionsyu&-, electrochemical potential of electrons, (or reduced negative electrochemical potential of electrpns,

—jle/e, Wheree is the electronic charge), and chemical potential of molecular oxygen,through membrane and across interfaces are
examined as functions of transport properties of membranes and interfacial regions. The analysis shows that description of transport across
electrode/membrane interfaces requires two transport parameters—one for ions, and the other for electrons. The transport equations are applie!
to fuel cells, pressure-driven oxygen separation through mixed ionic—electronic conducting (MIEC) membranes, and voltage-driven oxygen
separation through predominantly oxygen ion conducting membranes. In fuel cells and MIEC oxygen separation memhranesyibe
monotonically between the two end values corresponding to those at the two electrodes. Thus, in fuel cells and MIEC oxygen separation
membranes, the stability of the membrane is assured as long as the oxygen partial ppgsgsorethe fuel side or the permeate side is

above the decomposition oxygen partial pressure of the membrane. By contrast, in voltage-driven oxygen separation meglimehes,
membrane can lie outside of the end values. Thus, in the case of oxygen separation under an applied voltage, the transport properties of the
material and the interfaces determine membrane stability. Implications of the analysis concerning the applicability of the so-called the three-
electrode system under an applied voltage to investigate electrode polarization are presented. It is shown that the use of the three-electrode
system for the estimation of electrode kinetics can lead to significant errors at high applied voltages, and may result in overestimation of
electrocatalytic activity of the electrode. This manuscript also defines electrode overpotential in terms of the rate of potential useful work
degraded as an irreversible process at an electrode and the net current measured in the external circuit. The as-defined overpotential may nc
be experimentally measurable.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Mixed ion—electronic conductors; Oxygen ion conductors; Fuel cells; Oxygen separation; Transport across interfaces

1. Introduction sure gradient, materials, which exhibit significant transport
of both oxygen ions and electronic defects, are of interest.
Many oxides transport both ionic (cationic and/or anionic) Such materials are known as mixed ionic—electronic conduc-
and electronic species. Of particular interest for applications tors (MIEC). Transport in oxygen ion conductors orin MIEC
such as fuel cells, water electrolysis, potentiometric oxy- materials can be described by phenomenological equations,
gen sensors, oxygen separation under an applied voltagewhich have been well established for over 50 ygars].
etc. are materials, which can predominantly transport oxygen Several published works have applied these transport equa-
ions. For oxygen separation from air under an applied pres-tions for investigating ionic and electronic transport through
membranef6—11] In most of these studies, the focus was on
* Tel.: +1 801 581 5396 fax: +1 801 581 4816. transport through membranes with emphasis on the role of
E-mail addressanil.virkar@m.cc.utah.edu. defect chemistry, but rarely on the role of interfaces. In those

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.01.038
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Nomenclature

Greek letters

decomp

mobility of species

concentration of species

electronic charge

Nernst voltage

applied voltage

measured voltage

Faraday constant

electronic specific conductance
ionic specific conductance

flux of species

electronic current density

current density due to specie@lso ionic cur-
rent density)

load current (density)

Boltzmann constant

membrane thickness

number of moles of @gas

partial pressure of molecular oxygen
electronic area specific resistance
ionic area specific resistance

ideal gas constant

electronic area specific resistance of the me
brane including interfaces

ionic area specific resistance of the membra
including interfaces

load

time

ionic transference number
temperature

volume of pore

valence of specieis

interface thickness

overpotential

chemical potential of speciés
electrochemical potential of electrons
electrochemical potential of species
chemical potential of oxygen gas
electrochemical potential of oxygen ions

decomposition oxygen chemical potential g
the membrane

Mg‘zembra”e chemical potential of oxygen in the mem¢

brane
chemical potential of oxygen in the gas phag
close to the electrode I/membrane interface
chemical potential of oxygen in the gas phag
close to the electrode ll/membrane interface
electronic resistivity

ionic resistivity

electronic conductivity

=

e

5

oj conductivity due to specids(also ionic con-
ductivity)

10 reduced (negative) electrochemical potential pf
electrons

¢ reduced (negative) electrochemical potential pf

electrons outside the membrane close to the
electrode I/membrane interface
o reduced (negative) electrochemical potential pf
electrons outside the membrane close to the
electrode IlI/membrane interface
o) electrostatic potential (Galvani)

studies which have examined transport through membranes
taking into account interfaces, the focus has been on either
ion transport across interfaces or electron transport across
interfaces, but usually not both. Phenomenological transport
equations for the flux of a charged species are usually writ-
ten in terms of the gradient in electrochemical potential of
the species involved and the relevant transport parameters. A
fundamental assumption made, albeit often tacitly, is that of
the existence of local equilibrium, which leads to relations
between electrochemical potentials of charged species and
chemical potentials of neutral specj@s3]. For example, for

the case of oxygen ions and neutral oxygen molecules (or
atoms), local equilibrium may be described in terms of oxy-
gen molecules (or atoms), electrons and oxygen ions as the
species participating in the reaction.

The above general framework is assumed regardless of
the prevailing point defects, vacancies or interstitials or both.
Additional equations can be written in terms of the concentra-
tions and transport properties of point defects. This, however,
often requires one to make simplifying assumptions concern-
ing the thermodynamics of defects. The assumption of local
equilibrium is universally made, either explicitly or implic-
itly [12]. The assumption of local equilibrium in a system
also implies the existence of equilibrium at any position in
the system, wherein the system may be single phase or may
consist of multiple phases—including the gas phase. Trans-
port of a species occurs from one position to another (ad-
jacent) position in response to difference (gradient) in the
relevant thermodynamic potential. In MIEC materials, the
transport of both ions and electronic defects is taken into ac-
count, as the conductivities of the two species are nonzero
finite, and often comparable. However, when dealing with
materials that are predominantly ionic conductors with neg-
ligible electronic conductivity, often it has been the prac-
tice to ignore the electronic transport altogetfiEs]. This
may be satisfactory if the interest is only in the net current
flowing through the material. The neglect of electronic cur-
rent, however, amounts to an inconsistency insofar as the
assumption of local equilibrium is concerned. That is, the as-
sumption of local equilibrium and the simultaneous neglect
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of electronic conduction are contradictory assumptions. Iflo- both ionic and electronic currents through the membrane
cal equilibrium is assumed, which is almost always necessaryand across the electrode/membrane interfaces. Three cases of
for writing down relevant transport equations, the electronic practical interest are examined: (1) oxygen separation using
conductivity cannot be assumed to be identically equal to an MIEC membrane, (2) afuel cell, and (3) oxygen separation
zero. In many cases, this inconsistency often does not leadunder the application of an external voltage. The implications
to significant problems. However, as will be discussed in this of the latter are examined for the often-used three-electrode
manuscript, and has been discussed to some extent in earliesystem under an applied voltage for the investigation of elec-
manuscripts, there are many situations in which the neglecttrode kinetics. All equations are developed for the case where
of electronic current, however small, leads to substantial dif- the transport properties of a given region are constant, inde-
ficulties in analysis—and thus also in the interpretation of pendent of position ando,. Although in many materials the
experimental resulfd 4—-16] transport properties ayeo,-dependent—and thus are func-

In devices such as fuel cells and MIEC oxygen separa- tions of position—such a simplifying assumption is deemed
tion membranes, no external voltage is applied. Whatever necessary to allow for the development of simple analyti-
voltage is developed across the membrane is the result ofcal equations. This approach also allows for description in
differences in chemical potentials of neutral species imposedterms of simple equivalent circuits. If quantitative relations
and the transport properties of the membrane. However, whenbetween transport parameters angl, are known, which is
dealing with devices such as oxygen separation membranesarely the case for most materials (and interfacial regions), it
under an externally applied voltage, the system then has anwould be a straightforward matter to numerically solve the
additional (experimental) degree of freedom, which has im- relevant transport equations.
portant consequences concerning the design of experiments
and the interpretation of data, especially concerning studies
on electrode kinetics or in oxygen separation under an applied2. Theoretical analysis
voltage or water electrolysis. In devices such as solid oxide
fuel cells, it is generally not possible to obtain an accurate  In what follows, transport only under isothermal con-
measurement of electrode overpotential, since it is necessanyditions is addressed. It is also assumed that gas transport
to place areference electrode on the surface—unlike in aquethrough the porous electrodes to the electrode/membrane
ous electrochemistry wherein it can be immersed in the liquid interfaces is sufficiently fast such that concentration polar-
electrolyte. In order to circumvent this problem, often the so- ization is negligiblet General transport equation for a one-
called three-electrode system is used, wherein the electrolytedimensional flux is given bi2]:
is in the form of a thick pellet. The working electrode, the dii;
counter electrode, and the reference electrode are placed irj; = —C;B;Vji; = —C; Bi— (1)
an axisymmetric arrangement. Then, to investigate electrode dx
kinetics at the working electrode, which may be a prospective (assuming the flux of a charged species occurs down its elec-
cathode for afuel cell, an external voltage is applied across thetrochemical potential gradient) in # (cths ™), whereC; and
counter and the working electrodes. An assumption is madeB;i are, respectively, concentration and mobility of speties
that the externally applied voltage is essentially equivalent and the electrochemical potential of spediesgiven by
to that generated by the application of an external chemical . @ 2
potential difference, and all that is required is to measure i = i+ zie )
the current (density) as a function of overpotential, the lat- wherey; is the chemical potential of specief) or ergs)z
ter measured with respect to the reference electrode—andhe valence of specidse the electronic charge (C), ar#l
corrected for ohmic losses. This approach is assumed to repthe local electrostatic potential or Galvani potential (V).
resent the situation at a real cathode in a fuel cell. As will  The current density due to specider a one-dimensional
be demonstrated in this manuscript, the three-electrode syscase is given by
temis fundamentally and physically different from a fuel cell

and its use under an externally applied voltage to investigate I; = z;ej; = —ﬁvﬁi = —ﬂ% 3)
electrode kinetics can lead to substantial error—where the e zie dx

magnitude of the error depends upon a number of parame-in A cm-2, whereo; = 22¢%C; B; is the conductivity due to
ters, including the magnitude of the applied voltage. specied (Scnt 1) =1/p;, wherep; is the resistivity 2cm).

This manuscript first develops transport equations us- |n the abovey; and,i; are defined on a per species (per ion,

ing the standard phenomenological approach. The differenceper electron, per atom, or per molecule) basis. If defined on

compared to much of the prior work, however, is the in-

clusion of the electronic current in a predominantly ionic — _ . . . _

conductor—and especially its role in the estimation of the In pra_lcnce, this assumptlon often may not be valid. For example, this

local chemical potential of oxvae which determines assumption may not be valid when using the three-electrode system under
- p - Ygem.o,, an externally applied voltage, the implications of which are discussed later.

the stability of the material, and also the net current flow- ajso, this assumption is almost certainly not valid in devices such as solid

ing through the system. This also implies the inclusion of oxide fuel cells, which use porous electrodes several microns in thickness.
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a per mole basisg is replaced by the Faraday constdnt, . , 10, 425072
—1 —0y+2e > 07" 2 -
(C mol ) 2 Membrane ]
o . . . - 2f, =f

Local equilibrium is assumed to prevail everywhere inthe 2 u, +27. =7, O~ P | 2t THe=Ho
system[12]. The cation sublattice is assumed to be rigid in 1 I )
what follows. For an oxygen ion conductor, the equilibrium Gas Pl ) F02r2em 07  Gas Phase

. . . as ase "
of interest is the following, namely: #o, L +2i =f 4o,

(p’ 2/‘()3 He = H (p”

30, + 2 — 0> (4)

—  ———>

Thus, at (local—at any position in the system) equilibrium
[2,12]

Fig. 1. A schematic illustration of a membrane of thicknésehich can

. - transport G-, e, and thus O, across which exists a difference in chemi-
1 + 20, = (5) ; I ; ;

2HO; He = Ho2- cal potentials of oxygenﬂ(})2 — uoz), and a difference in reduced (neg-
ative) electrochemical potentials of electrops £ ¢''). Local equilibrium

where in the system implies that the reactifO, + 2¢ — 0%~ is in equilib-

" rium everywhere in the system. This means if a pore of volMgge ex-

Mo2—- = U2 — 2D (Ga) ists at some position in the membrane, the oxygen partial pressure in the
pore will be that corresponding to the local chemical potential of oxygen

and Ko, = ”gz + RTIn po,, Whereu‘c’)2 is the standard state chemical poten-
tial and the ideal gas law is assumed. Thus, the number of moles iof O

e = e — eD (6b) the pore is given byto, = po, Vpore/ RT - If NoW Vpore— 0, thenng, — 0.

Yet, the localpo, (anduo,) is well defined.
Local equilibrium also implies that any changes made in

chemical or electrochemical potentials (at any given posi- which is the Hebb notatiofi]. Hereg is the (negative) re-

tion) must satisfy the following relation: duced electrochemical potential of electrons (V). Using this
1 . . notation:

3310, + Bfie = dfige- (7) dg

wheredX denotes a small deviation in the thermodynamic le= _UQE (11)

potentialX from the equilibrium state. The above implies that

the material in question must be able to transport at least two

of the species (at least two 0h@0), C* ande), in and out, I — ﬁd'““oz _ .dﬁ
in order to maintain local equilibrium. This also implies that " de dx "dx
when potential gradients exist, one can never have the flux of Fig. 1 shows a schematic illustration of a membrane, which
any of the species (participating in the equilibrium reaction) can transport &, e, and thus O (and thus als@)at the two

in the above, identically equal to zero. That is, even for a electrodes of which, different chemical potentials of oxygen
predominantly ionic conductor, we must always heg 0, and different electrochemical potentials of electrons may ex-
even though it may be small. This has importantimplications jst. |tis assumed thatlocal equilibrium prevails at all positions
concerning the chemical potential of oxygen and thus the jn the system, including the gas phase just outside the mem-
very stability of the material, which will be discussed in this  prane Fig. 1also shows the significance of local equilibrium

(12)

manuscript. in a fully dense material, via an example of a pore whose vol-
lonic and electronic current densities are given respec- yme approaches zero. If a small pore exists at any position
tively by? within the membrane, the localo, is related to the local
o . _— o1 dii; oxygen partial pressureo,, by.pLoz = Mgz + kT In po,,
Ii =Ip- = 7Vu027 = va = 2 e (8) with the number of moles of £in the pore;ioy, related to
Po,, the pore volume and temperature by the ideal gas law.
wherei is written for &, and If the pore volume approaches zero, the number of moles of
. oxygen in the poreo,, approaches zero. However, the,
lo= 2Vii, = ¢ die 9) and thepo, continue to exist. Transport of ions and electrons
e e dx also occurs across the two-electrode/electrolyte interfaces.
Let us write The interface thicknesses are generally not known—and not
. well defined either. This is because interfacial regions can
¢ = _He _ _He + @ (10) often be diffuse—due to compositional gradients and space
e e charge effects. It will, nevertheless, be assumed here that the

2 Even though in most oxygen ion conductors, transport of oxygen ions 3 Or another appropriate gas law, depending upon the pressure and tem-
occurs by a vacancy mechanism, all transport equations are given here in goerature. In this manuscript, it is assumed that the ideal gas law is applicable
generic form—that is, without reference to a specific defect type. over the entireo, range.
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‘interfacial’ regions are of certain thicknesses and describe possible to separately determine conductivities and thick-
transport properties through the two interfaces in terms of the nesses of interface regions, the specific interface conduc-
transport properties of interfacial regions of certain properties tances gl, g/, g, andg,) or the specific interface resistances

and thicknesses:

o/ and §'—ionic conductivity and thickness of electrode
I/membrane interface;

o, and §—electronic conductivity and thickness of elec-
trode I/membrane interface;

o/ and §”"—ionic conductivity and thickness of electrode
[I/membrane interface;

o)) andé§”—electronic conductivity and thickness of elec-
trode Il/membrane interface.

Thus, specific ionic conductance of interface |, namgJys
o, 1
g = 8% = (13a)

inQ~tcm~2 or Scnt?, andr/ is the specific ionic resistance
of interface | inQ cm?, and specific electronic conductance
of interface I, namely,, is

r

e

(13b)

in @~*cm~2 or Scn?, andr), is the specific electronic re-
sistance of interface | iz c?. Similarly, specific ionic and
electronic conductances of interface Il are given by

o/ 1
g = 8%’ = (13c)
1
and
o’ 1
g=2t== (13d)

e

(i, r{',r,andr)) can in principle be measured experimen-
tally.
Using the above terminology, ionic and electronic current

densities across the interfaces are giveh by

gf
I = —Zf{/x'oz — 1o, + 8¢ — ¢}
| / | ’
1 'U“OZ - MOZ Y —@
__1 15
4e r + 7 (15)
and
//
[ =~ { — ud,} + &lte” — o)
1 H“El)z _ Mgz g0// _ (0”
_ 1 16
de r * v (16)

as the ionic current densities across the two interfaces, and

o —¢

IL=g{¢ —¢}= " 17)
e

and

= g {¢" - (18)
asthe electronic current densities across the two interfaces. In
the preceding equation;s;b2 andg’ are, respectively, chem-
ical potential of oxygen and reduced (negative) electrochem-
ical potential of electrons in the membrane, just inside elec-
trode I/membrane interface;’, and¢” the corresponding
quantities in the membrane just inside interface Il. In steady

respectively. The preceding assumes, for simplicity, that the state
transport properties over the interface thickness are constant.

This of course need not be the case, and general equationd; = I;' = I;

can be written as follows:
1 1

g = (14)

m

de_'
Jo 5 7

and similarly for the other specific conductances or resis-
tances. The spatial dependence of transport properties im-

plied in Eq. (14) is through their dependence qip,. In

what follows, transport properties of the interfacial regions
are assumed to be constant over the thickness and indepen

dent Ofp02.4 It will also be assumed that the interface thick-

nesses are much smaller than the membrane thickness, th

is, 8, 8" « L. It is to be noted that while it is generally not

4 In general, the transport parameters of interfacial regions are functions of

(19)
and

wherel; andle are, respectively, ionic and electronic current
densities through the bulk of the membrane. In general, trans-
port properties of most electrolyte or MIEC materials depend
upon the local oxygen partial pressupg,,, or chemical po-
tential, uo,. Thus, the relevant equations are (11) and (12),
where the transport properties are,-dependent, and thus

Eﬂosmon dependent. Integration of H42) gives][3]

" "

¢ 1
/Olidx:Iie:@/ (Tid/,Loz—t/ o; dop

(21)

po2 For example a simple analysis based on adsorption shows that usually:

r; o« pg 1/” ,wheren' is a positive number typically an integer. This aspectis

|gnored here since the objective is to provide analytical equations to describetransport equations are of the fon=

5 If the transport properties vary across the Jinterfaces, then the relevant

3 L& Jy ofdno, — f, ofde}.

general features. For any given material, if the dependence is known, itis a © Inthree dimensions, the criterion for steady state is givendy= 0 and

trivial matter to incorporate it and solve equations numerically.

V-le=0, wherelj andle are vectors.
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and integration of Eq11) gives to be identically zero—which would a very rare and a special
P " case, and not a general case. As evident from @&79.and
/ Idx = I,0 = _/ o, dp (22) (28), the chemical potentials of Qust inside the interfaces
0 ! (in the membrane) depend upon the values of,, r/, 7, I;,

where the integration is between the two (just inside) elec- andle. _ _
trode/membrane interfaces. In what follows, ionic and elec-  Interms of the reduced electrochemical potentials of elec-
tronic conductivities of the membrane will be assumed to be trons at the two electrodes, the net electronic current density
constant, independent of position. This allows explicit deter- iS given by

mination of fluxes in terms of transport properties, and more T
importantly the estimation gf, andug,, andy’ andg” in I, = %
terms of measurable parameters. Also, this makes it possi- tpe + 1o 17
ble to analyze a number of cases of interest analytically. The and in terms of the chemical potentials of oxygen and the
preceding equations then become reduced electrochemical potentials of electrons at the two

(29)

oj o electrodes, the net ionic current density is given by
I = ———{pno, — o} + {0 — ¢} (23)
4€£ E | 1 | I
d ]:—i I’LOZ_I’LOZ o —@ (30)
an ' de bpi +ri+r!  Lpi+ri+r]
le="¢' = ¢) (24)
) ¢ Egs.(29) and(30) for the electronic and ionic current densi-

ties, respectively, are given in terms of parameters which, in
principle, are measurable. In what follows, the above equa-
tions are used to examine the various cases outlined earlier.

The parameters, which are known (or which can in principle
be determined experimentally) are the following:oe, g; =
(A/r), 8 = (U/ri), & = (U/r}), 8 = (1/r0), £, g, b,

¢, ", 1;, andle. The unknowns argig,, 116, ¢, andy’.

From the transport of electrons across interface I: 2.1. The generalized form of chemical potential of

oxygen as a function of position in a membrane without
g =g — j o (25) the incorporation of interfaces
e

In what follows, let us first examine the chemical po-
tential of oxygen as a function of position in a membrane,
without the incorporation of the effect of interfaces. This ap-
proach leads to simple analytical expressions. Let us consider
a membrane of thicknegs The chemical potentials of oxy-
gen at the two sides are, atx=0 andyu, atx=¢. The net

From the transport of electrons across interface I

I
(p//:(pll +7/E/ =§0” +rgle (26)

e

From the transport of oxygen ions across interface I:

"I — o1 electronic and ionic current densities through the membrane
roo_ ] de 8eli Sile _ de / / R X
Mo, = o, T o = lo, T 4e(rili = r.le) are given by Eqgs(11) and(12). In general, the conductiv-
! (27) ities are functions of position (which actually are functions
_ _ of position-dependent chemical potential). Summing the two
From the transport of oxygen ions across interface II: current densities, rearranging the terms and integrating gives:
g1 — g/l X e
no, = 1o, — 4 ( S | = ub, — 4e(r]' I = r( 1.) 1oy (x) = po, + de(l; + Ie)/ oi(x)
8e8i 28) o oi(x)
Y0 [ 6i(x) + 0.(x)
Egs.(25)—(28)describe the unknown potentials, namel, , the |\ o de(x) (31)
@ i

1o, ¢ andg”, in terms of transport properties of interfaces _ . .
and the net ionic and electronic current densities, nahely The preceding shows that the chemical potential of oxy-

andle. An important point to note from Eq€27) and(28) is gen within the membrane can be completely described by
that even for a predominantly oxygen ion conducting mem- Eg.(31) provided the net current flowing through the mem-
brane, one cannot a priori assume eitfjar r” to be infinite, brane, namely; +l¢ is known, and transport properties are

which makes, zero and the:o, in the membrane indetermi- ~ known as functions of position. E(g1)is applicable for both
nate (product obo and 0) and violates the criterion of local ~steady and transient states. In the transient state, all depen-
equilibrium?. Thus,”, andr” can be very large, but not in- ~ dent variables are also time dependent, that (s, t), oe(x,
finite. Eqs.(27) and(28) also show that usuallyg, # ug, D), o, (x, 1), (%, 1), li(x, 1) andle(x, t). Yet, Kirchoff's laws
andug, # up,, as this would require terms in parentheses 2r€ assumed applicable, which give, t) + le(x, ) = ltotal(t)-
That is, the net current densitygts(t), is a function of time
alone. In what follows, we will only consider the steady state.
7 Obviously,re cannot be infinite either, as discussediid]. In the preceding it is assumed that the chemical potentials of
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=l
Fig. 2. A schematicillustration of an MIEC membrane under an applied dif- Hop=2

ference of chemical potential of oxygen, with no applied voltage difference.
Electronic and ionic currents are of equal magnitude but are in the opposite

directions. Fig. 3. Schematic variations gfo,, fiqz- andg for the case depicted in

. L. . . Fig. 2 Abrupt changes ino,, ¢, andip- are shown across interfaces
oxygen justinside the two interfaces are the same as in the [0-gjnces, 57 « 0.

cal atmospheres. The exact details of the variation®{x)
with position depends upon the magnitudes and spatial de-The chemical potential of oxygen just below the interface at
pendencies of the transport properties of the membrane, thd given by Eq.(27) becomes
end values of the chemical potentials, namely, andy.g,, ., .
and the end values of the reduced electrochemical potentials, . = b + 4e (ge + gi> I =ul — 4 (ge + gi) L]

. . 0, = Mo, o i = 1o, /o !
of electrons, namely' and¢'. If analytical relations are e8i e8i
known betwgen transport propgrties and positionz Bd) _ MIO - de(r| + r))\|I;| (32)
can be readily used to determine,(x) as a function of
position? This is a special case wherein an assumption is That is,,jo2 < M(IDZ,
made thaj,, = 1o, andug, = ué,. However, there is no Similarly, the reduced (negative) electrochemical poten-
justification for this assumption in a general case, as alreadytial of electrons just inside interface | is given by
stated previously. That is, in a general cas’gi #* Hloz and / I I
1, # ng,- Under such conditions, it is not possible to ob- ¢’ =¢' — 2 =¢' + — =¢' - |—i|
tain a simple analytical equation (such as the one given in Eq. 8e 8e 8e
(31)) with transport properties dependent upon position. The That is,g/ <g.
objective of this work is to explore the role of interfaces and Similar equations can be written fpi, andg just inside

obtain explicit expressions fqrg, andpug,. Hence, asim-  jnerface at i, namely.¢,, andy”. For example note that
plifying assumption is made here that transport parameters

are spatially invariant in the membrane. In order to account gl+g! g +g

. . A ) "o ] _ e 1 I _ 1 + 4€ e 1 |I|
for the interfaces, as stated earlier, properties of the interfaced02 = 10, glgl )T Ko, /gl i
are separately included.

=¢ —rIL (33)

= ud, + de(r} + r))\1il (34)

2.2. An MIEC oxygen separation membrane That iS,u’C/,Z - M'('jz-
The reduced (negative) electrochemical potential of elec-

trons just inside interface Il is similarly given by

_ |7i] _ Zra

=9 +— =9 +rll (35)
8

e

In what follows, the transport properties are assumed to
be independent of position within the membrane. In this case
of an MIEC oxygen separation membrane, no voltage is ap- ,
plied across the membrane. However, a chemical potential?
difference of oxygen is imposed across the membrane. As
there is a chemical potential difference across the membrane That is,¢” > ol
a corresponding difference in electrochemical potential of ~ Note also thatl, = %{¢’ — ¢} > 0 or ¢’ >¢". Rear-
electrons is createdfig. 2 shows a schematic illustration of ~ rangement of Eq23) gives
a MIEC membrane across which there is a gradient in the

chemical potential of oxygen. Let,, > 0, Since neither  {1o, — 1o,} = —%b 1 dely) — o) (36)
an external voltage is applied, nor the membrane is externally !
shorted, the net current is zero. Thatljs;1e=0 orle=—I;. Sincel; <0 andy’ >¢", itis clear thatpb2 > ,u62.
Forpd'02 > Ml(l)z’ oxygen ion transport occurs from | to |l Thus, for an MIEC membrane, for the experimentally se-
(from leftto rightinFig. 2). Thatisl; < 0, and thereforée > 0. lected conditions correspondingjig,, > s, itis seen that

“Ioz > ,u’oz > “62 > ,ugz andy' > ¢ > ¢" > ¢, regard-
8 An important point to note is that the transport properties are functions less of the abSOI_Ute values_ of transport parameters_ of th_e bulk
of no,, and their dependence on position is through the dependence of the"_nembrane and |nterf§-Cd§9- 3 ShOW§ .the SFhema“C varia-
chemical potential on position. tions ofu.o, andgp for this case, where itis tacitly assumed that
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r, ~rl) ~ r,. Finally, as the transport of oxygen ions occurs flows through the capacitor, while the ionic current is uniform

from left to right, note tha]u'(')z_ > [/02_ >, > ,1'(')2_. in the ionic segments, and the electronic current is uniform
The spatial variation ofi .- is also shown irFig. 3. in the electronic segments. In a transient state, the ionic cur-
Since g, > 1o, > 1G, > 1o, as long aspud, > rents in the two ionic segments are different and so are the

electronic currents in the two electronic segments. However,
Kirchoff’s laws continue to hold, that is;-(I; + I¢) = 0, which

for a one-dimensional case reducek tol = constant. Also,

in the transient state, there is a net current flowing through

udoicomp, whereudo‘zwmpis the chemical potential of oxygen

below which membrane decomposition can occur, the stabil-
ity of the membrane is assured. An important point to note,

however, is that the membrane may continue to be stable .
I decomp decom the capacitor.

. . 7 p . . _ ! . . .
even 'f“Oz < Ko, ,prowdeduoz = Ko, - Thatis, in . In this manuscript, however, internal EMF sources will
terface properties are expected to have a profound effect "Mpe used to model bulk as well as interfacial regions. Since

dictating membrane stability. The interface properties may i chemical potential varies spatially (including across inter-

also depend upon the atmosphere. For example, for a givery, qq) renresentation of interfacial regions in terms of Nernst

I N " -
1o, (and thus for a giverpg,), t:]‘e 1o, ”r‘]ay be 'd|fferer'1t| voltages is a natural extension of the usual practice of rep-
in Hz/H20 and CO/CQ atmospheres. Thus, it is possible  osenting hulk regions in terms of Nernst voltages. That is,

that a given MIEC may be stable (permeate side) in one 98Sthere is no particular requirement, which states that one must

mixture but not in the other, even though the, inthe tWo 40 capacitors to describe the interfacial regions, if an EMF
atmosph_ere; 'S |de/nt|ca/!, , s , source is used to describe the bulk regions.

Substitution fons,, 110, ¢, andy” in terms of respective In what follows, rationale for the choice of internal EMFs
'currentdensnlles and transportpropertlesofthetwomterfacestO describe both bulk and interfacial regions of an MIEC
into Eq.(23) gives under an applied chemical potential is first described. Con-

| ' 1 ' ¢ gtgl sider the application of a net chemical potential differ-
-9 = @{MOZ — Mo Tt i L_ + Py ] ence across a membrane such that the position-dependent
L ' o chemical potential of oxygen given byo,(x), is a con-
T | Tpn 4 tinuous function of positionx. Thus, the chemical poten-
= g o, ~ 1oy} F Li[epi +ri + 7] (37) fial at x-+ X IS given byyio,(r -+ ) — 110,(x) + dhioy ().
Also, from the equations fol; and le, and noting that ~ The corresponding Nernst voltage across the sliceisd

li +1=0, using Eqs(29) and(30)it is easy to see that given by dE(x) = d”ig(x). The local ionic and electronic
L, | I area specific resistances for the slice arédl= pj(x) dx and
A bpe tre+1e Mo, ~ Ho, dre(X) = pe(X) dx. The corresponding equivalent circuit for the
[Coe +r, + 1]+ [loi +ri+71]]  4e slice is shown irFig. 4(b). Note that the electronic and the
(38) ionic segments are joined at the ends (nodes). The signifi-

cance is that the existence of local equilibrium correspond-
ing to the reactior%oz + 2¢ — 0% requires the transport

L Mo, — Ko, of ionic and electronic currents to any position, which corre-
T 4e sponds to joining of the electronic and the ionic segments at
the nodes. The equivalent circuit for the entire membrane (by
discretizing it in slices of thickness(lis shown inFig. 4(c).

Now, no charge accumulation can occur atany node. Insuch a

Thus, in general

If [Lpe + 1, + r]] > [€p; + r] + r]'], then

[ I
Ho, — K
¢ —ol ~ % = Ep (39) case, Kirchoff’'s equations must be applicable, which means
whereEj is the Nernst potential. Li(x, ) + Le(x, 1) = Li(x + dx, ) + Le(x + dx, 1) = - - -
Equivalent circuit It is customary to represent an equiv- — L(c+ndv, )+ L(x+ndv, 1) (40)

alent circuit for a bulk MIEC in terms of a Nernst voltage,
generated by the imposed chemical potential difference, andwheret denotes time and the number of differential seg-
ionic and electronic resistandds]. However, for interfaces, = ments. Eq(40)is applicable both under transient and steady
the common practice has often been to use a capacitor instate conditions. For this reason, the time dependence is ex-
combination with a resistdd8]. The charged capacitor then plicitly included. Under transient conditions, ionic current
models the voltage difference created by the chemical poten-entering a node may be different from that leaving the node,
tial difference, and in fact a so-called chemical capacitance and similarly for the electronic current, yet consistent with
can be defined, which is meant to embody the relevant ther-the above identity.In such a case, all dependent variables,
modynamics. The concept of chemical capacitance has also
been used by some to model a bulk MIEC membrane. Insuch———— _ _

. . .. The same situation exists if one uses a capaciiy. 4(a)) to describe
acase, a (Chemlcal) capacitor is introduced between two Set%ransport. In this case, the magnitude of the difference in ionic currents en-

of parallel ionic and electronic resistor segmeitig. 4(a) tering and exiting the capacitor is the same as the magnitude of the electronic
shows a schematic illustration. In steady state, no currentcurrents entering and exiting the capacitor.
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Riqy Ri@) dpg, (x)
o = Mo,

w i de

Ry R,y
(a) (b)

S o e

(d) %_

Fig. 4. (a) An equivalent circuit describing spatial variation of transport parameters through an MIEC using a chemical capacitance. (b) Aw Gquuiiale
describing spatial variation of transport parameters through a stioah MIEC using an internal EMF source, which is related to local variation in chemical
potential of oxygen, do, (x). (c) An equivalent circuit describing spatial variation of transport parameters through an MIEC. The equivalent circuit is applicable
for both transient and steady states. For the transient state, the ionic and electronic currents are functions of position and time. Howégdawsrcbnfinue

to be valid. In steady state, the ionic and electronic currents are independent of time and position (for a one-dimensional problem). (d) Ancaguivalen
describing spatial variation of transport parameters through an MIEC. The equivalent circuit is applicable only for steady state.

dr,(x)

including no,(x), are time dependent. Thus, in a transient If one uses a capacitor instead, then the equivalent circuit
state]i(x, t) + la(X, t) = lj(x + dXx, t) + le(x + dx, t), howevel;(x, given inFig. 4(a) is applicable in both transient and steady
t) £ I;(x+ dx, t) andle(X, t) # le(X+ dx, t). The corresponding  states. For the steady state, no current flows through the
equivalent circuit is shown ifrig. 4(c). In such a case, the capacitor.
electronic and the ionic segments must be joined atthe nodes. The choice of.o,-independent and position-independent
Also, in such a case, the ionic and the electronic current den-properties for any given region allows for a simple equivalent
sities are in general time dependent. circuit representation of the MIEC membrane just described.
In steady state, in addition, the divergence of ionic The corresponding equivalent circuit is giverFig. 5. Note
and electronic currents must be individually zero, that is, again the representation in terms of internal EMF sources
v-i=0 and v-1e=0, and obviously current densities are rather than charged capacitors—which is consistent with
not time dependent. For a one-dimensional case, this im-the spatial variation in.o,. The internal EMFs are given

plies thatl;(x) = Li(x +dx) = (x +2dx) = --- = [;i(x + by

ndx) =---and I,(x) = L(x+ dx) = L(x + 2dx) =--- =

I.(x 4+ ndx) = ---.Under such conditions, the equivalentcir- _, M'oz — Ko, _RT n p'02 _ ksT n p'o2

cuit may also be described by that kig. 4(d). Neverthe- o de T AF pbz T 4e P/oz

less, it is to be recognized that the general equivalent cir- (41)

cuit applicable for both the transient and steady states is
that given inFig. 4(c). If this equivalent circuit is used for

steady state, then it should be further specified that both the , ” , ,
ionic and electronic currents satisfy the conditiong; =0 g = Mo~ Ho, _ RT [P0, _ keT | [ Po,
and v-l¢=0. For a one-dimensional case, this is equiva- de 4F Po, 4e Po,

lent to ionic and electronic currents being spatially invariant. (42)
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r; Te r;
r E 1 E; r E'
MIEC Membrane

Fig. 5. An equivalent circuit for the MIEC membrane. The circuit elements between the two filled elliptical symbols are not physically separable; they
collectively represent the equivalent circuit. &k (E/, E;j, E”) are of the same sign.

g Mo, nb, RT n <p62> kel <p62> membrane material, the latter given by

-~ 4  AF T a4, e

46‘ 4F 0, 46 poz t;n — }’73 (50)
(43) ri + e
and their sum is given by It is clear that only in a special case wherts r,, + r/) and
| | | ri+re > ri+r! +r, +r), will the measurement of open

FE—E4E+E — Mo, — Mo, EI Po, circuit voltage (OCV) give the material ionic transference

- '  4e AR\ ph, number,7. That is, in general, the measurement of OCV

cannot be used to determine the ionic or the electronic trans-
ksT Po, ference numbers of the material. This conclusion is similar to
= e In g (44) the one arrived at by Liu and Hu, who evaluated the effect of
2 interfacial polarization on the apparent transference numbers
The equivalent circuit can be readily used to solve for the of MIEC materials[19]. The effect of interfacial resistance
currents flowing through the membrane, subject to the con- on the apparent transference numbers in MIEC materials has
dition that in steady staté/ = I/ = I; and I, = I/ = 1,10 also been examined by Kharton and Marq[R6.
And, also in this case of an MIEC membrahet [¢=0. Let

us write 2.3. A solid oxide fuel cell
Ri=ri+eo+r =ri4+r+r’ 45 o _
PSS = (45) In a solid oxide fuel cell, one electrode is exposed to fuel
and (anode) and the other electrode is exposed to oxidant (cath-
, P B ode). The membrane is of a predominantly ion conducting
Re=r1,+Lpe+r1, =70 F+r1e+7, (46) material, usually an oxygen ion conductor. During opera-

tion, an external load is connected such that a net, finite,
nonzero current flows through the membrane (and of course
. . E through the external circuit). Thus, the net currentis not zero,
=—l=——— (47) : i
R+ R, that isl; +1¢ # 0. In what follows, electrode | is the cathode,
The measured voltage across the MIEC membrane is and glectrode Il is the anode. During cell operation, oxy-
gen ions transport from | to Il through the membrane. It
ER, is also clear thaty, > uf . Note also that' >¢''. Since
=< (48) 02 2 " ,
Ri + R, the membrane is predominantly an ionic conductor, that is,
re+r,+r) > ri+r;+r, itis clear thagli| > |lg|. Itis to
be emphasized that, for the reasons already discussed, there
must be a finite, nonzeig, to ensure that local equilibrium
Ey R, rh4re+r) (49) is establishedrig. 6 shows a schematic illustration.
= —= = . . . K
: E Ri+Re ri4ri+rl+r+re+r! In this case also, Eq37), wh|c_h gives the_ difference be-
o tween the reduced electrochemical potentials of electrons at
Often, the measurement of open circuit voltage across anthe two electrodes in terms of the difference in chemical po-
MIEC is used to estimate the transference number of the tentials of oxygen at the two electrodes, the ionic current den-
sity, and the netionic resistance, is applicable. Note that there
10 The equivalent circuit, as stated above, can also be used for analysis of2r€ N0 terms containinig in Eg. (37). However, it is impor-

the transient problem whereinl; # 0 andv-le # 0, althoughv-(l; +1¢) =0, tant to note thate is not zero, although usuallye| < |li| in
as discussed for one-dimensional casg& %16} the present case of fuel cells. Thus, the net measured current

wherer; = £p; = ¢/oj andre = £pe = Lloe. Itis easy to see that

Eu=¢'—¢" = LR,

Thus, the effective ionic transference number of the mem-
brane, including interfacial effects, is given by
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o’ o' to use an otherwise unstable electrolyte in fuel atmosphere,
. such as rare earth-oxide doped bismuth oxide for example,
Ho, ; Anode for a fuel cell applicatiort! All cases considered correspond
o2 4_ to the open circuit condition, such tHat | = 0. Thus, this is
Cathode —»> exactly the same as an MIEC membrane, and tlwjsvaries
ull monotonically from the value at one electrode to the other.
e L — When the fuel cell is shorted:
- ! | I
¢ —¢ =0 or ¢ =9
Thus, in this case, the electronic current density is zero, i.e.,
Load le=0. The corresponding short circuit current density, which
L+l is exclusively due to ionic transport through the membrane,
Electron flow is given by
corresponding to /; + I,
1o, — 1O, 140, — IO,

o~

Fig. 6. A schematic illustration of a fuel cell showing the directions of oxy- = T i 7 7 (52)
gen ion and electron transport through the membrane. Electronic and ionic 4e {0% + %} defloi + it }
currents are in the opposite directions. o

Sincel; <0, it is clear from Eqs(27) and (28) that in this

is essentially the ionic current. Also, note that 0. Thus, case also theo, varies monotonically. The corresponding

writing | as the magnitude of the measured current, note thatvariations ofiiy2-, ¢ anduo, for the case corresponding to

li &~ —I. Then Eq(37) becomes r, ~r, ~ r. are shownirFig. 8 Various cases can be readily
examined for different relative values of electronic specific

(pl _ (pll ~ i{ulo _ Mg Y1 {Z + g+ g?} resistances, similar tig. 7. It can be readily shown that for
4e "2 2 oi g8l a given overall performance (voltage versus current density),
1 | L, the spat.ial variations gfo, _and<p canvary over awide range,
= @{/Lo2 — no,t — I{lpi +r; +r;'} (51) depending upon the relative values of electronic resistances.
Now let us examine the spatial variationsof, and¢
When the fuel cell is at open circuit, the net current flow- across a fuel cell membrane when the fuel cell is under load.
ing through the external circuit=0, which corresponds to  The chemical potentials of oxygen just inside the interfaces
the Nernst voltagefo, given by Eq.(39). This is equiva-  are given earlier. Note that<0 butle>0. Thus, the term
lent to the establishment of (near) global equilibrium for (r}1; — r.1,) can be replaced by (r/|I;| + r.|I.]). An impor-
the electrochemical potential of oxygen iong,.”, that is tant point is that even whele| < |li], it is possible for| ;|
Viige- ~ 0. Note of course thaVjiq- is not identically  andy/|1,| to be of comparable magnitudes, provideds /.
zero, and therefore, the ionic current is not identically zero Thatis, the contribution df. for the estimation oo, cannot

either. This situation is now equivalent to an MIEC, albeit pe a priori ignored. Thus, the chemical potentials of oxygen
with a very low electronic transference number, and thus just under the interfaces are given by

le=—1I;, but with a very small magnitude. Now, consider , ,
the following seven cases corresponding to the open cir- W, = b, — e (ge|1i| +gi|le|>
cuit condition: Case Iz, > r., 7/, Case ll+, > r,, r/, Case 2 2 88
m: v/ > r,, r,, Case \V:r.,,r! > r,, Case Vir,,r! > 1), o N / I
Case Viire, rée>> r/, and Case VY, ~re ~ rll. The vari- = Ko, — Aelrillil +rellel) < ro, (53)
ations ofi2-, ¢ anduo, for the seven cases are shown in and
Fig. 7. All seven cases correspond to the open circuit con- L+ ¢/ |1
dition, with [¢o, + 7, + 1] > [€p; + r} + /'], and therefore g, = po, + 4e (gg/)
eo]

Viige- ~ 0. The corresponding difference betweghand
(p-” for all seven cases is nearly equal to the Nernst voltage, = Mlcljz FAe( | + UL > Mgz (54)
given by Eq(39). Note, however, that the details of the vari- o ) )

ations ofi.o, andg through the interfaces and membrane de- and that the contnbutlon d.fe.to the chem|call p_otennal of
pend upon the relative values of electronic resistances of the®XY9en /cannot”be a priont ignored. Thus, it is clear that
interfaces and the membrane. From the standpoint of mem-Ho, > Ko, > o, > 1o, That s, for all cases (open cir-
brane stability in a lowpo, atmosphere (stability against cuit, shor_tcwcwt, and under load) of a fuel cell, {g, varies
reduction), the most preferred case is that depicted in casemO”OtO”'Cal|||y between the two eng values. Also, therefore,
I1I, which shows that ifr” > r., ., the o, just inside the @S long aguo, (or more accurately.g,) is greater than the
anode/electrolyte interface (that;i%z) will be close to the decomposition chemical potential of the solid electrolyte,

cathode side chemical potential of oxygen, nanm%\{. This
means, under such conditions, in principle, it may be possible 1! There are several difficulties, however, which may make this impractical.
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Fig. 7. Schematic variations gf-, ¢ anduo, for different values of electronic specific resistances at open circuit through a fuel cell. Gase I, r,/

e’ e’

Case Il:r, > r,, rl), Case lll:r) > r,, r,, Case \V:r,, r] > r,, Case Vir,,r] > r,, Case Vlr,,r, > r), and Case VIlr, ~ r, ~ r. For all seven cases

e

shown aboveR, >> R;, andAuo, = }LIOZ — [,Lll)z = fixed, which leads ta\p = ¢' — ¢! ~fixed, andvjiq.- ~ 0 (near global equilibrium for o).
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Ho=2

Fig. 8. Schematic variations pfz-, ¢ anduo, for a shorted cell. Note that
for a shorted cellAp=¢' — ¢'' =0, and the electronic current through the
cell is zero.

g’icom”, decomposition of the electrolyte cannot occur. It

is also clear thap' >¢' >¢” >¢!'. Schematic variations of
the chemical potential of oxygen, the reduced electrochem-
ical potential of electrons, and the electrochemical potential
of oxygen ions for a fuel cell under load are showrrig. 9

for the case corresponding 19 ~ r/ ~ r.. Note that this

is qualitatively similar to that for the case of MIEC oxygen
separation membrane shownkig. 3. Similar cases can be

considered for other values of electronic area specific resis-

tances.

Similar to the discussion on MIEC oxygen separation
membranes, the corresponding equivalent circuit for a fuel
cell is given inFig. 10, with once again the provision that in
steady state one must have= I/ = I/ andl, = I, = I
The equivalent circuit is similar to that for the MIEC mem-
brane, with the exception that there is now an external load,
whose resistance is given B (in cn?). The internal
EMFs, and their relation to the net oxygen chemical poten-
tial difference are the same as for the MIEC membrane. How-
ever, the currents are different, by virtue of the presence of
an external load. It is easy to show that

E(R R
A ( et L) (55)
RLR. + Ri(Re + RL)
ER
I = £ (56)

RiR. + Ri(R.+ Ry)

!
Ho,

Hy

Fig. 9. Schematic variations @fs2-, ¢ and uo, across a fuel cell under
load.

13

and

ER,
RiR, + Ri(Re + RL)

I = (57)

In the above, the units df, I andl_ are in A cnT 2. Note that
asR_ — oo, |j andle are identical in magnitude (but opposite
in sign, of course), and given by E@7), which is the same
as for an MIEC membrane. The load currdpt,is given by

Ip=1+1, (58)

The overpotentiald-or a fuel cell operating with a finite,
nonzero current flowing through the external circuit, there
are losses associated with electrodes as well as the ohmic
loss through the cell. When no load is connected, some loss
continues to occur due to internal electronic leakig€he
rate of external work done or power is given yR;, = VI,
whereV is the voltage across the load. The rates of losses
through the electrodes and through the electrolyte can be
similarly calculated.

For example, for electrode | (cathode), the rate of loss
(degradation of potential work into heat—an irreversible pro-
cess) is given by
12r) + 177, (59)
If r; andr,, are not constant, but depend upon the local chem-
ical potential of oxygen, then this aspect will have to be
included in the analysis. For the purposes of the present dis-
cussiony; andr, are assumed to be constant. The usual ap-
proach is to define overpotential at an electrode as a measure
of the loss of useful voltage into irreversible processes. The
implication s clearly thatthe product of theeasure@verpo-
tential and theneasuredturrent (which naturally is through
the external circuit) is the rate of loss of potential work into
an irreversible process (heat generation). Since the measure-
ment of current, namell , is a straight forward matter, we
will define overpotential at electrode | by such that

n'lp = 1% + 1%/, (60)

Thus:
2.7 2./ 2./ 2.
/— ]iri+lere — Iiri+lere

61
1 i+ 1, (61)

In the above, the overpotential at electrode’|,is defined

(not necessarily measurable) in terms of the rate of loss of
potential useful work and threeasureaurrentin the external
circuit, I_. Since the rate of loss of potential work must be
equal to or greater than zero (a measure of the degree of
irreversibility), the product;’l,. must be positive. In terms

of the measurable parameters, the ionic and the electronic

12 |n a typical fuel cell with negligible electronic leakage, this loss is neg-
ligible, yet cannot be identically zero. However, if the electrolyte is based
on ceria, internal electronic leakage can be significant.
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re' Te re”
r,-' E Ti E; r,~” E'
Ry
Fuel cell

Fig. 10. An equivalent circuit for a fuel cell under an external load. The circuit elements between the two filled elliptical symbols are not pefscaliye;
they collectively represent the equivalent circuit. B (E', E;, E”) are of the same sign.

currents are given, respectively, by However, as discussed in what follows, this conclusion is
E IR, erroneous. _This @s because,_as long as the electronic conduc-
I =— + (62) tivity is not identically zero, it meanse=—I; #0. Thus, at
Ri+ R Ri+Re open circuit condition, according to the definitionpiyiven
and in Egs.(60), (61)and(64), ' — —oc or |n’'| — oo. This looks
E ILR; like a strange conclusion. An important point to note, how-
I, = R + (63) ever, isthat the relevant physical quantitgigthe overpoten-
L + Re Rl + Re . ’ . . . . . .
tial, . The relevant physical quantityjd| ; whichis the rate
Note that ad; — 0 (open circuit)Je=—li. Substitution for  of loss of potential useful work as heat (an irreversible pro-

li andle, respectively, from (62) and (63) into (61) and rear- cess)through electrode | (cathode). Note that wiiite —oco

rangement gives or|n'| — oo asl. — 0, the product'l;, — %—is afi-
;L (R%r} + R?rl)I.  2E(Rir, — Rer})) ~ E?(ri+7)) nite positive limit—asl, — 0. But this is simply the rate of
T (R +R.)? (R + R.)? IL(R; + R.)? loss of potential work as heat through electrode | due to inter-
(64) nal leakage. This is the significance of overpotential at open

circuit.
As-defined, the parameters, which can be measured, at least 5, axamination of Eq(64) shows that the dependence of

in principle, are the ionic and the electronic area specific | 5| 'is nonlinear. This is despite the fact that all processes
resistances of the electrolyte and interfacial regions, and the, . 4ssumed to be describable by various resistdfdese

current flowing through the external circuit, whiler’ is cal- limit of Eq. (64) asRe — oo givess
culated using Eq64). Interesting conclusions emerge from
Eq. (64). Consider first the short circuit limit. For this case, ' = 17! (65)

le=0'%and/; = —£ . Substitution into Eq(60) or (64) and

simplification givesy (short circuit)= _%r;" This is simply Whi(.:h is t-he usua_ll res_;u!t. But this is valid only if the eI.ec—.
the net current flowing through the external circuit multiplied tronic resistance is infinite (very large compared to the ionic

by the ionic charge transfer resistance of electrode I. resistance). Also, only in this case thleis the same as the
Now consider the open circuit case. Under open circuit €xPerimentally measured overpotential.

condition, no net current flows through the external circuit, T he preceding suggests thata plotofersusy*° should

that isl_ =0. As no current flows through the external cir- Strictly notgo through (0, 0) coordinates. E64) shows that

cuit, the obvious expectation is that the overpotential is zero. there should be a minimum in’|. This minimum occurs at

13 That is, the electronic current is identically equal zero. This, however,
does not imply that local equilibrium is violated. The reason the electronic BRI - R
current is zero in this case is because the electrodes are shorted. In such gnd the measured current is still linear and is givenvby- "R
case, even thoudhthrough the membrane is zero, that through the combined ( R’ff,g(,) [1L]. If Re— o0, this reduces to the usual equatddr E—Ri [, |.
system comprising the membrane and the external short is not zero. Also, > Once again, to emphasizB, strictly cannot go to infinity since this
the preceding is only for steady state. If the steady state has not been estabviolates the assumption of local equilibrium. The above simply implies that
lished, the position and time-dependent electronic curtgf,t), through Re is very large.
the membrane need not be zero, even when externally shorted. 16 To reemphasize, the as-defingds calculated, not measured.

14 Note, however, that the relationship between voltage across the cell
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a current density given by

/ /
|1 (min)| = E ;frirfz
Reri + Riré

Note that wherRe — oo, |IL(min)| — 0. Note also that al-
though|n’| exhibits a minimum, the produ¢tn’ monoton-
ically increases with increasingdy |, from its lowest value
at OCV to its highest value at short circuit. This means, the
rate of loss of potential useful work due to irreversibility of
the process associated with overpotential, monotonically in-
creases with load current.

For electrode Il (anode) and the bulk membrane, similar
equations can be written. They are as follows:

(66)

For electrode Il (anode):
" _ (Rgrz{/ + R?VZ)IL
(Ri + Re)2
EZ(rl/_/ + ré/)
IL(R; + R.)?

In the short circuit limit

2E(Rir! — R.r)
(Ri + Re)z

(67)

E
1’ (short circuit)= _Er’{/ (68)

and under open circuit conditions
EX(ri +17)
(Re + Ri)z

The limit of Eq.(67) asRe — oo givesn”
For the bulk membrane:

n'lp — as I —» 0

1
ILrl- .

_ (R2ri + R )1,
B (Ri + Re)2
Ez("i + re)

IL(Ri + R.)?

ZE(Rire - Reri)
(Ri + Re)2

Ni

(69)
In the short circuit limit

E
ni(short circuit)= ——=r; (70)
i

and under open circuit conditions
Ez(ri +7)
(Re + Ri)2
The limit of Eq.(69) asRe — oo givesn =1rj.

nilp — as I; —» 0

The total polarization loss is the sum of the three, namely

n=n+n+n" (71)
which is also given by
ReR; E?
n= e L+ (72)
Ri + R, IL(R; + R.)

15

Note that wherRe — o0, n — ILR;. From Eq.(72), the rate
of loss of potential work into heat (irreversible process) in all
parts of the cell is given by

E2
Ri + Re

_ ReRi 2
Ri+R, -

niy (73)
which for Re — oo reduces td? R;.

Overpotentials in terms of thermodynamic potenti@itse
overpotential can be expressed in terms of chemical potential
of Oz, o,, and reduced (negative) electrochemical potential
of electronsg, by substituting fot; andle into Eq.(60), and
using Eqs(29)and(30). In general, rather complicated equa-
tions result. In what follows, only the limiting case wherein
the electronic resistance is much greater than the ionic re-
sistance will be examined, that is, the case corresponding to
Re — oo. For this case, it can be readily shown that overpo-
tential at electrode | is given by

~ Il ~1 ,
Mo — K2 1
=0 74
U 2 R (74)
given in terms of the net drop in electrochemical potential
of oxygen ions across the cell, the ionic resistance of the

interface at I, and the net ionic resistance, or

M/OZ— - ,ELIO%
N 2e
given in terms of the drop in electrochemical potential of
oxygen across electrode I. As defined, thés negative, and
the net current, , is also negative. Similar equations can be
written fory” andp; in terms of electrochemical potentials of
oxygen ions. Note, however, that E¢g4) and(75) are valid
only if the net electronic resistance is much larger than the
net ionic resistance. Also, only in such a case the measured
overpotential is the same aSdefined here.

/

n (75)

2.4. Oxygen separation under the application of an
external voltage

Such would be the case with yttria-stabilized zirconia
(YSZ) or rare earth oxide-doped ceria as the electrolyte, with
suitable electrodes applied on the two surfaces. In the firsttwo
cases considered, namely an MIEC membrane and a fuel cell,
theAuo, andAg are related to each other. Specifically, upon
the application ofA o, across the membrane, a correspond-
ing Ag appears across the membrane. In the present case, an
external voltage is applied across the two electrodes, which
effectively fixes theAg across the membrane. This provides
an additional experimental degree of freedéig. 11shows
a schematic illustration.

In the present situation, note that oxygen is being pumped
through the membrane from left to right. Thliss 0. Simi-
larly, electrons are also being pumped through the membrane
from left to right. Thus)e<0. That means, both andl. are
of the same sign, unlike the previous two cases. In this case,
both Apo, and Ay are experimental parameters, which can
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o' " rameters, especially, and the net voltage difference, namely,
Ap=¢" —¢!. The higher are the] and Ap=g¢'' — ¢!, the
lower iSM’oz- If sz is lower than the decomposition poten-
— tial of the electrolyte, decomposition can occur, effectively
> increasing the magnitude of the ionic current density, beyond
that given by Eq(23). In the case of zirconia, for example,

e L the decomposition reaction may involve the following steps.

Cathode —> 4 [ Anode When theup, < g™ reaction:

I | ZrOp — Zr*t + 207
-]+ T
| | occurs just under electrode I. The oxygen ions released trans-

L+l port through the membrane to electrode Il where the follow-
Electron flow Ea : . .
corresponding to I; + I, Ing reaction occurs:

207" - Oo(q) + 4€

Fig. 11. A schematic illustration of an oxygen separation membrane under
an externally applied voltage. Electronic and ionic currents are in the same

direction The electrons released transport in the external circuit to elec-

trode | where the following reaction occurs:
be arbitrarily selected. The general transport equations are
the same as before, and the net electronic and ionic curren
densities are given by Eg&9) and(30), respectively. The net reaction is
The oxygen ion current, as before, is given by E8), )
and the chemical potentials of oxygen just under the two £fO2— Zr(metal formed at negative electrode)

r** 4+ 4e — Zr(metal)

interfaces are given, as before, by E(&/) and(28). Since + 02(g, released at positive electrode)
now bothl; <0 andle <0, Egs.(27) and(28) can be written
as follows: The corresponding current appears in the external circuit, in

addition to the current due to oxygen pumping from left to

—J I /
gellll-i—g,lld> right. An important point is that the corresponding electron

1o, = 1o, + de (

/
8e8i transport occurs in the external circuit.
— Mloz — de(F|Ii| — 7| L)) (76) Alsoanimportant p(?lntto nlotel|7s thatonly inavery special
case would one haveg, = ug,.~" In almost all practical
and situations, such as the one assumed here, one would almost
, " —g/|Li| + gL always haveu’02 < Mloz (for the assumed case ¢fi7;| >
o, = Mo, — 4e g'g! rylLel).
et Similar analysis can be carried out for the interface at Il.
= ud, + 4e(r 1l = i1 L)) (77)  Forthe case ofih, = g, it is seen that
Note the negative sign in parentheses. Thus|#f| > r,|I.|, lefo — o)
note thatyu, ' difr|I;] < |1 te thatu, b, = b, + 2 — i (80)
o, < Ho,, and ifr;|I;| < r,|l|, note thatug, > Mo, = Mo, ot 417
1o, Similarly, if r}'[I;] > r|L|, note thatug, > ub,, and bt
if /1] < r//| 1], note thatup, < Mgz- for the assumed case df|I;| > r,|I.|. That is, one would

In the following discussion, it will first be assumed that have
rilli| > r,|1.| and r}|I;| > r]|I.|. Thus, note tha]u/o2 <
| " 1 T i
o, andud > uan, . Substitution of Eq(30) into Eq. (76) ] o ) _
gi?/és %27 70 Schematic variations qfo, and for this special case are
shown inFig. 12 Also shown in the figure is a schematic
variation of i yz-.
If, onthe other hand{|f;| < r,|I.| andr!|I;| < r)|I.|, we
would have hadg, > up, andug, < ug,. In such a case,
hthe variation of.o, andy would be as shown schematically in
Fig. 13 In such a case, the decomposition of the electrolyte
can occur at the positive electrode instead. Once again the

" n _
Ho, = Mo, = Mo,

| o, —no, i dele! — o)

0, = Mo, — 78
Ho = o T S T T e ] 7

Suppose the chemical potential of oxygen is the same at bot
electrodes, that igg, = pf,. Then:

elo' —"Vrj _ | el — o}

= 79
Lo +ri+r] 02 boi +ri+r1) (79)

1o, = o, +

17 For the general case (E({6)), for 1/, to be equal taul , itis necessa
; T / | for ug, qual g, ry
Sinceg” >¢', note thasz < Mo, The absolute value of thatr{|I;| — r,|I.| = 0. Clearly, this is a very rare case, and unlikely to be

/L/OZ inrelation toM'02 depends upon the various transport pa- realized in practice.
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G’JH
_é Ap=p —p! =E, Ap=¢" —p' =E,
o _ 1
x Ho, =Ho, L X .U{;": =.ﬂ(',::
Cathode Anode Cathode Anode
= T

Ho

Fig. 12. Schematic variations pb,, ¢, andii2- across an oxygen separa-
tion membrane under an externally applied voltage. It is assumed here that
rilLi| > r,|1I| andr!|1;| > r}|L|. Note that the.- decreases from left to
right, consistent with net oxygen transport from left to right.

Hp-2

Fig. 14. Schematic variations @fo,, ¢, and/igz- across an oxygen sep-
aration membrane under an externally applied voltage. It is assumed here
thatr|1;| > r,|L.| andr!|1;| < r]|L|. Inthis case, theo, in the membrane
everywhere is lower than that in the gas phase. Whethen#)encreases

or decreases from left to right depends upon relative magnitudes of transport
parameters. Note that thg,2~ decreases from left to right, consistent with
net oxygen transport from left to right.

decomp

reaction steps are as follows. When flig, < pq, ', re-

action
Zr0, — Zr* + 207

occurs just under electrode Il. Also at electrode Il . . . .
may be very sluggish. Thus, in practice, this case may not be

207 — 0,(g) + 4¢ observed.
o Additional cases can be similarly considered. They are as
Electrons released transport through the external circuit to follows:

electrode |, and then through the membrane towards electrode

I, where the following reaction occurs:

Zr*t + 4 — Zr(metal)

The net reaction is

ZrO, — Zr(metal formed at positive electrode)

+ O2(g, released at positive electrode)

In this case, however, it is necessary for the corresponding
electron transport to occur through the membrane. Since the
membrane is predominantly an ionic conductor, electronic
conduction is expected to be negligible. The implication is

that although the analysis shows that decomposition can oc-

cur at the positive electrode, the associated transport kinetics

¥ Ap=0" —p' =E
Ao, =@ —¢ A

X .ufff: :.U('J:

H (”x:

Cathode Anode

~
Hy-

Hy-2

Fig. 13. Schematic variations pb,, ¢, andii2- across an oxygen separa-
tion membrane under an externally applied voltage. It is assumed here that
rilLi| < r,|l| andr!|I;| < r}|L|. Note that the.- decreases from left to
right, consistent with net oxygen transport from left to right.

Supposer| ;| < ry|l|, SO thatug, > Mloz’ andr/|I;| <
|1, SO tha’r;/(’)2 < u'(')z. Fig. 14shows the expected vari-
ation of the chemical potential of oxygen through the mem-
brane foruf,, = ug,. Note that in this case, theo, in the
membrane is lower than that in the gas phase.

Suppose nowr(|l;| > r,|I.|, so that sz < ,u'oz, and
ri|li| > r]| 1|, so thatug, > ud,. Fig. 15shows the ex-
pected variation of the chemical potential of oxygen through
the membrane. In this case, thg), in the membrane is
higher than that in the gas phase. The preceding shows the
importance of incorporating the electronic current through

Ap=g" -¢' =E,

Anode

Cathode

'E

I
[¢

!

-2

Ji

Fig. 15. Schematic variations @fo,, ¢, andigz- across an oxygen sep-
aration membrane under an externally applied voltage. It is assumed here
thatr!|1;| < r,|I.| andr!|1;| > r]|L|. Inthis case, theo, in the membrane
everywhere is higher than that in the gas phase. Whetherdhéncreases

or decreases from left to right depends upon relative magnitudes of transport
parameters. Note that thg,2~ decreases from left to right, consistent with
net oxygen transport from left to right.
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Ey
Oxygen separation under an applied voltage

Fig. 16. An equivalent circuit for an oxygen separation membrane under an applied DC voltage. The circuit elements between the two filled elbptial sy
are not physically separable; they collectively represent the equivalent circuiE’Sl{E’, E;, E”) can be of different signs, and depend upon the applied
voltage,Ea, and the logarithm of the ratio of oxygen partial pressures at the two electrodes. Their sum, however, is indé&aetdeniepends only on the
logarithm of the ratio of oxygen pressures at the two electrodes.

bulk and also across interfaces, however small, into the internal EMFs at steady state are given by
transport equations, even when dealing with membranes / / ‘
i i ’ r r Te T
made of predominantly oxygen ion conductors. E' = Ep ( ) , E; = Ep <R — R) and
e i

e l

Re Ri
The equivalent circuit for an oxygen separation membrane ” Y

under an externally applied voltage is givefrig. 16with the E’ = Ep <re — ri) (82)
provision that in steady stafe= I/ = I/ andl, = I, = I.. Re R
The same equivalent circuit is applicable for the transient Note that the terms in parentheses determine the signs of the
case, in which the ionic and electronic currents are functions individual EMFs, yet the sum of the three EMFs is zero.
of position and time, but Kirchoff's equations continue to If M'o # ,u'(') , thenE 0. Then, it can be readily shown
hold 28 In what follows, only the steady state is considered. that the various EMFs are given by
In this case, as before:

/ / /

’ 1 E/ZEA(re—ri>+Eri

RT RT ; >

E=E/+Ei+E//:7|n & +7|n & R, R; R;

4F ' 4F /
s For E;=E (re i > +EZ and

i=Ea|l 5 — % —

+ R (pl(l)2> _ Ry, (pl(l)2> _ kel (1%2) oo B "

e 77 = -7 T | = T 1 % /"
4F Po, 4F Po, e Po, E" = Ena Ye _Ti + gl (83)

(81) Re Ri Ri

In the previous two examples, that is an MIEC membrane and the sum of the three EMFs equals that given by(&L).

and a fuel cell, all three internal EMFs were of the same  The overpotentialdn the case of oxygen pumping under
sign—consistent with a monotonic variatioryaf, from one an applied voltage, an external agency does work on the sys-
side to the other. In the present example of voltage-driven tem. Under isothermal conditions, with oxygen gas assumed
oxygen separation, however, this is not the case. Thus, theto behave as an ideal gas, the internal energy is a function
signs of the three EMFs in general are different as discussedof temperature only. Thus, no change in the internal energy
earlier. An important point to note is that the rigtn the occurs upon isothermal pumping. We will first consider here
above equation, however, is still independent of the exter- the case wherein the oxygen partial pressures at the two elec-
nally applied voltage, and is only a functionsf.o, existing trodes are identical so thiE!tliD2 = Mgz and the nek given
across the membrane. However, the individual internal EMFs, by Eq.(81) is zero. This means all work done on the system
namely,E/, E;, andE” are functions of the applied voltage, is degraded as heat (an irreversible process). The net ionic
Ea, and thus do determine the stability of the membrane. and electronic current densities are given/py= —%’? and

| Il - i . .
For the case wheneg, = j.p,, theE=0. The corresponding 7, = —£A_ Then, the rate of loss of input work into heat at
electrode | is given by
18 For membranes with spatially dependent transport properties (but with- , 2, 2 r r
out the incorporation of interfacial effects), the transient case was previously I;r; + I5r, = Ejx (’2 + ")2> (84)
examined if15,16] R; RZ
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Once again, the overpotential is definedin terms of the
current measured in the external circujthy

r r
)
R R

1

W1 = 12+ 12, = B3 ( (85)

1

wherel = —Ep (R% +x

) and the overpotential is given by

r{R% 4 r,R?
o —ilte Tl
RiRe(Ri + Re)

/

n =—E (86)

In this case, ak andle are of the same sign, théis the same

as the measured overpotential. If the electronic resistance

is much larger than the ionic resistance, that is in the limit
Re — 00, the above reduces to

E
—ir{ = [r/
R;

1 1

/

n = (87)
Interms of electrochemical potential of oxygenions, the over-
potential can be given as before by

~/ o~
r_ /“L02— /’LC)Z*

2 (88)

n
In the above, as-defined, battandy’ are negative. Similar
equations can be given fgrandn”, which are, respectively,
overpotential losses across the bulk membrane and electrod
II. Itis readily shown that the net rate of degradation of input

work into heat is given by +n + n")I = E% (1% + & )
2
which for Re — oo reduces toi—’_*.

R,
ar i I
Suppose we now consider the case wheu%rzm # o,

n 1
such thatt = % # 0. In such a case, it can readily

shown that the ionic and electronic currents are given by

Ep

R,

Epn — FE
_EATE and

I = 1, (89)

When 1 mol of oxygen gas is pumped frgsfy, to p,,, the
amount of potential work degraded as heat is

AFEEA R;

= 4F(Ep — E) + ———~ 2L
0 (Ea )+EA—ERe

(90)

and the net work of compressing 1 mol of gas frqubz
]

p)
Po,

(po,) to ud, (p,) is given byw = 4FE = RT In %

Note that if Re> R (or Re— 00), the above reduces to
Q~ 4F(Ea — E). If, however,Rs # 0o, but if Ep =E, then
the Q — oco. Note that in this casd; =0. Thus, it will take
infinite time to transport 1 mol of oxygen. Howevés# 0.

As a result, infinite electronic charge will have to be trans-
ported in the time required to transport 1 mol of oxygen gas,
which leads t@ — oo. Finally, the overpotentials can be eas-
ily determined in terms df;, le and the various area specific
resistances, using the approach described earlier.

19
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o« Electrode

Fig. 17. Aschematicillustration of the three-electrode system. A DC voltage

is applied across the working electrode and the counter electrode (on the op-
posite face). Both current and voltage between the working and the reference
electrodes are measured as a function of the applied voltage. Usually, the
testing is conducted in air, although can be conducted in other environments.

2.5. The analysis of three-electrode system

Often, the placement of a reference electrode in devices
such as solid oxide fuel cells (SOFC) raises questions con-
cerning the validity of the measurement, because the refer-
ence electrode location is on the surface. In thin, electrolyte
film, electrode-supported SOFC, this leads to substantial er-
Jors. In an attempt to circumvent these uncertainties, several
investigators have used the three-electrode system. It consists
of a thick electrolyte disc, upon which working and counter
electrodes are placed on the opposite sides of the disc in a
symmetric arrangement, and areference electrode is placed in
a symmetric arrangement with respect to the two electrodes.
Fig. 17shows a typical arrangement. Then, in order to inves-
tigate electrode kinetics at the working electrode, which may
be a prospective cathode for SOFC, a DC voltage is applied
across the working and the counter electrotfé®oth current
through the cell and voltage across the working and reference
electrodes are measured as functions of the applied voltage.
Corrected for the ohmic loss, the measured voltage between
the working and the reference electrodes gives a measure of
the electrode overpotential at the working electrode. In what
follows, implications of such measurements are described
using the analysis presented so far.

The membrane or the disc is predominantly an oxygen
ion conductor. Thus, note thaltz| <« [lj|. In the following
illustration, it is assumed that{|;| > r,|I.| andr]|1;| >
ry 1| 20

19 |n many experimental procedures, the instrument is operated in such a
mode so as to only track the voltage between the working and the refer-
ence electrodes, and little attention is paid to the actual voltage between the
working and the counter electrodes. It is to be emphasized that from the
standpoint of electrolyte stability and the present discussion, it is important
to know the actual applied voltage, which is between the working and the
counter electrodes. That is, the measurement of voltage between the working
and reference electrodes is not sufficient to describe the problem completely.
20 Sincelli| > |lel, this also implies thaRe > R;.
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The chemical potential of oxygen just under interface | is
given by Eq.(78). The testing is typically done in air. Thus,
the chemical potential of oxygen at the two electrodes (just
outside the electrodes) is the same. If concentration polar-
ization is negligible, the chemical potentials of oxygen at the
two electrode/electrolyte interfaces, namely, andy, are
identical, that isug, = ug,. Let us consider this case first.
Eq.(78)then becomes

Measured Current

Nonstoichiometry/Decomposition Current

Measured Current

| 46{(0” - @I}r,{
Ho, = Mo, Loi +r,+r!
1 1

(91)

Measured Overpotential

, " . )
If /“Lozdgceoﬂsases below the decomposmon chemical poten Fig. 18. A schematicillustration of the measured current (or current density)

tial, Ko, , the decomposition can occur just under elec- (—)vs. measured overpotential (corrected for the ohmic drop) using a three-
trode |, which manifests as excess current. It is also possi_eh:—xctrode system under an applied DC voltage. It contains two parts: (a) the

P . cathodic current(), namely due to the reactidyO, + 2¢ — O?~, and (b)
ble thata nonst0|ch|0metry (Oxygen defICIenCy) may develop the current due to the development of nonstoichiometry or decomposition

at a lower applied voltage, which can also lead to excess ) in practice, itis quite possible that the nonstoichiometry/decomposition
current (beyond that due to the cathodic reaction, namely current may be much greater than the cathodic current. Under such condi-
%Oz +2€ — 02_), Since the experimenter has no way of tions, the three-electrode system can grossly overestimate the cathodic ac-
determining how much of the current is due to decomposition “V”?’- Thﬁ tsﬁhemat'ctsho"‘ist?o;h Cu"elm aﬂ?hoyerpott?ntlgi plotted on '_'Ifl‘%ar

. : . scales. e current Is piotted on a logarithmic scale, the curves wi e
(or _nonst0|ch|ometry deve_lopmer_lt) and hov_v much is actually convex up.
attributable to the cathodic reaction occurring at electrode I,
the entire current is inadvertently assigned to the cathodic reaction, leading to an overestimation of the electrode ac-
reaction leading to an overestimation of cathodic activity, tivity. That is, one may erroneously conclude that the elec-
and thus an incorrect result. The:°"Pcan in principle be trocatalytic activity of the prospective cathode is far better

estimated from the known thermodynamic data. The usual than it really isFig. 18shows a schematic illustration of the
assumption made during such tests is that all that needs to h&xPerimentally measured current (or current density) plot-
done is to correct for the ohmic drop, in order to ensure that t€d versus experimentally measured overpotential in a typi-
the applied voltage is less than some critical value to ensurec@l three-electrode system under an applied DC bias. In the

that the chemical potential in the electrolyte is greater than Schematic illustration shown ifig. 18 both the current and
decomp decomp Eq.(91)can overpotential are plotted on linear scales. Hence the curvature

L
ggzrearr[azr%]. For the conditionso, ~ 1o, is concave up. If the overpotential is plotted on a linear scale
ged as . o
but the current s plotted on a logarithmic scale, the curvature
I decom P will be convex up.
Mg~ (Moz Ko, p) <€Pi +’/i T ) (92) In the preceding discussion, it was assumed that concen-
e T tration polarization is negligible. In practice, if the electrode
thickness is large and/or electrode porosity is low, such an
assumption may not be justifiable. A review of literature
shows that rarely is any attention paid to this aspect (thick-
ness and porosity) of the working electrode when making
such measurements. Suppose, for example, that concentra
tion polarization is not small at the working electrode, cath-

Eqg. (92) shows that if the applied voltage exceeds the above
value, decomposition of the electrolyte will occur at electrode
I. The equation, however, shows that there is no way to correct
for the ohmic loss as usually bothandr; are unknowns.

In the extreme case in which > r/" andr] > £p;, Eq.(92)

reduces to ode (electrode 1). In such a case under an applied voltage,
I decom the variation of oxygen partial pressure through electrode |
o — o & (“02_“02?) (93) will schematically appear as shown fig. 1921 In such a
de caseyup, < b, Where, as beforgy, is the chemical po-

. o ) tential of oxygen just outside the interface between electrode
Eq. (93) gives the minimum applied voltage necessary 10 | and the electrolyte. In the extreme case, ifthe porosity is low
cause decomposition of the electrolyte for the relative values gnd/or the electrode thickness is large, the net cathodic current
of transport parameters assumed here. Beyond this voltagejg gas phase diffusion-limited or concentration polarization-
the measured current will have two components; current due|imjted (through the porous electrode). In such a case, the
to the cathodic reaction gnd current due to decomposmon.pl reaches some low value, such that beyond some applied
In many cases, nonstoichiometry may appear at applied volt-
ages_lower than given by E(P2) (_)I’ (93), and this also will 21 Although inFig. 19the variation inpo, is shown linear, this need not
contribute to excess current. In either case, the measured CUrpe the case. If there is a gradation in porosity, the variatiopgnwill be
rent will be greater than that corresponding to the cathodic nonlinear.
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Fig. 20. A schematic illustration of the measured current)(vs. the mea-
Fig. 19. A schematic variation of oxygen chemical potential, (or oxy- sured overpotential using the three-electrode system with significant con-
. . '3 . . . .
gen partial pressurg,) across a membrane under an applied DC voltage. centration polarization present. The measured current consists of two con-

. . . . 1 9 .
It is assumed here that concentration polarization is negligible at electrode t1iPutions: (a) the cathodic current.(), namely,; Oz + 2€ — O™, which
II. However, at electrode I, it is significant. As a result, there is a variation of PeCOMeSs concentration polarization limited beyond some applied voltage. (b)

116, (andpo,) through the porous cathode. The variatiopis is expected The decomposition of nonstoichiomgtry current §, which begins beyond ‘

to be approximately linear. In such a Casq?lg < PIc') the net flux arriv- some applied voltage. The schematic shows both current and overpotential
7] 1 . . . .

ing at the electrode I/electrolyte interface is essentially fixed (concentration Plotted on linear scales. If the current is plotted on a logarithmic scale, the

polarization limit), and is proportional tofy, — pp) ~ pf,, beyond some curves will be convex up.

threshold applied voltage. In such a case, the current due to the cathodic re-
action, namely%oz +2€ — 0%, is constant, independent of the applied
voltage. However, theu’o2 continues to decrease with increasing applied
e

voltage. If, however;; > r/ andr] > £p;, then Eq(94)re-

, decomp duces to E((93). Several cases can be examined correspond-
voltage. Ifu.q, decreases belows,” ', the electrolyte decomposes result- ing to various relative values of transport parameters, and the
ing in additional (excess) current. If the material exhibits nonstoichiometry, ’
current due to the development of nonstoichiometry can appear before de-details will albeit vary. However, the important conclusion is
composition. Either way, the measured current includes both the cathodic the same, namely that in the three-electrode system under an
current and that due to decomposition/nonstoichiometry. applied DC voltage, current due either to the development of

nonstoichiometry in the electrolyte or due to electrolyte de-
voltage,p'OZ < p'c')z. In such a case, the cathodic current (due composition can occur, in addition to the current due to the ca-
to the cathodic reaction) is fixed. However, if decomposition thodic reaction. The intended purpose of the three-electrode
or nonstoichiometry develops, the measured current will con- system is to investigate electrode kinetics, i.e., to investigate
tinue to increase with the applied voltage. In such a case, therelationship between cathodic overpotential and the current
measured current density,versus the measured overpoten- due to the cathodic reaction, namél@z +2€ — 0% . The
tial, nm, would have little to do with the actual cathodic re- net measured current, however, will most likely include two
action.Fig. 20shows a schematic illustration of the cathodic contributions: current due to the cathodic reaction and current
current, the current due to decomposition/nonstoichiometry, due to the occurrence of decomposition/nonstoichiometry. It
and the measured current as a function of the measured overis possible that under certain conditions the current due to de-
potential. From Eq(78), the minimum applied voltage nec- composition/nonstoichiometry may completely overwhelm

essary to effect decomposition is given by the cathodic current. In such cases, the three-electrode sys-
| decom tem will result in significant overestimation of cathodic elec-
o1 [ Fo, T Mo, boi +ri+r! trocatalytic activity, and may not be a reliable technique,
o= 4e ri especially at high, applied voltages, and when the mate-

rial readily develops nonstoichiometry—such as ceria. It can

be shown experimentally that current due to nonstoichiom-

etry/electrolyte decomposition can be several times that due
to the cathodic reaction under relatively modest applied volt-

Since aged22].

(Zp,-+r/;+r;’) W

T

1 |
Mo, — Mo,

* de

(94)

3. Discussion

it is clear thatAg=¢'' — ¢!, the applied voltage necessary

to cause decomposition given by Kg4), is lower than that The main objective of this manuscript was to develop
given by Eq.(92). That is, if significant concentration polar-  transport equations through mixed oxygen ion and electronic
ization exists at the working electrode, the decomposition (or conducting membranes, and through predominantly oxygen
the development of nonstoichiometry) will occur at a lower ion conducting membranes, by incorporating transport across
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interfaces. The analysis assumes the usual criteria of localfects, an otherwise unstable electrolyte may exhibit stability
equilibrium and electroneutrality. As emphasized, the as- in fuel. It is known, for example, that a fuel cell made with
sumption of local equilibrium implies that electronic cur- phase-stabilized cubic or rhombohedrab®; readily de-

rent cannot be assumed to be identically Zéreyen in a composes to metallic bismuth in hydrogen as fuel. However,
predominantly oxygen ion conductor, such as zirconia. This it has been observed that the same fuel cell remains stable
has important implications concerning the chemical poten- when operated in lightly humidified~3% H,O) methane,

tial of oxygen in the membrane, and thus the very stability even when theto, in the fuel is lower thamdoicomp[%]-

of the membrane. It is well known that many factors dic- This suggests that electrode characteristics must be such that
tate transporlt through membranes and across mterfaceg, anglith methane as a fuehé’;z must be greater thaﬂdoicomp,

the assumption of transport parameters as constants (inde: . decomp I decomp .
pendent of oxygen partial pressure) is an oversimplification. that ISko, > Ho, - €Ven whem02 < Mo, '.A possI-

At the same time, however, such a simplification is deemed ble approach to preventing decomposition of bismuth oxide

necessary in order to elucidate the fundamental phenomeng’ased electrolyte is the dep_osition ofa more stable materigl
in a simple analytical framework, which is not possible if such as YSZ or rare earth oxide-doped ceria, such as samaria-

one incorporates the dependence of transport parameters oﬂo.pe,d ceria (SDC), on the Sid? exposed to fuel. By suit_ably
defect chemistry and on locab, .23 If the exact dependen- tailoring the properties and thicknesses of the two regions,

cies of transport parameters pp, (Of 110, are known for apalysis based on bulk transport sugggsts that it may be pos-
a given material and interfacial regions, which is rarely the sible to prevent electrolyte decomposition by ensuring that

case, numerical solutions to transport equations can be readgheuazeggmmsmuth oxide never goes below the correspond-
ily developed. Such an approach was not chosen here, as thé'd io, " [14]. However, the required thickness of YSZ
purpose was to focus on fundamental aspects of transportOr SDC to prevent decomposition is often comparable to or
with emphasis on interfaces, and not on any specific materialMay even be much greater than that of bismuth oxide, which
with any particular defect structure. In this framework, three defeats the very purpose of using a high conductivity bismuth
cases were examined: (1) MIEC oxygen separation, (2) fuel 0xide based electrolyt4,24] The present work suggests
cells, and (3) voltage-driven oxygen separation. that a more profitable approach may involve modification of
For the case of MIEC oxygen separation, it was shown the anode/electrolyte interface. This, for example, could be
that they.o, always varies through the membrane monoton- the case Il fronFig. 7, wherer > r, r,. Thus, the present
ically between the two end values (corresponding to the two Work suggests a possible approach for usingd3tbased
atmospheres), regardless of the nature and the details of interelectrolytes by suitably modifying the anode/electrolyte in-
facial processes. This has important implications concerning terface.
the thermodynamic stability of the membrane. The analysis ~ For fuel cells, equations for electrode overpotentials in

shows that to ensure membrane stability, it is necessary that€rms of ionic and electronic current densities, and interfacial
M/(/)z - Mdoezcomp’ a condition which could be achieved even if transport p_ara_meters were developed. The usual definition of
0 decomp o . overpotential is as a measure of the loss of useful voltage
1o, < Mo, - Thus, the implication is that if a membrane i, jrreversible processes. From the standpoint of thermody-
is used for the production ofdsyngas, for example, it is nec- hamics, however, the overpotential loss should strictly be de-
essary to ensure that), > uc. - That is, the transport  scribed in terms of the rate of loss of potential work (which
properties, especially across interfaces, must be so adjuste¢an be derived as decrease in free energy) into heat. The usual
to ensure thapy, > udoicomp. The exact variation ofio, approach is to describe the overpotential as ameasurable volt-
through the membrane depends upon the various transport paage loss, as a function of current (measured in the external
rameters, including those of interfaces. This implies that one circuit). The inclusion of internal electronic leakage, when
may need to deposit a thin (a few nanometers) layer of somethe overpotential loss is given as a measure of the potential
material of appropriate transport properties on the permeatework degraded as heat, leads to the conclusion that at OCV,
side to ensure stability of an otherwise unstable membranethe overpotential, defined as the rate of loss of potential work
in the imposed atmosphere. The same general conclusionsat an electrode divided by the measured current, is actually
apply to fuel cells. That is, depending upon electrode ef- infinite. This is because even when no current is flowing in
the external circuit, part of the potential work is continually
7 Uniees shorted external being degradgd as heat due t'o internal electronic leakage.
23 There are many publishga reports, which have incorporated the defectAS stated ea.‘r“er’ th.e eIeCtr.omc 9urrent can never be zero
chemistry details into the analysis. HO\’Never, this necessitated making sim-When pOtemlal gradients _eX!St’ _Wlth the re&_‘,ulj[ t_hat at OCV,
plifying assumptions regarding the thermodynamics of defects. Also, in so the as-defined overpotential is singular—or infinite. Also, the
doing, the important features of electron transport across interfaces were gen-overpotential as-defined may not be measurable. At the same
erally overlooked. This notonly leads to incomplete description of transport, time, however, the relevant physical parameter is the product
but also does not permit the estimation.af, inside the membrane, unless - o the as-defined overpotential and current, which is always
further simplifying assumptions are made abu}, variation across inter- finite, and is a measure of the rate of degradation of potential

faces. For example, E¢31) can explicitly given.o,(x) when it is assumed . . . . .
thatyup, = b, andyuj, = sl , an assumption which is rarely justified. work into heat (an irreversible process). In a typical practical
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case wherein the electronic leakage is usually negligible, andtransport will require relationship between composition (sto-
a finite current flows through the external circuit (such that ichiometry) anduo,, which will most likely have to be de-
[l = 11i| > lel), the overpotential defined here is essentially termined experimentally. Unfortunately, this is rarely known
the same as the usual one, and measured experimentally. for any material with any degree of certainty.

In both MIEC oxygen separation membranes and fuel
cells, theuo, andg are interrelated. In voltage-driven oxy-
gen separation systems, however, o) andg can be inde- 4. Summary
pendently varied, which implies an additional (experimental)
degree of freedom. In such a case, fhs in the membrane In the present manuscript equations were developed to de-
can lie outside of the end values. Thatﬂgembfane can be scribe transport of oxygen ions and electrons through mem-
greater or lower thaf}uo and/or M Transport parame-  branes by explicitly taking into account interface properties.
ters of the membrane and across mterfaces and the applied he fundamental assumptions made are the same as in virtu-
voltage determine the actual variation o, in the mem- ally all of the earlier studies, namely, the existence of elec-
brane Figs. 12—15how the various possibilities. An impor-  troneutrality and local equilibrium. The assumption of local
tant point to note is that by virtue of the fact tha{g‘embfane equilibrium is shown to imply that electronic current can-
can lie outside of the end values implies that itis possible for not be entirely neglected, however small, to ensure that lo-
Mgfmbfaneto be lower tharuo °COMP Under such conditions,  cal chemical potential of oxygem,o,, is uniquely defined.
localized membrane decomposition or nonstoichiometry can Thatis, even in a predominantly oxygen ion conductor, elec-
occur. This has important implications concerning the use tronic transport must be taken into account. Transport of
of the so-called three-electrode system under an applied DCOXygen ions and electrons through the membrane as well
voltage for the measurement of electrode polarization behav-as across electrode/membrane interfaces was taken into ac-
ior. The analysis shows that in the three-electrode system, acountin the present work. These equations were then applied
significant contribution to the net measured current can oc- to fuel cells, MIEC oxygen separation membranes under an
cur from membrane decomposition (or the development of applied pressure gradient, voltage-driven oxygen separation,
nonstoichiometry), leading to an inadvertent overestimation and the three-electrode system which is often used for the
of electrode electrocatalytic activity. The present work thus study of electrode kinetics. It was shown that in fuel cells or
shows that caution should be exercised in using the three-MIEC oxygen separation membranes, as long as the chemi-
electrode system under an applied DC bias for the investi- cal potential of oxygen on the reducing side (anode in the
gation of electrocatalytic activity of an electrode. It is also case of fuel cells; permeate side for MIEC oxygen sepa-
possible that th‘ﬂoz in the membrane may be much greater ration or fuel side for the synthesis of syngas using MIEC
than bOthuo and,u under an applied DC voltage. In such membranes) is greater than the chemical potential of oxygen
a case, cracking of the membrane can occur under an appliecorresponding to membrane thermodynamic stability, mem-
DC voltage, as has been previously shown theoretically andbrane decomposition should not occur. Membrane may con-
experimentally[15,16] tinue to be stable even if the chemical potential of oxygen

All transport equations are given under the simplifying in the anode gas (fuel cells) or permeate side (MIEC mem-
assumption that transport properties are independgmbof branes) is lower than the decomposition chemical potential,
which allows one to obtain simple analytical equations. At provided the interface transport properties are suitably tai-
the same time, the fact that the chemical potential of oxygen lored such that the chemical potential of oxygen just inside
is a function of positiory.o, (x), implies that small changes in the interface is greater than the decomposition chemical po-
composition are presumed to occur until steady state is estabtential, that isug, > doeco P However, in the case of oxy-
lished. The net integrated oxygen flux arriving or leaving an gen separation under the action of an applied voltage, de-
elemental regionxlis directly related to the interrelationship  pending upon the magnitude of the applied voltage and the
between composition (stoichiometry) and, . If for a given relative transport parameters of the membrane and interfa-
change inwp,, namelyAuo,, the change in composition is  cial regions, the chemical potential of oxygen in the mem-
small (narrow stoichiometry range), this means the capacity brane inside the interfaces can go below the decomposition
of the internal EMF will also be small. If chemical capacitors chemical potential. In such a case, membrane decomposi-
are used to describe the equivalent circuit, then it will im- tion can occur, or a nonstoichiometry may develop. This has
ply that the magnitude of the chemical capacitance is small. significant implications concerning the use of the so-called
This may likely be the case with zirconia. Alternatively, if three-electrode system for the study of electrode kinetics, for
for a given change ipo,, namelyA io,, the change incom-  example for the study of a prospective cathode for SOFC.
position is large (wide stoichiometry range), this means the The significance is that measurements made using the three-
capacity of the internal EMF will also be large. If chemical electrode system under high applied voltages may vyield er-
capacitors are used, then it will imply that the magnitude of roneous conclusions concerning cathode activity, since the
the chemical capacitance is large. This may likely be the casenet current generated will consist of two terms: (a) that due
with ceria. Regardless of whether internal EMF or chemical to the actual cathodic reaction, nam%@z + 2 - 0%,
capacitors are used, it is clear that a complete description ofand (b) that due to the occurrence of decomposition and/or
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the development of nonstoichiometry (oxygen deficiency). In spatial variations ofio,, ¢, andi;2- can be easily evalu-

a typical experiment, the measured current is invariably at- ated numerically—if not analytically. Such an approach was
tributed to the cathodic reaction, thereby overestimating the not selected here. The simplification made may only alter the
cathodic activity of the prospective cathode, since the exper-details, but not the broader, general conclusions.

imenter has no way of separating the two. In many cases,

the current due to nonstoichiometry/decomposition may be

much larger than the cathodic current, leading to large er- Acknowledgements
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Yttria-stabilized zirconiaYSZ) electrolyte disks with patterned platinu(R?) electrodes having different three phase boundary
(TPB) lengths(ltpg), but the same electrode-electrolyte interface area, were deposited on one of the two faces using photomi-
crolithography. Platinum counter electrode was applied on the other face, and a platinum wire reference electrode was positioned
along the cylindrical surface. Impedance spectra under zero applied bias were obtained in oxygen partial mpzf;zsurasging

between 10° and 1 atm and over a range of temperatures between 650 and 800°C. Area-specific charge-transfer rBsjstance,
was found to vary inversely withypg. The value of charge-transfer resistivipy, corresponding to the charge-transfer reaction
occurring at TPB, was estimated at various temperatureq;)@znd'he R andp decrease with increasirm)2 and with increasing
temperature. The activation energy for the overall charge-transfer reaction was found to vary between O.7$1@2\bi106001

atm and 1.63 eV for @o, of 1 atm.
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Platinum is one of the most investigated catalysts for electro- Several studies have been reported wherein attempts were made
chemical reduction of oxygeh? The reaction of oxygen reduction to elucidate the exact relation between the length of TPB and the
occurring at the cathode of a solid oxide fuel @IOFQ can be  charge-transfer resistan&.n real electrodes which may consist of
given by porous composite mixtures of lanthanum strontium manganese ox-

o o2 ide (LSM) and YSZ, or other materials for example, the length of
,(g) +4€ =20 [1] ; . o . .
TPB cannot be directly determined, albeit it can be estimated using
Many studies have been conducted on the investigation of the cathtechniques in quantitative stereology. This, in fact, has been done in
ode reaction mechanism and to assess the performance cf limited number of studies* From an experimental standpoint,
electrodes:* The reaction given in Eq. 1 consists of many sub-steps,however, a direct approach would be to deposit the electrode mate-
the details of which are not well understood. It is generally assumedial, e.g, LSM, in a specific geometric pattern over an electrolyte
that the reaction steps include adsorption of oxygen, dissociation ofjisk, e.g, YSZ, and measure the polarization resistance using tech-
molecular species into atomic species, migration of molecular Ofniques such as impedance spectroscopy. Such an approach has been
atomic species on the surface of the electrode or electrolyte, theecently used to study the overall charge-transfer reaction at both the
occurrence of electron-transfer reaction, and the transfer of ions intgnode and the cathode. For example, Mizusakail. and Bieberle
the solid electrolyté. Cathodic activation polarization is the total et al. have investigated the reaction mechanism at nickél
V0|tage |OSS OCCUI’ring in a” Of the abOVe'mentiOned Steps. It iSanode_YSZ electro'yte_gas phase TBés S|m||ar|y’ Horitaet a|l
important to reduce the cathodic activation polarization to as low ayseq electrolyte disks with patterned LSM electrodes, conducting
value as possible to increase the efficiency of the SOFC and also t@econdary ion mass spectroscdyMS) analysis of oxygen isotope
lower the operating temperature. , _diffusion under the influence of an externally applied voltage to

The reduction of oxygen molecules to oxygen ions and theirimage the charge-transfer regions, and concluded that the most ac-
transfer into the electrolyte can occur via two different pathways ;e “site for the charge-transfer reaction is the TPB reéfo"ﬁ.
depending on the ionic and electronic transport properties of thegyichyzin et al, who used circular microelectrodes of LSM of differ-
_cathode materidl First |s_ath_ree phase b_ounda(mPB) path, which ent areas to study the dependence of cathodic polarization on the
includes oxygen gas diffusion, adsorption of oxygen on the elec-ye,metry ohserved that the polarization resistance varies with the

trode surface, diffusion ofpossibly dissociatgdoxygen species inverse of the square of the microelectrode diameter under zero

along the surface toward the TPB where the electrolyte, electrode, : ; . ; ]
and gas phase meet, followed by ionizati@ectron transférand applied bias and concluded that the oxygen reduction reaction oc

ionic transfer into electrolyte. The second path involves the two curs at the surface of LS Investigation by the authors of this

phase boundary2PB) between the cathode material and the gas papet” shows a linear relation betweenRL,{anlepB for patterned
phase and consists of oxygen gas diffusion, adsorption on the cat?jLSM electrodes on YSZ, consistent with the occurrence of charge

ode surface, dissociation, electron transfer on the surface of the cat [an_sfer pr?f?sm'”a”"y at TPB, in agreement with the res_ults of
ode, oxygen ionization, incorporation into the cathode at the 2PB; o_rlta etal. It ap_peared that Wh".e the ch_arge-transfer resistance
between the cathode and the gas phase, oxygen ion transpo'ﬁ |nv_ersely pro_portlon_al tbrpg, coOnsistent with the charge-transfer

through the cathode, and the transfer of ions into the electrolyte. €action occurring mainly at the TPB, at 800°C some transport also

7 .
It is generally assumed that with a predominantly electronic- 0ccurs through LSM! However, it was found that even though

conducting cathodésuch as platinuinand predominantly oxygen- ©0Xygen reduction reaction at the surface of LSM and subsequent
ion-conducting  electrolyte[such as Yttria-stabilized zirconia transport of oxygen ions through LSM is possible at 800°C, its
(YSZ)], the electrochemical reaction of oxygen reduction and ion contribution to the overall charge-transfer reaction is much lower
transfer given by Eq. 1 occurs at the TPB between the cathode, theompared to that occurring at a TPB. _ _
electrolyte, and the gas phagibe first path. The corresponding The objective pf the present work was to investigate the cathode
geometric parameter, which governs the overall reaction kinetics, igeaction mechanism at a platinum electrode using patterned elec-

the length of the TPB per unit area of the cathode-electrolyte macirodes. Many studies have been reported on the oxygen reduction
roscopic interface, given bltpg in units of cni. kinetics at platinum electrodes, but there appear to be no reported

studies using platinum electrodes of well-defined geometry as used

in this study->2° In addition, there is no unanimity on the exact
* Electrochemical Society Active Member. c_ietalls of the cathoo_llc reaction process, thou_gh it is generally_ be-
** Electrochemical Society Fellow. lieved that the reaction steps include adsorption of oxygen, disso-
2 E-mail: anil.virkar@m.cc.utah.edu ciation of molecular species into atomic species, migration of mo-
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p
RIFe =1 [4]
TPB

where, in principleR]{® andlpg can be separately measured, thus
facilitating the estimation of. Note that theR'y ®, as-defined, may
include the adsorption process, dissociation of molecular species into
atomic species, migration of molecular or atomic species to the TPB
region, the occurrence of electron-transfer reaction, and the transfer
of ions across the TPB region. Hengg, depends upon a number of
Three Phase parameters such as the oxygen partial pressure, temperature, elec-
Boundary Region tronic and ionic conductivities of the electrode and electrolyte, etc.
However, it is microstructure-independent, and thus is a fundamental
Figure 1. Model for charge transfer at a TPB. In this figure the dimensions parameter that can be used to compare two electrode materials. For
are not to scale. While the electrode thickness, width, and electrolyte dimena given set of conditions of temperature and atmosphere, if the
sion are on the order of micrometers, the region through which the actuaklectrochemical reaction occurs at a TPB, it is expected that the
charge transfer occug and3) are on the order of angstroms. dependence TtPB on lypg is given by Eq. 4.

For the electrodes investigated in this study, the TPB length is
attributed to three factorsi) the TPB length of the particular geo-
metric pattern prepared by photomicrolithograghygg), assuming
lecular or atomic species to the TPB region, the occurrence ofsmooth line edges(ii) additional TPB length due to the possible
electron-transfer reaction, and the transfer of ions across the TPRyaviness(a) of the edge at a microscopic levend (iii) the TPB
region into the solid electrolyte. Often for simplicity it is assumed that can occur in the electrode film due either to the inherent poros-
that one of these is the rate-limiting step with the rest of the stepsty of the substratdelectrolyte and/or due to the defects, such as

peing close to equi!ibriym, althou.gh this is often an oversimplific.a- pits, that may occur during the preparation of the sputtered film
tion. Several rate-limiting steps in the charge-transfer mechanismyng/or during heat-treatmentpgo). Hence
have been reported and the variation of the polarization resistance

on po, has been reported to follow eithepg,lz’2 or pai ltpe = lrped(1 + ) + l1pgo [5]

8-27 : .
D e o o o oy Was varied over a wide range 1o sty he efectof TP
802 i P £ th I arg hani Il und ' drlleength on area-specific charge-transfer resistance.lfgig is ex-
etalls of the overall reaction mechanisms are not well understoodyaciaq to be more or less the same in all samples, because the
The present work was undertaken to investigate charge-transfe

characteristics at the PUYSZ/gas-phase TPB using patterned ele électrode-electrolyte interface area was the same in all samples, and
E ) ll samples were subjected to the same thermal treatment e
trodes and compare the results with those obtained on the LSM P J bk

) an be estimated using quantitative stereofdgithen the electrode
YSZ/gas-phase systejrﬁ.Patterned platinum electrodes of well- g4 oy

defined TPBs were sputter-deposited on sintered YSZ disks an(irgogy ria\:\éivi%c?a?i%issaél\a Tngg:?%cfv\ﬁgi; tl)fpg;egilérs’dtggm

impedance spectroscopy under zero applied bias was used to obtaéan

the polarization resistance over a range of temperatures between 65§°B can be determined. Finally, if the solubility and diffusion of
dp800°C d betw Igé d1 pt EEc(’)mic oxygen in platinum is not negligible, some transport may
an and @o, range between 1o and L atm. well occur through the film. That is, platinum may exhibit some

mixed ionic electronic conducting propert%tn such a case, the net

Theory area-specific charge-transfer resistance is giveRhywhere
Dependence of Ron the TPB lengtliltpg).—In solid-state 1 1 1 lpp Ap
electrochemical devices, the charge-transfer reaction given by Eq. 1 Et - TtPB + MtIEC - E RMIEC(A) (6]

occurs at the TPB between the electrocatalgictrode, the elec-
trolyte, and the gas phase, provided the electrocatalyst is a predomin which RY € is the charge-transfer resistance associated with the
nantly electronic conductor. This is illustrated in Fig. 1. The relevant permeation of atomic oxygen through platinum and ion transfer into
geometric parameter is the TPB line lengtfhg, given in units of  the electrolyte R4'“*, is the area-specific charge-transfer resis-
length per unit area of the electrode/electrolyte macroscopic intertance associated with the through transport of oxygen which scales
face. The TPB line where charge transfer occurs may be thought ofyith the area of the platinum electrode aig is the area fraction of

as having a thickness, and widths. In terms of the charge-transfer the platinum electrodeémicroscopic electrode-electrolyte contact
resistivity, pe,, width, £, and thicknessp, through which charge  grea RMECA) js expected to be a function of the thickness of the
transfer occurs, and the TPB line lengthpg, the area-specific  pjatinum film. When the electrode is dense and if it can be assumed
charge-transfer resistance corresponding to the overall chargethatRWEC(A) is rather large, negligible charge transfer is expected to

tbrsz%sfer reaction occurring at a TPR, ", in units ofQ cn?is given 0,y through the bulk of the electrode. With this assumption, the
total charge-transfer resistanBg is given by
TPB Ped
= —— 2 p
t 8|TPB [ ] Rct - TtPB — ﬁ [7]
The parameters and ¢ are expected to be on the order of a few

; X . . The overall cathodic reactiop— - -
angstroms, typical dimensions over which the actual charge transfer The overall charge-transfer re

is expected to occur. The parametefs 5, ande are not amenable action is given by Eq. 1. In terms of oxygen vacancies as the pre-
to independent measurements. Thus one can define an intrins%.ommant point defects in the electrolytepMhe reaction may be

charge-transfer resistivity, by given by

’
_ Peid
Pet = & [3] “The waviness should also be there at the atomic l@wehanolevel. This waviness is
assumed to be included in tipg, itself.

and therefore the area-specific charge-transfer resistance is given Bffectively, transport of atomic oxygen through platinum.
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Po, + Py, = 1 [17]

Thus, Eq. 16 can be written as
where Kroger-Vink notation has been used. The overall reaction "

1
502+V5+2e/ﬂoé (8]

may consist of the following subreactions: Molecular adsorption R, = RIP8 = ped (1 +b") + (b = b")po } (18]
1 1 I ltpeb"Po,
2 0A9) — 2 Oo(ads 9] A plot of 1/R vs. kpg should thus be a straight line passing through
Dissociation the origin with slope equal to p4, wherepg is given by
. _puL+D) gl =)
5 Os(ads — O(ads [10] P st D [19]
Charge transfer Note that a plot ofpg Vs. 1/po2 should be linear with slope
. x =pa(1 +B")/b" and intercept pg(b’ - b”")/b’. Multiplying both
O(ads + Vo + 2¢' — Oo [11] sides of Eq. 19 by, gives
An alternative possibility includes charge transfer with the adsorbed ,
species being molecular oxygen, namely pr(1+1b")  pd’ = b")po,
1 PctPo, = b’ + b’ [20]
=~ O,(ady + Vg + 2¢ — Of 12
2 028d9 + Vo — o [12] Thus, a plot ofpepo, Vs. P, should be linear with slope p(b’

"

It is possible that none of the steps may be at equilibrium. In such & b")/b" and intercept (1 + b")/b’.

case, it is necessary to include the kinetics of each subreaction in the If the adsorption of nitrogen is negligible, théf = 0, and Eq.
overall reaction scheme. For simplicity, we assume that the kineticsl9 becomes

of adsorption is fast, and thus the adsorption reaction is at equilib- "

rium. The overall charge-transfer kinetics is thus assumed to be Pt = o + ply [21]
dictated by the charge-transfer reaction. b’po,

Dependence of R and py on oxygen partial pressure and Eq. 20 becomes
(po,).—The oxygen vacancy concentration in a typical electrolyte po

(e.g, YSZ) is expected to be related to the dopant concentration and PctPo, = b * pePo, [22]
thus be constant over a wide rangepg, (and also temperature

The electron concentration in the elecfrocatalyatinum is also ~ Thus, a plot ofp vs. 1/po, should be linear with slopegg/b” and
expected to be independent p&z. Thus, the possiblqao2 depen- intercept $¢; and that ofpctpo2 VS. o, should be linear with slope
dence of the charge-transfer reaction must be through the depenr=p” and intercept g,/b’. That is,p/, andb’ can be estimated from
dence of the surface oxygen coveragepyy). The partial pressure  either of these plots provided adsorption of nitrogen is negligible,
dependence of the intrinsic charge-transfer resistivity at a TPB mayand both should give the same values, if flig dependence af¢

then be given as obeys the associative adsorption model.
o If oxygen adsorbs as atomic oxygen, the surface covefrgis,
por= = [13] given by
0 o
where 8 is the surface coverage of oxydeand pl, is the charge- 0 = by Po, [23]
e e . . . TPB (e} * o [
transfer resistivity aé = 1. Substituting Eq. 13 into R, -~ may be 1+b \/p_o2 +bpy,
given by

where both oxygen and nitrogen adsorption are assumed to occur as

_ oTPB_ Pt [14] atomic species, and’ andb™ are the respective adsorption coeffi-
Ru=Ry ™ = Ol 7o cients. Substituting Eq. 23 into 14 gives
Because oxygen can adsorb as either molec(ﬂa_sociativ& or s pr(1 + b*\/p_oz+ b \“'/p_Nz)
atomic (dissociative oxygen, it is important to consider both asso- Ri=Ry = e [24]
ciative and dissociative adsorption. According to the Langmuir ltpeb \/Po,
adsorption gnodel, surface coverage for associative absondégn, A further simplification of this equation can be obtained if the ad-
is given by sorption of nitrogen can be neglected, consistent with= 0. Thus,
b’ po settingh™ = 0 gives
8o, : [15]

T 1+b'po, + b'py, (1+b"\po,)

4
Ry = TPB _ Pet

t T [25]
ltpeb \/Po,

where both oxygen and nitrogen are assumed to adsorb as molecular
species, and’ and b” are adsorption coefficients of molecular . .
oxygen and nitrogen, respectively. Substituting Eq. 15 into 14 gives”9@n, 1/slope of the plot of H vs. kpg is the charge-transfer
resistivity, py, given by
_ pl(1 +b'po, + bpy)

16 p %
Itpeb’Po, L16] Pct = b N/CF;_ * Pet [26]

The partial pressure of oxygen was varied in this study by using — . ) .
mixtures of oxygen and nitrogen, while keeping the total pressure af plot of pe; vs. 1/ypo, should be linear with slope pz/b™ and

1 atm.,i.e. intercept .. Multiplying both sides of Eq. 26 b)g/p_o2 gives

Ra=Ri"

"
_ Pet ”
o _ Pet\VPo, = 7= * PV Po, [27]
®Which is strictly line coverage assuming charge transfer occurs at TPB. b
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A plot of pct\;’pT.z vs. \ﬁ'poz should also be linear with slopepg and
intercept /b". The two plots should give the same valuepff
andb’, if the Po, dependence gf.; obeys the dissociative adsorp-
tion model.

Experimental

Disks of YSZ (Tosoh Corp., Japarwere fabricated using con-
ventional ceramic processing methods involving die-pressing of
powder compacts followed by sintering in air. The powder was
pressed in a circular die using a uniaxial press under a load of 4,500
kg. The disks obtained were then sintered at 15001Gfh in air.

The disks after sintering had dimensions of approximately 24 mm
diam and 3.5 mm thickness. One surface of each disk was polishe
to a 1um finish. After polishing, a groove was machined along the
cylindrical surface of the disk at a distance of nearly 1.5 mm from
the polished surface. The disks were then cleaned in soap solution

followed by rinsing in acetone, in deionized water, and dried at

500°C for 2 h. tube furnace such that the disk was positioned near the center of the

Patterned(line patterns with electrode-electrolyte contact area furnace. The tip of a thermocouple was placed very near the disk to
fraction Ay = 0.5 platinum electrodes corresponding to a wide Mmeasure the temperature. The inlet tube was connected to com-
range oflrpg, Were fabricated on the polished surfaces in a circular Pressed gas cylinders containing premixed gases of desired compo-
area of 1 cm diantarea 0.785 cR) at the center of each disk using sitions. A flow rate of nearl_y 200 ml/min was used to contln_uously
photomicrolithography and sputtering techniques. In order to obtaincirculate the desired premixed gas of a given oxygen partial pres-
the line pattern of the electrode, the disk was initially coated with Sure. The system was allowed to equilibrate at each condition of
positive photoresist Shipley 1818 and was baked at 100°C for 5 minteémperature and oxygen partial pressure before making measure-
The sample was then exposed to UV light for 20 s using previouslyments. Impedance spectra were obtained using a Solartron
prepared dark field masks with appropriate line patterns. The eximpedance/gain-phase analy#8t-1260 in combination with a So-
posed samples were developed using MF 321 developer for nearlfrtron electrochemical |nterfa¢SI-128‘0_, over a range of tempera-

30 s, rinsed in DI water, and dried. Samples with various patterndUres between 650 and 800°C, and in gas mixtures with oxygen
were prepared using different masks, each having the ggteut  Partial pressure ranging between 3@nd 1 atm.
differentlpg, The patterned samples were then loaded into a sput-
tering chamber. Platinum electrodes of nearlyn thickness were
sputter deposited using a platinum target by dc sputtering using Morphology of the platinum electrode-An optical profilomet-
argon plasma. The YSZ disks were held at a distance- 6 cm ric trace of the as-sputtered platinum electrode is shown in Fig. 2
from the target and were at room temperature during sputtering. Th@and an SEM image of the same is shown in Fig. 3a, both of which
chamber pressure was kept at a low presslirmTory to obtain a  clearly show a well-defined line pattern. Thgg, of this sample
dense thin film of platinum. After sputtering the disks were washedwas 250 crii*. The images show that the as-prepared electrode
in acetone to lift off the photoresist and the platinum film on top of edges are smooth and continuous. This allows precise determination
the photoresist, giving rise to the desired platinum line pattern. Thepf theltpgp, Which was varied from sample to sample by varying the
disks with platinum patterned electrodes were later annealed afvidth of the line and the space between the lines, while keeping the
900°C for 2 h. The electrode morphology was examined before andy, constant. Thepg, for the various patterns, as-calculated from
after annealing, and after electrochemical testing using an opticajhe geometry of the as-sputtered electrodes, were 500, 250, 100, and
profilometer and a scanning electron microsc6REM). _ 50 cni! (corresponding to platinum line widths of 20, 40, 100, and

. A counter Qlectrqde of platinum was applled using platinum re- 2gg um, respectively An SEM image of the sample withrpg,
sinate, again in a circular area of 1 cm diam, at the center of the- 250 cn7! after testing is shown in Fig. 3b. After annealing and
opposite face of the disk so that it is symmetric with respect to thetesting, the electrode morphology changed substantially. The edges
patterned platinum working electrode. The disks were again anyf the electrode appeared wavy and the electrode developed pits.
nealed at 900°C o2 h to remove ayanic components f_rom plati-  The waviness of the edgéa) increases the TPB length froffpeg,
num resinate an_d to obtain a weII-bonded,_ porous platlnum_ countef, ltpegd 1 + ). The pits inside the electrode area, which appear to
elec_t_rode. A platinum reference electro'de In the form of a MNg WaStorm due to some de-wetting and coalescence, introduce additional
positioned along the groove on the cylindrical surface of the disk. TPB length, namelyl Hence. the actual TPB lenath is given b

Platinum mesh was used as contact on both working and counte gt TPBy: ‘ ginisg y
electrodes. The sample was then assembled between two alumi d. 5. It was assum_ed that most of the morphologlcal change oc-

curred during annealing and the first few hours in the test setup, and

rings with the help of two honeycomb alumina disks, two threaded . o
rods, springs, and wing nuts. Care was taken to ensure that both tHgereafter the morphology did not change with time. Thus, for the
alculations of charge-transfer resistance from a given sample, the

working and the counter electrodes were completely exposed to th

external atmosphere, while firmly holding the platinum contact inal morpho!ogy was assumed.for all measyrements. rﬂ?@?(l

mesh onto the electrodes. Electrical connections were made to thé @) Was estimated from SEM pictures by using a very thin thread.
platinum meshes by connecting platinum wires to them. The sampld he thread was initially placed carefully along the jagged edges of
assembly was then placed inside an alumina tube such that the didke platinum electrode on high-magnification SEM images so that it
was near the closed end of the tube, with the working electrodefollows the shape of the electrode edge as closely as possible. The
always facing the closed end of the tube. The tube was tightly sealeéread was then straightened and its length was measured. The ratio
using a rubber cork. Holes were drilled in the cork through which Of the thread length to the edge length givést «). The estimated

the platinum leads for electrical connection and the rods to hold thevalue ofa was found to be~0.26. Thelrpg Was estimated using
disk were inserted. Gas inlet and outlet tubes were also insertetechniques in quantitative stereoloi?yFor this measurement, all
through the rubber cork. The inlet tube was long enough to ensurg¢ested samples were examined under SEM and several micrographs
the release of gas very close to the working electrode. The aluminavere obtained randomly on the patterned electrode area of each
tube containing the disk assembly was then placed in a horizontasample. Horizontal and vertical test lines were drawn on the images

Eigure 2. An optical profilometric trace of platinum-patterned electrode on
YSZ with lypg, = 250 e,

Results and Discussion
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Figure 4. Impedance spectra obtained on YSZ disks with diffeitegs, in

air at 800°C. The frequency ranges frdin= 1 MHz to f; = 0.01 Hz. The
frequency at which each spectrum initially crosses the real axis of the im-
pedance fr,, and the frequency at which the imaginary part reaches its
highest valugmagnitude, f,,, are marked on the spectra.

the half-cell(between the working and the reference electrpdes

Fig. 4 and 5, which correspond to measurements at 800°C, the
ohmic part(R,) is essentially the same. Ty for all samples with
different lpg,, in Fig. 4 is expected to be the same, because it is
mainly due to the resistance of the YSZ disk between the working
and the reference electrodé€y. does not change with change;ia2

(Fig. 5, because over thigo, range, the ionic conductivity of YSZ

is essentially independent pgz. In addition, over the short duration

of the experiment, the stoichiometry of the interior of the YSZ disk
is not expected to change. In Fig. 6, in which measurements are
given over a range of temperatures between 650 and 800°C, it can
. S . be seen thaR; decreases with increasing temperature due to the
of the platinum-covered ;urfaces a.nd t.he point |ntersect|qns perun mperature dependence of the ionic conductivity of YSZ. Polariza-
length (p,), where the pits in the_fllm intercept the te_st Ilne,_were tion resistance of the electrode was obtained by subtra&jrfgpm
measured. The length of the perimeter of the pores in the flzlgn perRZ_ From the impedance spectffig. 4-6 it is seen that the polar-
unit area(L,) was estimated using the equatibg = (/2)p,. ization resistance depends bipg, the oxygen partial pressurgg,,

The average value df, was found to be 1588 + 28 cth The area :
fraction of platinum in the patterned electrodg, is 0.50. There-
fore, we haveltpg = Ay X L = 0.50 X 1588 = 794 c*. Using
the estimated values of andITpBo, the totallpg values calculated

50um

WD12/. 1mm 500KV, x700,

Pt-YSZ-250-tested

Figure 3. SEM images of a platinum patterned electrode on YSZ with
Itpep = 250 cni* (a) as sputtered antb) after testing.

—=—1.00 atm; f, =1 MHz; f_, =
—e—0.21 atm; fI =1 MHz; fm =

9.8 KHz; f

m

0.1 KHz; f

m:

. =251 KHz: f, = 0.01 Hz

40 - = 1.58 KHz: f,= 0.01 Hz

for the four samples were 1430,~1110,~920, and~ 860 cntd,
respectively, corresponding tgeg, of 500, 250, 100, and 50 cth

In the case of LSM-patterned electrodes examined in an earlier
study, the electrode morphology did not change during annealing or

testing?7 The edges of LSM patterned electrodes appeared very

-30 1

—4—0.10 atm
—v—0.05 atm
—&—0.01 atm

;fi=1MHz
i f=1MHz
;fi=1MHz

'th_

3
5
5
5

;fR1=

0.1 KHz;
0.1 KHz;
;fm =63.1 KHz;

f . =158KHz f =001Hz

m

f.=1.00KHz; f = 0.01 Hz
f . =050 KHz; f,= 0.01 Hz

—<—0.001 atm; f =1 MHz; f_ =63.1 KHz; f_ =0.13 KHz; f, = 0.01 Hz

smooth even under high-magnification SEM. Hence, in the case of
LSM patterned electrodes, tihewas taken to be zero in the analysis.
Also ITPBO was mainly due to the defectgores in the substrate and =
no pits developed in the electrode area, unlike the case of platinurrg
electrodes of this study. This could be due to possible better wetting
between LSM and YSZ and/or slow transpf cations in LSM,

which prevents shape changes at the low testing temperature:
(<800°0. i

Impedance analysis—The impedance spectra obtained on pat-
terned platinum electrodes deposited on YSZ with diffetggg, in
air at 800°C, and those obtained on a sample withg,
=250 cm‘ll at various temperatures and in oxygen partial pressures igure 5. Impedance spectra obtained on a YSZ disk withe,
are given in Fig. 4-6. The impedance spectra typically consisted oL 554 ¢t at 800°C at varioug,,. The frequency ranges frofa= 1 MHz
suppressed seml_CIrcuIar arcs. The hlgh-freql_Jency_ intercept of th?o f; = 0.01 Hz. The frequency 5t which each spectrum initially crosses the
arc on the real axiéR;) corresponds to the ohmic resistance, and the rea| axis of the impedancég,, and the frequency at which the imaginary
low-frequency interceptR,) corresponds to the total resistance of part reaches its highest val@magnitude, f., are marked on the spectra.

-10 4

Z'(Q)
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—=—800°C; f =1 MHz; f,, =50.10 KHz; f _ =1.58 KHz; f, = 0.01 Hz ® 1.00 atm
—e—750°C; f =1 MHz; f_ =50.10 KHz; f = 1.00 KHz; f = 0.01 Hz ® 0.21 atm
—A—700°C; f =1 MHz; f_, =63.10 KHz; f__
—v—650°C; f =1 MHz; f_ =125.9 KHz; f

. = 0.50 KHz; f, = 0.01 Hz A 0.10 atm 0.45
=0.20 KHz; f, = 0.01 Hz v 0.05 atm

¢ 0.01 atm

<4 0.001 atm

-30 1

X

0.30 n

Z'(Q)

1R (1/{Q-cm®))

I
Figure 6. Impedance spectra obtained on a YSZ disk withg, -600
=250cnT! in air at various temperatures. The frequency ranges ffpm o
= 1MHz to f; = 0.01 Hz. The frequency at which each spectrum initially (a) Lrpgp (€M)
crosses the real axis of the impedangg, dnd the frequency at which the
imaginary part reaches its highest valogagnitudg, f,,., are marked on the = 1.00 atm; p_ = 2900 Q-cm
spectra. e 021atm; p, = 5200 0-cm

A 0.10 atm; p_ = 7300 Q-cm

L . 0.4 .-
and the temperatur®,, was calculated by multiplying the polariza- v 0.05atm;p, = 8700 Q-cm
tion resistance with the total electrode af€a785 cn?). |1 & 0.01atm;p_ =13700 Q-cm

Dependence of Ron the TPB lengtltlpg).—Figure 7a shows % Dtk st g =S8200 Dam

plots of 1R vs. kpgp at 800°C in atmospheres with differep&2 &=

and Fig. 8a shows similar plots in air at different temperatures. It is £

seen that 1R increases linearly withirpg, The inverse of slope &

gives the charge-transfer resistivity divided 0% +«), namely = 0.1+
14

,/v/ e

o

_—
—

pe/(1 + a). It can be seen that a value of zero Fasg, gives a finite

R value, i.e, a finite y intercept. This intercept is given by 0.0 : — T . )
ltpeo/ pet- Similar nonzero intercepts for RY have been reported 600 900 1200 1500
for microfabricated Ni anodes and LSM cathod&&>!"The ratio of 014 L (om™)

. B

the y intercept to the slope of these pldis the magnitude of the
intercept on the negative axis) gives ltpgy/(1 + ). Figure 7b

shows plots of 1R vs. kpg = Itpg(l + @) + ITPBO at 800°C in at-

mos_pheres with dn‘ferenmo2 and' Fig. 8b shows similar plots in air Figure 7. Plots of 1Ry vs. (a, top I1pg, and (b, bottom Ipg at 800°C at
at different temperatures. The inverse of slope of these plots give§arious
the charge-transfer resistivity, which is a function of temperature

andpo,. It can also be seen that now the linear extrapolation essen-

tially goes through the origin, which is consistent with the assump-case of platinum electrodes, it appears that transport of oxygen
tion that negligible oxygen transport occurs through platinum undery, .o, platinum is even smaller. Thus, it can be concluded that at
the experimental conditions investigated, and virtually all of the o neratures lower than 800°C, the charge-transfer reaction in the
charge transfer occurs at the TPBs. While varyinglg, from 50 556 of platinum-YSZ system occurs almost exclusively at TPB.
to 500(ten fold), the actualypg varied only from 860 to 14301.67 The estimated value qf,; for platinum on YSZ at 800°C in air
fold), due to the significant contribution dfpgo Hence, if the  \yag nearly 20 times lower than that of LSM on YSZ, indicating that
charge-transfer reaction were to take place only at the TPB, it isy|atinum is a better electrocatalyst for oxygen reduction on YSZ
expected thaR; should also vary by a factor of 1.67 for the range of 50 LsM.
Itpgp Studied. It was found tha& varied by nearly the same factor _
for the range of temperatures and pressures studied, indicating that Dependence of R and p, on oxygen partial pressure
the charge-transfer reaction predominantly occurs at the TPB. Thépo,).—The measure®R, was found to increase with decreasing
values ofp at different temperatures ama)z were estimated from  Po, Plots ofpg; vs.llpo2 andpctpo2 VS. o, (associative adsorptipn
the plots of 1R vs. kpg and are summarized in Table I. and pg; Vs. 1/\/p_o2 and pct\,'pT)Z Vs. \/pT)z (dissociative adsorption

For LSM electrodes also, a linear relation betweeR.1and  are given respectively in Fig. 9 and 10. It can be seen that
lrpgpWas observed, consistent with the occurrence of charge transfeh the two plots for associative adsorptigRig. 9a and b and
reaction at TPB, but with a nonzero, finite value oRZ/for zero those for dissociative adsorptiofirig. 10a and p the slope in
ITPB,,17 The finite, nonzero value of R for zerolypgyin the case  one plot(a) should be the intercept in the othé and vice-a-versa.
of LSM electrodes, however, could not be accounted for exclusivelyThe value ofb’ and b" (Table Il) and pe (Table 11l were
by Itpg,, especially at higher temperatures. The difference was atestimated from the slopes and intercepts of the respective plots.
tributed to the occurrence of some mixed conduction through LSM.These values estimated from Fig. 9a and b corresponding to
The contribution of transport through LSM, however, was judged tothe associative adsorption model do not agree very well with
be rather small at temperatures equal to or lower than 800°C. In theach other, but those estimated from Fig. 10a and b corresponding

(b) 0.2

Po,:
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Figure 8. Plots of 1R vs.(a, top ltpgpand(b, bottom I1pg in air at various

temperatures. Figure 9. Plots of (a, top pe Vs. 1/po, and (b, botton) peo, Vs. b, at

various temperature@ssociative adsorption moglel

to dissociative adsorption are in better agreement. This suggests, Fig. 11 and is between-1.16 and ~1.3 eV
that the adsorption mechanism is most likely dissociative, and For.LSM electrodes of Ref 1'7 also. the rﬁeasu:ngNas found

not associative, but while using the associative adsorption mode{0 increase with decrease i, 'and thep; dependence dR, was
|t||shnot nﬁ cessary tohassume that adsorption of rptrogen_|§|negllg|blealso found to be in better agréement Wi?i’zl the dissociative ;dsorption
althoug in ~ that case it is Impossible o model. But in that cas®” did not vary much with temperature,

estimateb’ or pg, The estimated values of botif and b’ were indicating that the magnitude &,qysis rather small in the case of
found to decrease with increasing temperature. The temperatur 9 9 ads
SM cathode on YSZ.

dependence of adsorption coefficient can be given Hgy)

= by exd—E,qs/ ks T), (in which b representsb’ or b") where Dependence of jrand p,; on temperature—t was found that
E.q4s IS Negative. The magnitude &,y calculated from the slope R, andp increase exponentially with decreasing temperature. All
of the Arrhenius plots of the estimated value bf is given samples with different TPB exhibited the same dependen&g, oh

Table I. Values of p( cm) estimated from 1R vs. kpg plots at various temperatures and oxygen partial pressures.

Po,
Temperaturg°C) 1 atm 0.21 atm 0.1 atm 0.05 atm 0.01 atm 0.001 atm
800 2900 5200 7300 8700 13700 39200
750 6700 9500 11400 14100 22700 41100
700 19900 26100 27600 30600 42400 69400

650 48200 52900 59000 67300 84400 137500
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Figure 10. Plots of(a, top p vs.l/\s‘pro2 and (b, botton) pcw"p_02 VS. \;‘pT,z

at various temperaturdslissociative adsorption model
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Table IlI. Estimated values pr (© cm) from Fig. 9 and 10.

Estimated
from 800°C 750°C 700°C 650°C
Associative Figure 9a 6600 11900 28000 59900
Figure 9b 2700 6500 19500 47600
Dissociative Figure 10a 2800 8200 22700 50200
Figure 10b 1700 5200 18000 44400

adsorption model estimated from the Arrhenius plot in Fig. 12b is
between~1.65 and~1.88 eV.

Also for LSM electrodes, it was found th&; and p increase
exponentially with decrease in temperati.lﬁé he E, for the overall
charge-transfer process in the case of LSM on YSZ wds5 eV
and was more or less the same for the erm'tggrange studied.

Implications of the temperature andop dependence of
pe-—Equation 26 gives a relationship betwepg, pg; and Po,
for the dissociative adsorption model, and can be rewritten as

follows
) 1+b*\/p_02
Pt = pc‘(T@) (28]
in which pf, and b’ are not functions ofpo At high values

of Po, that is, for b" \po > 1, Eq. 28 can be approximated
by

Pet = pgt [29]

and the temperature dependenciespgf and p;; are essentially
the same. The temperature dependencepfmay be given as

=N
Por = pct(O) ex k T [30]

whereE, > 0. Note that as the temperature increapfsiecreases.
At low values ofpo,, by po < 1, and Eq. 28 can be approximated
by
Pgt
Pt = [31]
b \/po,

The temperature dependence bf may be given by

temperature. In Fig. 12a, (p.) is plottedvs.the inverse of absolute
temperature for varioupoz. From the slopes of the plots, the acti-
vation energy(E,) for the overall charge-transfer process was esti-
mated. It was observed that the activation energy varied oveprdpe
range investigated and was found to increase with increggig
ranging between 0.75 eV at 0.001 atm and 1.63 at 1 atm. It was
further noted that the activation energy fglf; (the charge-transfer
resistance at a surface coverage equal)térdm the dissociative

Table Il. Estimated values of adsorption coefficients from Fig. 9
and 10.

Estimated
from 800°C  750°C  700°C 650°C
Associativeb’ Figure 9a  199.35 397.27 658.4 753.9
Figure 9b 9.9 19.8 345 67.07
Dissociativeb’ Figure 10a 2.4 7.55 14.9 17.71
Figure 10b 1.16 3.07 6.89 10.99

= Figure 10(a); |E,, | = 1.30 eV
e Figure 10(b); |[E | =1.16 eV

0.95 1.00 1.05 1.10
1000/T(K)

Figure 11. Arrhenius plots ofb" (dissociative adsorption model
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4 " 100atmE =163eV
e 021atm E =137eV

A 0.10atm:E =123eV

L 0.05 atm: E_ = 1.19 eV
0.01 atm: E, = 1.04 eV

0.001 atm: Ea =0.75eV

T
1.00

0.95 1.05 1.10
(@) 1000/T(K)
114 ™ Figure 10(a); E = 1.65¢eV
e Figure 10(b); E, = 1.88 eV
7 L T d T ¥ T L 1
0.95 1.00 1.05 1.10
(b) 1000/T(K)

Figure 12. Arrhenius plots of(a, top p. at various oxygen partial pressures
and (b, bottom py; estimated from the dissociative adsorption model.

Ead5:|
— 32
whereE,q4s < 0. Note that as the temperature increabéslecreases.
Thus, the temperature dependence @f may be given by

b* = by exp| —

) [ (E.+ Eads)]
Pt = S —eXp [33]
¢ bo\,e’po2 L keT

where note thaE, > E, + Eo4s Thus, we expect effective higher

activation energy at highqzroz. That is, as the temperature decreases, 12.

increase such that the temperature dependence
of pg in that case should be weaker. As seen in Fig. 12a, theis.

both pl, and b"

activation energy is higher at higher values p(f) As stated
earlier, in the case of LSM on YSZ, the actlvatlon energy
was essentially independent 115 over the range investigated,

which suggests a weaker adsorptlon of oxygen on LSM as compared

to that on platinum.

Conclusions

Electrochemical reaction of oxygen reduction was investigated ai
platinum/YSZ electrodes using patterned electrodes deposited by

photomicrolithography. A linear relation betweerRl/ whereR; is

A935

the area-specific charge-transfer resistance,lasil whereltpg is

the TPB line lengti{cm™) consistent with the occurrence of charge
transfer at TPB, was observed over the range of temperatures and
oxygen partial pressurepp,, examined. Similar results were previ-
ously observed on a LSM/YSZ systéﬁwln addition, the plots es-
sentially went through the origin, indicating that the charge-transfer
reaction almost exclusively occurred at the TPB, with negligible
transport through platinum. By contrast, in the case of LSM/YSZ at
high temperatures(800°9 small contribution due to transport
through LSM was notedi’ The slope of the plot of By Vs. kpg,
gives the charge-transfer resistivipy. The estimated value @f; is
nearly 20 times lower for platinum on YSZ than that for LSM on
YSZ, indicating a higher catalytic activity of platinum than LSM for
the oxygen reduction reactioR andp. decrease with increase in
Po, and increase in temperature. Assuming the adsorption of nitro-
gen is negligible, the variation of measur&y, with Po, agrees
better with the dissociative adsorption model rather than associative
adsorption model. The adsorption coefficients were found to vary
exponentially with temperature with the magnitude of the adsorption
energy between-1.16 and~1.3 eV. The estimated activation en-
ergy for the charge-transfer resistiviy,, varied from 0.75 eV for

Po, of 0.001 atm and 1.65 eV fq302 ~latm. The activation energy
for charge-transfer resistivity corresponding to an oxygen surface
coverage of 1, namelyy,, was estimated to be betweerl.65 and
~1.88 eV.
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INVESTIGATION OF ELECTROLYTE STABILITY USING AMPEROMETRIC
SENSORS: IMPLICATIONS CONCERNING ELECTRODE POLARIZATION
MEASUREMENTS

Anil V. Virkar' and Yi Jiang
Department of Materials Science and Engineering, University of Utah
122 S. Central Campus Drive, Salt Lake City, Utah 84112

ABSTRACT

Amperometric sensors with yttria-stabilized zirconia (YSZ) discs and YSZ
cylinders were made with platinum electrodes applied on the YSZ disc,
which served as working (inside) and counter (outside) electrodes, and a
platinum wire electrode positioned along the circumference of the disc.
Two sets of platinum electrodes were applied on the YSZ cylinder, one
inside and the other outside. The YSZ cylinder was attached to the YSZ
disc using a sealing glass. A YSZ disc with a tiny diffusion hole was
glass-sealed on the other end of the YSZ cylinder. The amperometric
sensor was tested at 800°C in air over an applied DC voltage range from
zero to 2.5 V. The measured current over a voltage range from ~0.4 to
~1.6 V exhibited a plateau. For applied voltage >1.7 V, the measured
current increased, with a rapid increase for applied voltage >1.9 V. This
rapid rise is consistent with the development of nonstoichiometry or the
occurrence of YSZ electrolyte decomposition. The voltage between the
reference and the working electrodes was measured. Based on this
information, the cathodic activity of the platinum working electrode was
estimated. Implications concerning the use of the three electrode system
for the study of electrode polarization are discussed.

1. INTRODUCTION

The three electrode system comprising an electrolyte disc upon which working, counter
and reference electrodes are applied in an axisymmetric arrangement, is routinely used
for the investigation of electrode kinetics. The typical approach is to apply a DC voltage
between the working and the counter electrodes, measure the current flowing, measure
the voltage between the reference and the working electrodes, and determine the ohmic
loss between the working and the reference electrodes by current interruption. It is
generally recognized that the applied voltage must be low enough to avoid decomposition
of the electrolyte. In many cases, however, the magnitude of the applied voltage above
which decomposition of the electrolyte (or the development of oxygen deficiency) occurs

' To whom correspondence should be addressed.



cannot be readily determined, since it depends on transport properties of the electrolyte as
well as of the electrode/electrolyte interfacial regions. In addition, one also often does not
have sufficient information on concentration polarization at the working electrode for
lack information on its porosity, tortuosity and thickness. In the extreme case if the
working electrode is too thick, or not porous enough, or both, the net current due to the
electrode reaction under investigation may become concentration polarization limited.
Yet, with increasing applied voltage, the current may continue to increase due either to
the occurrence of oxygen deficiency or electrolyte decomposition. Thus, the net
measured current will have two contributions: (a) Current due to the actual electrode
reaction, which is the object of the investigation. For example, the cathodic current could

be for the reaction 1/20, +2e'—> 0~ under investigation. (b) Current due to

decomposition or development of oxygen deficiency (nonstoichiometry). However, the
experimenter would have no way of separating the two currents, and the entire current is
inadvertently attributed to the cathodic current. This can lead to an overestimation of the
electrocatalytic activity of the electrode, thus leading to an incorrect result. The degree to
which overestimation can occur will depend upon a number of factors, such as: (a) The
transport properties of the material and interfacial regions, (b) The range of stoichiometry
of the material in question, and (c) The magnitude of the applied voltage.

The principal objective of the present work was to determine the relative magnitudes of
the two currents. This required that at least over some range, the net cathodic current
should be precisely known. A possible way of achieving this is to deliberately introduce a
concentration polarization limit, which can be independently calculated and verified. A
convenient method of achieving this is to a construct an amperometric sensor around the
three electrode system, wherein above a certain applied voltage, the net oxygen flux
entering the sensor chamber is fixed by the geometry of the diffusion hole. This also
automatically fixes the maximum possible cathodic current. Thus, any measured current
beyond the limiting current can be unequivocally attributed to current due to
decomposition/nonstoichiometry development. Implications of the present work
concerning the often used three-electrode system, at a minimum, is that it may be
necessary to thoroughly characterize the working electrode microstructure (porosity, pore
size, etc.) and thickness, so that a possible concentration polarization limit can be a-priori
calculated, which will set upper limit to the current, that should not be exceeded.

In the present work amperometric sensors were fabricated using YSZ electrolyte discs
upon which platinum working and counter electrodes were applied. A platinum wire
reference electrode was positioned along the circumference of the disc. Two sets of
platinum electrodes were applied on the YSZ cylinder, one outside and the other inside.
The sensors were tested at 800°C under an applied DC voltage, varied between zero and

~2.5 V. From these measurements, area specific ionic charge transfer resistance, r;, for

the working electrode was estimated as a function of oxygen partial pressure, p, .



2. EXPERIMENTAL PROCEDURE

Cylinders of YSZ (8 mol.% Y,Os-stabilized zirconia) of approximate dimensions: ~2 cm
outside diameter x 2.2 cm length x 0.2 cm thickness were fabricated by a conventional
process comprising pressing of YSZ powder followed by sintering in air at 1450°C for 2
hours. Discs of YSZ of approximate dimensions, 2.5 cm diameter x 0.1 to 0.2 cm in
thickness were fabricated. In few of the discs, a hole of ~250 um diameter was drilled in
the center. On the other YSZ discs, platinum electrodes of 2 cm” area were applied on both
sides, and fired at 1000°C in air. A platinum wire reference electrode was positioned along
the disc circumference. Two platinum leads were attached to the two electrodes. On the
YSZ cylinder, two sets of platinum electrodes were applied near the two ends of the
cylinder, one near the diffusion hole (4 mm from the disc with the diffusion hole), and the
other near the YSZ disc with platinum electrodes (4 mm from the YSZ disc with
electrodes). Platinum wires were attached to these electrodes also. These served as
potentiometric sensors, S1 and S2. The distance between the two potentiometric sensors
(S1 and S2) was 14 mm. The two discs were glass-bonded to the cylinder, making sure that
the platinum leads were taken out through the glass seals, and the seals were hermetic. This
completes amperometric sensor fabrication with two sets of potentiometric sensors on the
YSZ cylinder. Figure 1 shows a schematic.

A typical sensor was heated in air to 800°C and a DC voltage was applied across the two
platinum electrodes on the YSZ disc with positive lead connected to the outside electrode.
The corresponding current was measured. Under the applied voltage, oxygen from the
sensor chamber was pumped out, lowering the po, in the chamber. The Nernst potentials

across the two potentiometric sensors give magnitudes of the local p, , one near the

diffusion hole, pg‘Z , and the other near the inner electrode (cathode) on the YSZ disc, pgi .

Measurements were conducted over a voltage range from 0 to ~2.5 V, which covers the
initial region, the plateau region, and the post-plateau region of rapidly rising current.

3. RESULTS

Figure 2 shows the measured current (logarithmic scale) as a function of time on one of the
sensors tested. The voltage was increased in steps of 0.1 V, and each voltage was
maintained for 300 sec. Note that at low voltages (~0.2 V), there is a hump in the current,
which is the result of non-steady conditions. Beyond a voltage of 0.4 V, the current is
independent of voltage up to ~1.6 V. The plateau current is ~3 mA, which is in good
agreement with the amperometric sensor model [1]. Beyond ~1.6 V, the current sharply
increases, due to decomposition or the development of nonstoichiometry. At a voltage of
2.5 V the maximum current is ~800 mA, while the cathodic current due to the reaction
'/,0, + 2¢* > O occurring at electrode I is only ~3 mA. Thus, a very large part of the
current is due to decomposition or development of nonstoichiometry. Beyond 2 V, the



current continuously increases due to nonstoichiometry or decomposition zone spreading
into the YSZ electrolyte disc.

Figure 3 shows the measured current (logarithmic scale) on another sensor as a function of
the applied voltage, varied between zero and 2.4 V in increments of 0.1 V. The hump in
current at 0.2 V of applied voltage is again due to non-steady conditions, similar to that in
amperometric sensor 1, which existed during the initial stage, as the YSZ chamber had not
been completely pumped out. Thereafter, the current was ~3.4 mA and was essentially
independent of voltage for up to ~1.6 V. Beyond this voltage, the current rapidly increased
with increasing voltage to ~400 mA at a voltage of 2.4 V. This means at a voltage of 2.4 V,
(400 — 3.4) mA or ~397 mA of the current was due to decomposition/nonstoichiometry
development, and very little of the current was due to the cathodic reaction. Beyond 1.9 V,
the measured current was not steady, and continued to increase with hold time. Thus,
beyond 1.9 V, the current is not a unique function of applied voltage.

Figure 4 shows the measured current (linear scale) and the measured Nernst voltages across
potentiometric sensors S1 and S2 as a function of the applied voltage. Over the plateau, the
Nernst voltages slightly decrease with increasing voltage. Thus, over this range, the py, in

the chamber is not constant either. From the Nernst potentials, pglz and pgz were
estimated. Over the plateau (~0.4 to ~1.6 V), the pglz varies between ~0.022 and ~0.005
atm, while pgz varies between ~0.0125 and ~0.0016 atm. Table I lists values of pglz and

pgi at various applied voltages. For an applied voltage >1.7 V, the magnitudes of Nernst

voltages increase rapidly. At S2 (near the YSZ disc), the lowest Nernst voltage was ~ -520
mV (highest magnitude), and that at S1 (near diffusion hole) was ~ - 350 mV.

Figure 5 shows plots of the applied voltage, and the measured voltage between the cathode
and the reference electrode (linear scale, on the y-axis), vs. the measured current
(logarithmic scale, on the x-axis). Note that for the entire pre-plateau, plateau, and initial
parts of the post-plateau regions, the applied voltage (between the cathode and the anode) is
only slightly greater than that measured between the cathode and the reference electrode.
However, once past the plateau, even with further increase in applied voltage, the measured
voltage between the cathode and the reference electrode actually decreases. For the highest
applied voltage of 2.5 V, the measured voltage between the cathode and the reference
electrode is only ~0.25 V. This implies that cathode/electrolyte interface became
electrocatalytically more active — which is known for black zirconia.

4. DISCUSSION

Figures 2 through 5 show that the current deviates from the plateau above a voltage of ~1.6
V, and rapidly rises above ~1.9 V. Figure 3, for example, shows that at a voltage of ~2.2 V,
the total current is ~90 mA. Of this, only ~3.4 mA is due to the cathodic reaction (1/202 +



2¢> > 07) at electrode I. The remaining ~86.6 mA is due to decomposition or
development of nonstoichiometry in YSZ. This is consistent with a sharp increase in the
magnitude of Nernst potential (Figure 4), indicating a rapid decrease in chamber p), . The
lowest chamber poy, was ~ 5x107"!" atm. This signifies that YSZ near electrode I has

either undergone decomposition, or has developed a significant oxygen deficiency.

Figure 5 shows plots of the applied voltage between the counter and the working
electrodes, and the measured voltage between the working and the reference electrode, both
on the y-axis (linear scale), and the measured current on the x-axis (logarithmic scale).
Figure 6 shows the geometry of the YSZ disc with the locations of working, counter and

reference electrodes. The working electrode is exposed to oxygen partial pressure péz ,

while the counter and reference electrodes are exposed to oxygen partial pressure pgz ,
which is ~0.21 atm. Reduced (negative) electrochemical potentials of electrons at the

working, the reference and counter electrodes are, respectively, (pl , ¢(X), and (p”
(where ¢ =—4,/e with z, as the electrochemical potential of electrons and e is the

electronic charge). The electrochemical potentials of oxygen ions similarly are ﬁé,z,
i 02(x)’ and 1 g,z. Now, inside the YSZ disc, the flux of O jons from I to II is

essentially unidirectional. At position X from electrode I inside the YSZ disc, which is

directly under the reference electrode, the various potentials are ,ugz , (pX , and ﬁg_z.
Neither /“()7(2 nor goX are known. However, assuming symmetry,

0, =L X oep < -1 —2ep(X) (1)

Hy-2 2#02 P Rhox) 2#02()() 4

Also, note that up (x) = /ng , which is known (that corresponding to air in this case), and

@(X) is also known (measured relative to electrode I). Now, the flux of O™ ions occurs

from I to II. This is proportional to the difference in electrochemical potentials of oxygen,
that is, proportional to

~ ~ ~ - 1
,Uéfz —ﬂgfz ~ ﬂéfz ~Ho2 ) ZE(ﬂéz _ﬂg2 )_ 2ep’ +2ep(X) (2)
or
~T1 ~ yij I ~T1 ~ yi
(”0‘2 “Horx ) (ﬂo —Ho ) ('”0‘2 “Ho2x ) kpT . | Po
-0 )= SO s a2 L 5By 222 (3)
2e 4e 2e 4e Po,



Equation (3) is applicable only over the plateau (and pre-plateau), since it only accounts for
the current attributable to the net cathodic reaction. Now, |@p(X)— (pl ) is the voltage

measured between the reference electrode and electrode I (cathode). The p(l)z can be

approximately estimated by extrapolating the line joining pglz ,Xx; and pgz , X, to electrode

I/YSZ interface. It is assumed here that electrode I is thin and highly porous. The first term
in equation (3) is related to the net ionic current density flowing through the YSZ disc. It is
easily seen that

(ﬁé-z _ﬁg—Z) (ﬁé” _ﬁO’z(X))

|Ii|: Ze(Xpi—i-r,-') - 2e(Xpl~ +rl~')

4

where /; is the ionic current density, ri' is the ionic area specific charge transfer resistance
at electrode I and p; is the electrolyte ionic resistivity. Thus, equation (3) can be
rearranged as

(o)~ )- K27 10 202
. de | ph
A= 2 —X,Ol- (5)

With YSZ as the electrolyte, which has negligible electronic conductivity, the ionic current
is essentially the same as the measured current. All parameters are known in equation (6),
and thus one can estimate the ionic charge transfer resistance at electrode I/electrolyte

interface, rl-'. The p; of YSZ at 800°C is ~30 Qcm. The X was ~1 mm. Thus, Xp; ~ 3
Qcm’. The net current over the plateau was 3.4 mA, and the corresponding / i =1.7x 1073
Alem?’. As sensor S2 was quite close to electrode I, it is assumed that péz ~ pgi . Table I

lists the applied voltage, the measured voltage between the cathode and reference
electrodes, \@(X )—(01 , pg;, pgi,and the estimated rl-' using equation (5).

Table I shows that the estimated r,-' at electrode I ranges between ~157 Qcm? for péz

~0.0125 atm and ~893 Qcm? for péz ~0.00158 atm. The rl-' is expected to be a function of
oxygen surface coverage, which in turn is expected to follow one of the adsorption

isotherms. If a dissociative adsorption is assumed, it is expected that a plot of ri' Vs.
1/ pgi should be a straight line. Figure 7 shows a plot of rl-' vs. 1/ pgi . The agreement
is reasonable. An important conclusion is that r; is a function of p, , and over the range

investigated, the ri' is much greater than the ohmic contribution. Figure 7 shows that the



last data point, corresponding to an applied voltage of 1.7 V deviates from the plot which
implies that the effects of nonstoichiometry development/decomposition are already

present. For higher applied voltages, however, the (X )—gol decreases, even when the

applied voltage was increased. This indicates improved electrocatalysis at electrode I.
However, the current measured now contains two contributions; the cathodic current and
that due to the occurrence of nonstoichiometry or decomposition.

The Three-Electrode System under an Applied DC Voltage: Returning to the three-
electrode system under an applied voltage, a technique often used for the investigation of
electrode kinetics, e.g. evaluation of a prospective cathode for a fuel cell, the present results
have significant implications. Depending upon the nature of electrode (I), that is porosity,
tortuosity, and thickness, the net current may become diffusion-limited (concentration
polarization limited) — even in the absence of a diffusion hole and without the experimenter
being aware of it. In such cases, the diffusion limit may occur due to low porosity and/or
large thickness of the porous electrode. Suppose a three-electrode system is used for the
investigation of electrode kinetics of a prospective cathode. Let us assume for simplicity
that the counter electrode is highly porous and has a small thickness, so that concentration
polarization at the counter electrode (II) can be ignored. The testing is conducted in air

wherein the oxygen partial pressure is ng . Under the action of externally applied voltage,

E ,, a net current is established. A flux of molecular oxygen is established through the
porous cathode such that at the interface between the cathode (electrode 1) and the

electrolyte, the local oxygen partial pressure is p(l)z . Figure 8 shows a schematic variation
of s, through the electrode and the membrane. The figure only shows a schematic

variation, and the actual variation need not be linear.

The preceding shows that, depending on the charge transfer characteristics, the porosity
and the thickness of the electrode, and the magnitude of the applied DC voltage, a
significant portion of the measured current may be due to electrolyte decomposition and/or
the development of nonstoichiometry, and not attributable to the cathodic reaction. A
significant contribution to the total current may also arise due to the development of
nonstoichiometry at applied voltages significantly lower than the decomposition potential.
As such, there will be situations in which the three-electrode system will lead to an
overestimation of the electrode activity. For this reason, the only conditions under which
the three-electrode system can be used without ambiguity, is under no applied DC bias.
That is, the three-electrode system for solid-state electrochemical studies is ideally suited
only for the determination of the exchange current density under no applied DC bias — and
its application for the generation of the entire current — overpotential relationship may not
be reliable. The greater the degree of nonstoichiometry that can develop, the greater will be
the error. In this context, the use of the three-electrode system under an applied DC bias
may be particularly problematic with ceria as the electrolyte.



5. SUMMARY

Amperometric oxygen sensors were fabricated with a reference electrode wound on the
circumference of the YSZ disc. Platinum working and counter electrodes were applied on
the YSZ disc, and platinum potentiometric sensors were applied on the YSZ cylinder of
the chamber. The sensors were tested at 800°C under an applied DC voltage ranging
between zero and 2.5 V. Over the applied voltage range from ~0.4 V to ~1.6 V, the
current exhibited a plateau, consistent with the expectations of an amperometric sensor.
Beyond a voltage of ~1.6 V, the current rapidly increased, indicating either
decomposition of the electrolyte or the occurrence of nonstoichiometry. Based on the
measured current over the plateau region and the voltage measured between the reference

and the working electrodes, the ionic charge transfer resistance, ri', at the cathode was

estimated. Measurements made using the potentiometric sensors showed that over the
plateau region, the p,, in the chamber varied by a factor of eight. From these

measurements, it was noted that the rl-' varied by a factor ~5.6 over the same range, such

that the r; increased with decreasing po, . Past the plateau, the measured current

increased sharply. Since the maximum possible cathodic current was limited by the
diffusion hole (to ~3 mA), all excess current could be unequivocally attributed to
nonstoichiometry/decomposition. In a typical three-electrode system, if the electrode is
too thick or too dense (low porosity), it is possible that the actual cathodic current may
become concentration polarization limited. Yet, under the application of a DC bias, the
measured current may continue to increase with increasing voltage. However, in such a
case, a large part of the current may be due to the occurrence of decomposition or the
development of nonstoichiometry. In many situations, the experimenter may be unaware
of the existence of two currents, with the entire current being attributed to the electrode
reaction, and thus leading to an overestimation of the electrode activity.
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Table I: Partial pressures of oxygen at the two potentiometric sensors, namely pglz and pgi ,

and the measured voltage across the reference electrode and electrode I (cathode), namely,
(qo(X )— (/)1 ), as a function of applied voltage.

Aplied [ 5 m) | pgz atm) | (o) =o' ) [ 1/ [ | 1 @em)
Voltage 2 2 V) 0,
V)
0.4 0.02216 0.0125 0.3368 8.944 156.8
0.6 0.01159 0.00586 0.5394 13.063 265.6
0.8 0.00852 0.00414 0.741 15.542 379.5
1.0 0.00701 0.0032 0.942 17.678 4942
1.2 0.00605 0.0025 1.148 20.00 612.1
1.4 0.00573 0.0022 1.34 21.32 723.2
1.6 0.00573 0.00196 1.537 22.588 837.6
1.7 0.00543 0.00158 1.636 25.158 892.9
Sensor Sensor Reference
S1 S2 Electrode

A
A 4
A
A 4

/ YSZ Disc

YSZ Tube ~@—

Diffusion hole

Figure 1: A schematic of the amperometric sensor fabricated and tested. S1 and S2 are
potentiometric sensors used for the measurement of p, in the sensor chamber.
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Figure 2: Measured current as a function of time. The voltage was increased in steps of
0.1 V, and maintained at a given voltage for 300 sec. At small applied voltages (~0.2 V),
there is a hump in the current, which is due to non-steady state conditions. At
intermediate voltage, note the existence of a plateau in current (~3 mA). Beyond a
voltage of ~1.6 V, the current increases. The maximum current at 2.5 V is ~800 mA. Of
this, only ~3 mA 1is due to the cathodic reaction. The rest is due to
decomposition/nonstoichiometry development.
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Figure 3: Measured current (mA) as a function of applied voltage. Higher current than the

plateau at low applied voltages is due to non-steady state conditions. The plateau current
is ~3.4 mA. Note the increasing current with increasing voltage past the plateau region.
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Figure 4: The measured Nernst voltages on sensors S; (close to the diffusion hole) and S,
(close to the YSZ disc with electrodes — away from the diffusion hole) as a function of
applied voltage.
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Figure 5: A plot of the applied voltage, and the measured voltage across the cathode and
the reference electrode, vs. the current.
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Figure 6: A schematic of the test set-up and the position of the reference electrode.
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Figure 8: A schematic variation of 1, through the electrode (cathode) and the electrolyte of a

three-electrode system often used for the study of electrode kinetics. If ,ubz is low enough,

either a nonstoichiometry will be developed or electrolyte decomposition may occur. In either
case, this will be reflected as additional current, not attributable to the cathodic reaction. This
effectively leads to an overestimation of electrocatalytic activity.
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ABSTRACT

Conductivity relaxation experiments were conducted on porous
Lag 5sSrosC00.5 (LSC50) samples over a temperature range from 350 to
750°C, and over an oxygen partial pressure, Po, » switch between 0.04 and

0.06 atm in order to determine the surface exchange coefficient, k., .

The normalized conductivity data could be fitted to a first order kinetic
equation. The time constant decreased with decreasing temperature
between ~750 and ~450°C, but sharply increased with decreasing
temperature between 450 and 350°C. The corresponding k., Wwas
estimated using three models: (a) A porous body model wherein it is
assumed that the kinetics of surface exchange is the slowest. (b) Solution
to the diffusion equation assuming the particles can be approximated as
spheres. (c) Solution to the diffusion equation assuming the particles can
be approximated as cylinders. The values of k_;,,, obtained from the three

models were in good agreement. In all cases, it was observed that k.,

increases with decreasing temperature between 750 and 450°C, but below
450°C, it sharply decreases with further decrease in temperature.

1. INTRODUCTION

Mixed Ionic and Electronic Conducting (MIEC) materials are often used as oxygen
separation membranes, in gas sensors and as cathodes in solid oxide fuel cells. The
description of transport in MIECs requires the knowledge of two parameters, the

chemical diffusion coefficient, D, and the chemical surface exchange coefficient, k chem

[1]. The former describes transport through bulk, while the latter describes transport
across gas phase/solid phase interfaces. The parameters D and k.pem are functions of
composition, microstructure, temperature and atmosphere. Conventional methods for

determining D and k include radio isotope, O'*, exchange (analyzed using

chem
secondary ion mass spectroscopy - SIMS), oxygen permeation experiments [2-4] and
conductivity relaxation. The conductivity relaxation technique has been widely used
because of simplicity of procedure, which involves measurement of conductivity as a
function of time upon an abrupt change in p,, . When exposed to a p,, change, the

sample under test re-equilibrates to the new p,, with a concomitant change in

conductivity. This change can be an increase or decrease, depending on the new

1



atmosphere and upon the defect chemistry. An analysis of the change of conductivity

with time can be used to estimate D and k_,,, -

The ratio of D to k.pem has units of length and is defined as the critical thickness, /.,

[5]. For sample thickness >> I, the kinetics of oxygen exchange is governed by D . For

cr o

sample thickness <</ .., the kinetics of oxygen exchange is governed by &

cro chem *
Typically conductivity relaxation is conducted on dense bar-shaped samples of thickness

>1[.,.. On many materials, experimental work on dense samples over a temperature range

between ~600 and 900°C has shown that both D and k.,

temperature, and follow an Arrhenius behavior [6-8]. The use of a porous sample with
average particle size <</, to determine k has been demonstrated by this group in

increase with increasing

chem
previous work [9-11]. The experimental approach is identical to that used on dense

bodies but the kinetics of equilibration was shown to depend only on £, without any

influence from D. The equilibration times for porous MIEC samples of composition
LagSr94Co0s5 (LSC40) and LagsSroFeOss (LSF20) increased with decreasing
temperature over a temperature range from 600 to 800°C, especially at lower p 0, s [9-

11]. That is, the relaxation time was smaller at lower temperatures and the corresponding

calculated £, increased with decreasing temperature over the temperature range

investigated. That is, the temperature dependence of & obtained using dense samples

chem
reported in the literature and porous samples are opposite. Clearly, the temperature

dependence of k., obtained from porous samples cannot be described by a thermally

activated process. Increasing & with decreasing temperature appears to be consistent

chem
with its possible dependence on oxygen surface coverage, in turn governed by an
adsorption isotherm such as Langmuir.

This paper presents further conductivity relaxation work on LagsSrgsCoOs5 (LSC50)
using porous samples of a very fine particle size in an attempt to investigate surface
exchange kinetics over a wider temperature range, down to 350°C. LSC50 was chosen as
the MIEC material of choice because of its excellent ionic conductivity even at low

temperatures. The critical thickness, /.., is expected to decrease with decreasing

temperature. For this reason, samples of a very fine particle size were made so that the
average particle size would be below /. to as low a temperature as possible. It is

expected that surface kinetics will be rate limiting down to some temperature below
which diffusion becomes sluggish — and a transition from surface exchange control to
diffusion control is expected at lower temperatures.

The analysis of data is done using the porous sample model developed previously [9-11],
and also by approximating the particle shape in the porous sample to spherical and
cylindrical geometries and using the mathematical solutions of diffusion equations given
by Crank [12]. The mathematical solutions to diffusion equations for flux across a surface
and into the bulk involve both diffusion and surface exchange terms. However, for a
particle size well below /. at a given temperature, the solutions are sensitive to surface

exchange kinetics only. The spherical and cylindrical models are then used to obtain

2



values of k_;,,, down to a temperature where transition from surface exchange control to

chem
diffusion control occurs.

2. THEORETICAL BACKGROUND

When a porous MIEC sample placed in a chamber is subjected to an abrupt p,, change,

four processes occur, each having a different time constant or a characteristic time. The
four processes are: (a) Change of atmosphere in the chamber. (b) Transport of the
gaseous atmosphere into the porous interstices of the porous sample. (c) Surface
exchange on the interior surfaces of the porous body. (d) Chemical diffusion of oxygen
into the particles of the sample. In order to determine & by this technique, step (c)

chem
must be the slowest; that is, having a time constant or a characteristic time greater than
for the other three processes. Figure 1 shows a schematic of the 4 processes that occur.

By selecting a small chamber size, and by using a high gas flushing rate, the time
constant/characteristic time for process (a) can be made quite small. In reality the
assumed ‘step change’ in p,, is not instantaneous and there is a finite gas exchange

time. Gas exchange times of more than a few seconds can adversely affect the accuracy,
especially at short time periods [13]. The time constant, 7, to flush the chamber with

the new atmosphere, as defined by den Otter et al. [14], is given by

V. T
7y =t ()
q)v.tot T;'
where V. and 7. are the reactor volume and temperature, respectively, @ . is the flow

rate of the gas and 7, refers to room temperature. Equation (1) assumes that the

chamber can be treated as a continuously stirred tank reactor (CSTR), which requires
perfect mixing (extreme limit of turbulent mixing) [15]. The experiments were conducted
in a specially designed and built quartz tube. The effective volume of the sample
chamber, i.e. chamber volume minus volume of sample and insulated current leads, was
~6.3£0.5 cm’. At a gas flow rate of 600 ml/min, the time constant for switching the
atmosphere in the chamber at 800°C was approximately 0.17 sec. This calculation
assumes a continuously stirred tank reactor (CSTR), which requires complete mixing,
typical of extreme limit of turbulent behavior. Calculations using the effective tube
diameter and volume flow rate, however, yield a Reynolds number of ~45 to 40 between
600 and 800°C, which corresponds to laminar flow and well below that for a turbulent
flow. For a laminar flow, the change of atmosphere in the chamber cannot be described
by a first order kinetic equation (implied in equation (1) as a time constant). Rather, the
change of atmosphere essentially occurs as a step function (plug flow reactor (PFR)) [15].
Based on flow rates, chamber geometry, and sample dimensions, the estimated time for
this step change across the sample was <0.09 second. That is, the time required for a
complete change of atmosphere across the length of the sample in the chamber from the
initial to final is <0.09 second. Thus, the assumption of CSTR overestimates the time
required for chamber equilibration, and in reality the chamber flush time was closer to the



plug flow behavior. Even with the assumption of CSTR, however, the time constant is
rather small. This gas exchange process is illustrated schematically by Figure 1-(a).

The application of conductivity relaxation technique to porous bodies assumes gas
transport in the porous interstices to be much faster than kinetics of surface exchange. By
ensuring that the sample is sufficiently porous and relatively thin, the time
constant/characteristic time for process (b) can similarly be made very small. An estimate
of the time required for gas diffusion to occur into the pores of such samples was made.
This calculation was based on binary diffusion into the porous body. The effective
diffusion coefficient, Dy, of oxygen-nitrogen through porous bodies is given by [16]:
Do, n,V,

v

Deff = (2)

&

where Dy, _y, 1is the binary diffusion coefficient of oxygen-nitrogen, which can be

calculated using the Chapman-Enskog model [17], V, is the porosity, and & is the
tortuosity factor. A one dimensional diffusion equation was solved numerically using
D,y and the time required for the p, in the center of the sample to reach 99% of the

Po, after the switch was calculated. For an assumed tortuosity factor of 5, the estimated

time was between 0.055 and 0.14 sec over the temperature range investigated. This gas
transport into the pores, process (b), is illustrated in Figure 1-(b).

Process (a) is not affected by the microstructure. Process (b), in general, is only weakly
dependent on the microstructure of the porous sample'. However, processes (¢) and (d)
are clearly dependent on the sample microstructure. The time constant for process (¢), 7, ,

governed by £, can be defined approximately by:

S 3)
Schhem k
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where S, is the specific surface area of the body and d is the average particle size of the
porous body. Similarly the time constant/characteristic time for process (d), 7, , which is

governed by D, can be described by:

2
% oc% )

Clearly process (d) is more influenced by the average particle size due to the d 2
dependence and 7, decreases more rapidly with decreasing particle size than 7,. A

critical particle size, d,., can be defined at which 7, and 7, are equal. For d <d

cr o cr o

7, >7p, and for d >d,., 7, <tp. By ensuring that d <<d_,., one can ensure that

cro cro

! Assuming porosity is high enough and pore size is sufficiently large (so that Knudsen diffusion is
ignored).



7, << 7,. Under such conditions, process (c), illustrated by Figure 1-(c), is the slowest

and a porous body can be used to measure k by conductivity relaxation. The use of a

chem
porous sample instead of a dense sample also closely resembles actual SOFC cathodes,
which are porous and of a fine microstructure. The objective of this work was to
investigate this regime of kinetic behavior.

In porous samples of very fine microstructure, diffusion in very small particles is
assumed fast, so that the concentration is essentially uniform within the solid at any time
during equilibration (for 7, <<r,). If the specific surface area of the porous body of

volume fraction porosity V, 1is given by §j (in cm’/cm’ or cm™), the average
concentration at time ¢ is C(¢) and the final equilibrated concentration is C,, the mass

balance of oxygen incorporation (or expulsion) is given by

Schhem (Co - C(t))dt = (1 - Vv )dC(t) (5)
the integration of which gives
C,-C(
C, —C(0) ( -7, j 7,
Schhem N

which represents first order kinetics with time constant given by

r = (l_Vv) (7)

;=
Schhem

Note that the time constant 7, is defined in terms of the specific surface area of the
porous body, S}, rather than the average particle size, d. This also means that if the
above conditions are satisfied, the only relevant parameters are S}, and V), and the

kinetics of equilibration is independent of other microstructural features, such as particle
shape. In terms of the normalized conductivity, g(¢), the above may also be written as

_o-o0) _, [
= P 1 exp{ TJ (8)

where o(0) is the conductivity of the sample before the switch in py , o(7) is the

g(?)

conductivity at time ¢ after the switch and o, is the conductivity after the sample is
equilibrated to the new p, . The experimental procedure consists of measuring the time

dependence of conductivity after an abrupt change in atmosphere, fitting a first order
kinetic equation to the normalized conductivity, g(¢) vs. ¢ plot, and determining the time

constant, 7, , which is related to k.., , V,, and S, by equation (7). The §; can be
determined using quantitative stereology [18]. Volume fraction porosity, V,, can be

5



measured by the fluid immersion method as well as by systematic point count using
quantitative stereology [18]. From these measurements, k., , can be determined using

porous samples, given in terms of measured parameters using equation (7).

Transport kinetics in porous samples can also be analyzed assuming that the particle
geometry is approximately spherical or cylindrical. For spherical geometry, data can be
analyzed using the diffusion equation:

2
ac_D(a . 2o

— = 0<r<a 9
ot or? r@r] ©)

where a is the particle radius, with the initial condition

C(r, 0)=C(0) 0<r<a
and boundary conditions
Cla, )=C, t>0
and
B kg€, mC0) >0 (0

where C, is the concentration of oxygen in the particle after equilibration to anew pg ,
C(0) 1is the initial concentration of oxygen in the particle corresponding to the initial
Po, > and C(t) is the concentration of oxygen just inside the particle surface at time ¢.

Using the solution to the diffusion equation given by Crank [12], the normalized
conductivity, g(¢), for porous body containing spheres of radius a, assuming a linear

relation between conductivity and concentration, can be described by*:

_a®-0(0) _CO-CO) _M©O) _, % 6L% exp(—B2 Dt/ a?)

0 0p—0(0) C,-C0) M, ﬂ,f{ﬂ,$+L(L—1)}

(11)

where o(0) is the initial conductivity, o, 1is the conductivity after the sample is
equilibrated to the new Po, (that corresponding to C,), and o(¢) is the conductivity after

time ¢, which corresponds to C(7), the average concentration at time ¢, defined as:
3
3

a

C(t) = TC(r,z)rzdr (12)
0

? For the spherical geometry, this is only an approximation, and not valid rigorously.



M(¢) is the net amount of oxygen that entered (left) in time ¢ after the change in p,

and M, is the net amount of oxygen that entered (left) after an infinite time following
the change in py, . The S,’s are the positive roots of the transcendental equation

B, cotf, +L—1=0 (13)
where
L _ akchem _ i (14)
D

For a cylindrical geometry transport is analyzed in a long circular cylinder (length >>r)
using the diffusion equation:

a_czl£(r58£) 0<r<a (15)
ot ror or

The same initial condition and boundary conditions given for the spherical geometry are
applicable here. The normalized conductivity is given by [12]°:

_a®=0(0) _CO-CO) _M@) _,_3 41% exp(-B2 Dt/ a*)

g(t) = (16)
0.-0(0)  C,-CO) M, . pApl+l]
The p,’s are now given by the positive roots of the transcendental equation [12]
Budi(By) = LI (f,) =0 (17)

where J, is the Bessel function of the first kind and of zeroth order, J; is the Bessel

function of the first kind and of first order and L is defined in equation (14). The
corresponding average concentration C(¢) at time ¢ is given by:

Cc@) :%TC(r,t)rdr (18)

a o

Frequently a ‘sum-of-least-squares’ fitting program is used to fit experimental data to
these models, where a numerical procedure is necessary to obtain solutions to equations
(13) and (17). Values of S, can be easily obtained using a numerical procedure given by

den Otter et al. [14] or root finding operations built into commercially available
mathematical softwares. However, as noted previously, in the limit of a <</, the

solutions to the diffusion equations are sensitive only to the kinetics of surface exchange.
Thus, although the ‘least-squares’ procedure gives values for both D and k cpom » Oy the

* This also assumes a linear relationship between & (¢) and C(¢), which is strictly valid only for cylinders
aligned in one direction — the direction conductivity is measured.



surface exchange term is meaningful as large variations in D have little or no effect on
the best fit. The objective of this paper is to present the results of a study on LSC50 from
350 to 800°C and compare values of & obtained using the porous body analysis as

well as using both spherical and cylindrical solutions for the diffusion equation particles
in the porous body.

chem

3. EXPERIMENTAL

LSC50 powder (Praxair Specialty Ceramics) was mixed with 25 wt.% carbon (HTW —
Germany, 10-20 um spherical particles) and attrition-milled in ethanol for 4 hrs. The
dried powder was mixed with 3 wt.% ethylene glycol (as binder) and bars were die
pressed uniaxially, and then isostatically pressed at 32,000 psi. The bars were heated at
1°C/min in air to 500°C to burn off carbon and create porosity, and sintered in air at
1000°C to fabricate porous bars fine particle size and large specific surface area. A few
bar samples were also impregnated with epoxy and polished to a level finish for
stereological analysis on a scanning electron microscope (SEM).

Silver mesh and paste were used to attach silver leads in a four-probe configuration. The
sample was placed in a quartz chamber and inserted into a tube furnace for conductivity
relaxation measurements. A thermocouple was placed inside the sample chamber to
measure possible temperature fluctuations during measurements. Experiments were
carried out between 350 and 800°C in 50 degree intervals for the p,, switch from 0.06

to 0.04 atm and 0.04 to 0.06 atm. Measurements were also made at the larger p, step

changes of 0.21 to 0.10 atm. Voltage and current were measured using a Solartron 1287
Electrochemical Interface and recorded using ‘CorrWare’ software from Scribner
Associates.

4. RESULTS AND DISCUSSION

Figure 2 is a plot of the normalized conductivity, g(¢) vs. time for the LSC50 porous
sample sintered at 1000°C. The plots are given for the p, step change from 0.06 to 0.04

atm at 750, 600, and 450°C (with data for 350°C given as an inset due to relatively long
relaxation time). Data at other temperatures are not shown for the sake of clarity. The
sample equilibration times decreased monotonically from 750°C (~55 sec) down to a
minimum at ~500°C (~26 sec) to 450°C (~28 sec). Below this threshold the sample
equilibration times increased quite sharply; 400°C (~45 sec) and 350°C (~150 sec) with
decreasing temperature.

The k., 1s related to 7,., S, , and V,,, by equation (7) for the porous model. The pore

surface area per unit volume, Sy, of the randomly oriented surfaces of a porous body can
be obtained from the equation from quantitative stereology given by [18]



S, =2P, cm’ (19)

From the measurements of P; , the S}, for the porous LSC50 sample sintered at 1000°C
was estimated to be ~29,000 cm™. The ¥, was measured to be ~0.71. The k. obtained
between 750°C and 350°C from the measured z,, S, and V, for the porous sample
model are plotted in Figure 3 vs. 1000/T for a p, step change from 0.06 to 0.04 atm.
This figure clearly shows a monotonic increase in k., with decreasing temperature,

from 1.35 x 10" cm/s at 750°C to 2.1 x 10" cm/s around 450°C. Below 450°C the k

appears to be thermally activated and decreases rapidly with decreasing temperature, to
~1 x107" cm/s at 350°C.

chem

The normalized conductivity data from the above sample were also fitted to the solutions
for the spherical and cylindrical models, equations (11) and (16). SEM micrographs of
the sample revealed a uniform microstructure with average particle size ~0.5 microns.

Hence, the radius a was chosen as 0.25 micron. Figure 3 also shows plots of &, Vvs.

1000/T obtained from the spherical and cylindrical models for the LSC50 sample sintered
at 1000°C. The results from the spherical and cylindrical geometry solutions show similar
trends, with k., increasing with decreasing temperature between ~750 and ~500°C,
and thereafter sharply decreasing with further decrease in temperature from ~500 to
350°C. The agreement between the results from the spherical and cylindrical geometry

solutions and the porous sample model is very good. The value of &, obtained from

the porous sample model, in which it is a-priori assumed that 7, >> 7, lies between the
values obtained from the spherical and cylindrical models.

5. CONCLUSIONS

The present work has shown that the chemical surface exchange coefficient, %, , can

be determined using porous MIEC materials such that over a temperature range, the
slowest process is that of surface exchange. Such a condition is realized when the particle
size, d, in the porous body is much smaller than the critical length, /... Under such

conditions, the time response of normalized conductivity to an abrupt p,, change can be
described by a simple first order kinetics and the time constant can be uniquely related to
k.pem - In the present work, three models were used for the estimation of %, ; (a)
Porous body model which depends only on S, and V,, as the microstructural parameters,

(b) A solution to the diffusion equation assuming the particles in the porous body to be
spherical, and (c) A solution to the diffusion equation assuming the particles in the
porous body to be cylindrical. For LSC50, the £, was determined for a p, step

change between 0.04 and 0.06 atm. over a range of temperatures between 350 and 750°C.

It was observed that the k_,,,, increased with decreasing temperature between 750 and
~450°C. This is in contrast to results on dense samples, which show that the &,

decreases with decreasing temperature over the same range. Increasing k., Wwith

9



decreasing temperature determined using porous samples may indicate a role for surface
adsorption by a model such as Langmuir. For temperatures in the range from 450 to

350°C,

the k., determined using porous bodies sharply decreased with decreasing

temperature, consistent with a thermally activated process over this range.
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Figure 1. A schematic of the 4 processes that occur when an abrupt change in py, is

made: (a) change of atmosphere in the chamber; (b) gas transport into the porous
interstices; (c) surface exchange on the interior surfaces; (d) chemical diffusion of oxygen
into the particles.

Normalized Conductivity vs. time: LSC50 (SV=28,760 cm’”
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Figure 2. Normalized Conductivity vs. time at 450, 600 and 750°C for the porous LSC50
sample sintered at 1000°C: p, change from 0.06 to 0.04 atm. The inset shows data for
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k.. vs.1000/T: LSC50 (S =28,760 cm™ and V =0.71)
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Figure 3. £, vs. 1000/T for the porous sample, spherical and cylindrical geometry

models: 350 to 700°C for the porous LSC50 sample sintered at 1000°C; p,, change

from 0.06 to 0.04 atm.
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EFFECT OF MICROSTRUCTURE AND SPACE CHARGE ON CATHODIC
POLARIZATION

Feng Zhao and Anil V. Virkar'
Department of Materials Science and Engineering, University of Utah
122 S. Central Campus Drive, Salt Lake City, Utah 84112

ABSTRACT

Bar-shaped samples of porous samaria-doped ceria (SDC) with large neck
sizes were fabricated using a three-step method. In the first step, two phase
samples containing NiO + SDC were fabricated by sintering powder
compacts. In the second step, NiO was reduced to Ni at 800°C in a
hydrogen-containing atmosphere. In the third step, Ni was removed by
acid leaching, leading to the formation of porous SDC samples with wide
inter-particle necks. The conductivity of bar samples was measured using
a DC 4-probe technique between 650 and 800°C. The samples were then
annealed at 1200 and 1400°C. The conductivity of the samples was again
measured between 650 and 800°C. It was observed that the lower the
annealing temperature, the lower was the conductivity. Anode-supported
cells were fabricated with cathode made of Sr-doped LaCoO; (LSC) and
SDC, wherein the SDC layer was formed by the three-step method. Cell
performance was measured at 800°C with the cells subjected to thermal
treatments at 1200 and 1400°C prior to infiltration of LSC using aqueous
salt solutions. It was observed that the lower the annealing temperature,
the lower was the cell performance. The observed behavior is attributed in
part to space charge effects. Thermal treatments, however, may also lead
to precipitation of insulating phases at grain boundaries thereby increasing
resistance and lowering cell performance.

1. INTRODUCTION

Recent work has shown that cathodic polarization can be substantially reduced provided
the porous cathode is a mixed conductor [1-4]. For this reason, the cathode must either be
made of a single-phase mixed ionic/electronic conductor (MIEC), or a composite mixture
of an oxygen ion conductor (e.g. yttria-stabilized zirconia, YSZ), and an electrocatalyst
(e.g. LSM) which is an electronic conductor. In terms of the intrinsic charge transfer
resistance (area specific charge transfer resistance, R, in Qcm?), the oxygen ion
conductivity of the cathode, g;., the grain size of the cathode, d, and the porosity of the
cathode, V), the polarization resistance can be given by [2]

' To whom correspondence should be addressed.



R ~ dRct (1)
" Ne (=7

For a given cathode material, equation (1) shows that the larger the g;., the lower is the
R,, and thus the better is the cathode. It is known that the apparent conductivity of porous
ceramics is a function of porosity and morphology, such as grain size, inter-particle neck
size, etc. The smaller the grain size, generally the lower is the conductivity) (the higher is
the resistivity). According to the analytical model on the role of connectivity on electrical
conductivity of porous bodies including effects of grain boundaries and space charge,
small neck size has a profoundly adverse effect on the effective conductivity [5]. Also,
the space charge layer at grain boundaries and free surfaces in porous media can have a
significant effect on the effective conductivity.

It has been reported that the grain-boundary resistivity is strongly influenced by thermal
history [6-8]. After quenching from high temperatures, the grain-boundary resistivity is
generally quite small. However, after annealing at lower temperatures, the resistivity
increases significantly. The effect of heat treatment on zirconia electrolytes has been
extensively studied and is closely related to the type of dopant and the dopant
concentration [9-11]. Heat treatment leads to the segregation of a dopant-rich layer near
grain boundaries and triple points and also the formation of a layer of space charge
region, which has been attributed to the decrease in the conductivity of YSZ [12, 13].
However, very little information is available on the effect of high temperature heat
treatment on conductivity of ceria-based materials, and especially for porous bodies.

In this study, the conductivity of porous SDC samples was measured using a four-probe
DC technique. In order to study the effect of heat treatment on conductivity of porous
bodies, porous SDC samples sintered at a high temperature were heat treated at lower
temperatures. The porous SDC samples used in this study were made by the three step
method involving a leaching step. Then the conductivity of the samples was measured
again using a four-probe DC technique at various temperatures. The measurement
temperature was always much lower than the thermal treatment temperature such that no
microstructural changes were expected during the measurements.

The role of effective conductivity of porous ionic conductors on electrode polarization
was examined. The effects of space charge and morphology were included in the model.
A leaching process was used to fabricate porous SDC layers on anode-supported cells.
Then, the cells with the porous layers were heat treated at lower temperatures.
Subsequently, an infiltration process was used to fabricate composite cathodes. This
involved the introduction of an aqueous solution of salts of La, Sr, and Co, followed by a
low temperature (less than 1100°C) firing to form LSC in-situ. Electrochemical testing of
the as-fabricated cells was conducted to determine the possible effect of space charge.



2. EXPERIMENTAL

2.1 Fabrication of Porous Samaria Doped Ceria (SDC) Samples with Large Neck Sizes:
Powder mixtures of commercial NiO and SDC (combustion method) in various NiO:SDC
weight ratios corresponding to 20:80, 30:70 and 40:60 were wet-milled, dried, and then
screened. Bar-shaped powder compacts were formed by die-pressing and iso-static
pressing. Bar samples were sintered in air at 1600°C for 2 hours. The samples were then
reduced in 10% hydrogen + 90% nitrogen for 2 hours at 800°C, followed by 2 hours at
800°C in 100% hydrogen. Finally the reduced bar samples were leached in dilute nitric
acid for 3 hours. This led to the removal of Ni as Ni(NOs;),, and created additional
porosity. The resulting samples were single-phase, porous SDC. Four probe DC
conductivity measurements were performed on as-processed porous samples.

2.2 Heat Treatment of Porous SDC Samples:

Some of the porous samples, of varying porosity levels and fabricated using the leaching
process were heat treated at 1200°C for 20 hours and then air-quenched to room
temperature at a quenching rate of ~6500°C/min. Total conductivity was measured using
a four probe DC technique on samples with varying porosity levels over a range of
temperatures between 650 and 800°C.

2.3 Microstructure Characterization:

After conductivity measurements, fractured pieces of each sample were impregnated with
an epoxy. After curing and hardening the epoxy, the samples were mounted in a plastic
mount, and subsequently polished to a 1 micron finish. The samples were then examined
under a scanning electron microscope (SEM). The microstructures of porous samples
were characterized by quantitative stereology to estimate the porosity.

2.4 Fabrication of Composite Cathodes by Infiltration & Electrochemical Testing of
Single Cells:

Anode-supported cells with a Ni/YSZ anode support, a Ni/YSZ anode interlayer, and a
thin film YSZ electrolyte/SDC barrier layer were green-formed by slurry coating pressed
anode support discs. Subsequently, a layer of NiO + SDC powder mixture was applied on
the SDC barrier layer. The resulting cells were sintered at 1600°C. Some of the cells were
later annealed at 1400°C for 6 h and some at 1200°C for 20 h, followed by quenching to
room temperature. The NiO + SDC layer was subjected to 10% hydrogen + 90% nitrogen
for 4 hours at 800°C to reduce NiO to Ni. Nickel was leached out using dilute nitric acid
for 2 hours, resulting in a highly porous framework of SDC with wide necks. An aqueous
solution of La(NOs3)3, Sr(NO3), and Co(NOs), in requisite proportions was infiltrated into
the porous SDC and fired at 1100°C for 1 h to form a composite cathode containing LSC.
Finally, the performance of the cells was tested at 800°C with hydrogen as fuel and air as
oxidant. The ohmic contribution was measured by current interruption. After testing the
microstructure was examined under SEM.




3. RESULTS & DISCUSSION

3.1 Microstructure of Porous SDC: Conductivity of Porous SDC Samples Before Heat
Treatment:

Figure 1shows an SEM micrograph of a typical porous SDC bar fabricated. Bars of
porosity ranging between 29% and 59% were fabricated. All samples exhibited good
connectivity between grains. For samples fabricated using the leaching process, the
porosity was mainly dictated by the selected weight ratio of NiO/SDC. During sintering
of the samples, NiO and SDC grains grow simultaneously and fill up the space by
forming regular polyhedra (tetrakaidecahedra). The NiO skeleton in the composite keeps
the SDC skeleton from collapsing and vice-a-versa. Using this process, samples of
density greater than 95% of the theoretical density were made. The NiO and SDC phases
in the composite form two contiguous skeletons with large neck sizes (which are grain
facets). After reducing NiO to Ni and leaching it away, samples with the desired
microstructures of high porosity & large neck sizes were obtained.

Table I shows porosity and conductivity of porous samples made using NiO-SDC
powders, wherein the porosity was created by leaching away Ni. The total conductivity of
samples with varying porosity levels was measured over a range of temperatures by a
four probe DC method. It is seen that with increasing porosity from 30% to 59%, the
conductivity decreases from 0.053 to 0.027 S/cm at 800°C. Figure 2 shows a plot of the
relative conductivity vs. relative density. It is known that at relatively high volume
fractions of insulating phases, the net conductivity can be far below that of the conductive
phase corrected for porosity through a simple linear relationship, provided the inter
particle contact is poor. That is, the conductivity is dependent not only on porosity, but
also on other microstructural parameters, such as grain size and neck size, etc. When the
neck size is large, the effective conductivity can be calculated using a simple
phenomenological equation, namely

o ~o,(1-Vy) (2)

porous

3.2 Effect of Heat Treatment on Conductivity of Porous SDC Samples:

The results on conductivity measurements before and after heat treatment at 1200°C for
20 h are listed in Table 1. After heat treatment, the conductivity of the porous bodies
decreased. At 650°C, the conductivity decreased to half that of samples prior to the heat
treatment. At a temperature of 800°C, the conductivity decreased to ~75% of that without
heat treatment. The effect of heat treatment on the conductivity can in part be attributed
to space charge, because no change in the microstructures (based on SEM micrographs)
of the porous bodies was observed. However, the possibility of formation of secondary
insulating phases along grain boundaries cannot be ruled out. A careful microstructural
analysis using transmission electron microscopy (TEM) will be required to determine the
possible existence of secondary grain boundary phases. The following discussion is based
on the assumption of the existence of a space charge layer.




By Schottky approximation and solving Possion’s equation, the maximum space charge
potential for the case of no externally applied voltage can be calculated and is given by
[14-19]:

2
Ocs

AP(0) = —————
2egoe,[4 ]

3)

where ¢, is the static dielectric constant of the material, &, is the permittivity of free
space, O . is the charge in the grain boundary core, and [4], is the dopant

concentration in the bulk.

Space charge layer thickness can be given by [16, 17]

P QGI? ~ gogrA?ﬁ(O) @
d4] | 4]

From equation (3), it is apparent that the temperature dependence of A¢(0) may be due to

the temperature dependence of: (a) the effective charge in grain boundary core, Oz, (b)
the relative static dielectric constant ¢, , and (c) the effective bulk acceptor concentration
[4],. The effective bulk acceptor concentration [4], and relative static dielectric

constant &,, however, are nearly independent of temperature. Thus, the temperature-
dependent behavior of grain boundary barrier height, A@(0), must be caused by the
temperature dependence of Q.-

During the process of heat treatment, the dopant is expected to segregate along the grain
boundary and free surfaces, i.e., annealing at intermediate temperatures should favor the
creation of positively charged interfaces by enhancing dopant segregation. After
quenching from the annealing temperature, the dopant segregation at the grain boundaries
is almost frozen. Thus, in the annealed and quenched samples, it is expected that the grain
boundary structure at the annealing temperature can be preserved at lower temperatures,
e.g. with a more inhomogeneous point-defect distribution. Thus, the grain boundary
barrier height should be higher in samples annealed at lower temperatures. This means,
the variation in the grain boundary blocking effect can be related to the different levels of
dopant segregation achieved by changing the thermal history. Higher segregation should
result in both a large space charge thickness and greater depletion of oxygen vacancies
leading to greater grain boundary resistivity.

3.3 Application of Space Charge Model to Composite Cathode:

Using model developed earlier [5], equation (1) and values of various parameters from
the literature [20-22], the electrode polarization resistance can be calculated. Figure 3
shows the calculated polarization resistance as a function of grain size and neck size at
800°C for an electrode using YSZ as the ionic conductor in the composite cathode, and




the following parameters: p, (YSZ grain resistivity) = 14 Q.cm, p,. (resistivity of the
space charge layer) = 2,250 Q.cm, p;, (grain boundary core resistivity) = 10 Q.cm, A

(space charge layer thickness) = 2 nm, J,, (grain boundary core thickness) = 0.4 nm, and

Re=2 Q.cm™ Figure 4 shows the calculated polarization resistance as a function of grain
size and neck size at 650°C using the following parameters: pg =76 Qem, p =

14,520 Q.cm, Pgb = 50 Q.cm, A =2 nm, d4,= 0.4 nm, and R.= 4.15 Q.cm’. It is seen that

the polarization resistance rises sharply for small necks and large grains. Over the range
of particle sizes and neck sizes (angle) that the calculations were performed, the
polarization resistance varies between ~0.15 and ~0.8 Qcm? at 800°C, and between ~0.5
and ~2.8 Qcm” at 650°C. This result has significant implications concerning the role of
grain boundaries and grain size on the polarization resistance of composite and single
phase MIEC cathodes. The results show that a low polarization resistance is realized if
the particle size is small and the neck size is large.

3.4 The Possible Effect of Space Charge on Cell Performance:

Figure 5 shows voltage and power density vs. current density plots at 800°C for cells with
cathode fabricated by the infiltration method. In each case, cell with the SDC ionic
conductor skeleton in the composite cathode was annealed and then quenched to room
temperature prior to cathode precursor infiltration. The as-fabricated cell without heat
treatment exhibits the highest performance. By contrast, the cell annealed at 1200°C for
20 hours exhibits the lowest performance. A possible explanation is that the lower the
annealing temperature, the greater is the space charge width, the higher is the ionic
resistivity in the cathode interlayer, and thus the higher is the activation polarization
(Equation (1)). Since the anode interlayer was subjected to the same thermal treatment, it
is expected that a similar effect likely exists in the anode interlayer (higher ionic
resistivity in YSZ annealed at a lower temperature). Figure 6 shows the ohmic
overpotential determined by current interruption as a function of current density for cells
with various thermal histories. It is seen that the cell annealed at 1200°C has a slightly
higher ohmic resistance. This is also consistent with expectations since the ionic
resistivity of the YSZ/SDC bi-layer electrolyte is expected to increase by annealing at a
lower temperature (1200°C) due to the space charge effect. The observation, that the
effect is small is also consistent with the fact that the overall ohmic contribution is
generally small in cells with a thin film electrolyte. Figure 7 shows electrode polarization,
which was obtained by subtracting the ohmic contribution, as a function of current
density for cells with various thermal histories. Figure 7 shows that the variation in total
electrode polarization with annealing temperature is substantial, with the cell annealed at
1200°C exhibiting the highest polarization and the as-fabricated cell exhibiting the lowest
polarization. Higher polarization in the cell annealed at 1200°C is again consistent with a
larger space charge effect. While the results are consistent with space charge effect, the
possibility of secondary, insulating phases precipitating along grain boundaries in
samples annealed at a lower temperature, thus raising the net resistivity cannot be ruled
out. A careful characterization of grain boundary regions will be required to answer this
question.




4. SUMMARY

The present work shows that samples fabricated using the leaching method exhibits the
desired microstructure comprising a wide neck size and high effective conductivity in
porous SDC. The present results also show that annealing at lower temperatures increases
the resistivity, consistent with the existence of a space charge effect which leads to a high
resistivity region near grain boundaries due to the depletion of oxygen vacancy
concentration. Measurements on anode-supported cells show that cells annealed at a
lower temperature (prior to the introduction of cathode precursor by infiltration) exhibit
lower performance, which can be attributed to greater electrode polarization. This higher
polarization can be attributed to the expected greater space charge effect in samples
annealed at a lower temperature. However, even though the results are consistent with the
possible existence of a space charge effect, the formation of insulating phases along grain
boundaries in annealed samples as a possible reason for higher resistivity and higher
polarization resistance in annealed cells cannot be ruled out. This will require careful
characterization of grain boundary regions.
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Table I: Conductivity of porous SDC before and after thermal treatments.

T(°C 650 700 750 800
Conductivity | 30% 0.018 0.028 0.035 0.053
(S/cm) 38% 0.011 0.019 0.029 0.044
Before heat 59% 0.008 0.012 0.019 0.027
treatment
Conductivity | 30% 0.007 0.012 0.022 0.042
(S/cm) 38% 0.0055 0.011 0.018 0.038
After heat 59% 0.005 0.009 0.014 0.024
treatment

Figure 1: An SEM micrograph of a SDC bar (porosity = 30%) sintered at 1600°C/2 hours
(method comprising the fabrication of SDC + NiO composite, reduction of NiO to Ni,
and removal of Ni by leaching). Conductivity data are given in Table 1.
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Figure 2: Relative conductivity vs. relative density. The relative conductivity is defined
as the ratio of the conductivity of a sample with a given porosity to that of the fully
sintered (negligible porosity) sample. Similarly, the relative density is the ratio of density

of a sample with a given porosity to that of a fully dense sample.
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Figure 3: Calculated area specific electrode polarization resistance, using YSZ as the

ionic conductor in a composite cathode, as a function of angle (relative neck size) and

grain size at 800°C. Note that the polarization resistance rises sharply at small angles
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Figure 5: Voltage and power density vs. current density plots at 800°C for cells with
skeleton in the composite cathode was annealed and then quenched to room temperature

cathode fabricated using the infiltration method
prior to cathode infiltration.
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EFFECT OF MORPHOLOGY AND SPACE CHARGE ON CONDUCTION
THROUGH POROUS OXIDE CERAMICS

Feng Zhao and Anil V. Virkar'
Department of Materials Science and Engineering, University of Utah
122 S. Central Campus Drive, Salt Lake City, Utah 84112

ABSTRACT

An analytical model on the role of connectivity on electrical conductivity of porous
bodies, including the roles of grain boundaries and space charge, was developed. Porous
samaria-doped ceria (SDC) samples were fabricated using two methods: (1) conventional
sintering of powder compacts and (2) a method comprising the fabrication of sintered
NiO + SDC two phase samples, followed by reduction of NiO to Ni, and the removal of
Ni by acid leaching. The latter method can fabricate porous sample with preferred high
porosity and larger inter-particle neck. Electrical conductivities of as-fabricated bar
samples were measured using DC 4-probe technique. The electrical conductivity of some
of porous SDC samples fabricated using leaching process, as a function of temperature
and oxygen partial pressure, is measured with DC 4-probe method. It was observed that
the neck size has significant effect on the effective conductivity of porous body. The
increase of electrical conductivity with reducing oxygen partial pressure can be explained
well by the space charge model. Finally the model was applied to composite electrode.
The effect of morphology of porous ionic conductor framework in composite cathode on

electrode polarization was discussed.

INTRODUCTION

Recently porous ionic and mixed ionic/electronic conductors have become of interest for
applications such as electrode materials in solid oxide fuel cells [1] and ceramic gas
sensors [2, 3]. The apparent conductivity of porous ceramics is a function of porosity [4-
5], grain size, inter-particle neck size etc. The smaller the grain size, generally the higher

is the net resistivity. It was frequently reported that the grain boundary resistivity is

' To whom correspondence should be addressed.
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several orders magnitude higher than that of bulk [6-10] This effect has often been
attributed to an intergranular siliceous phase [11-13]. However, for materials of high-
purity, the specific grain-boundary conductivity was measured to be still several orders
magnitude lower than that of the bulk [14]. This low conductivity can not be attributed to
the intergranular siliceous phase. Part of this resistance, however, is attributable to space
charge effects, which tend to lower the charge carriers concentration near grain
boundaries. Frenkel [15] is the first to propose the existence of space charge. Its
mathematical analysis and implications concerning conductivity were presented by
Lehovec [16], Kliewer & Koehler [17]. Subsequently, many researchers have examined
the existence of space charge, but with essentially the same formalism as given by
Kliewer & Koehler. Recent work by Guo [18-19] has shown that in YSZ, the grain
boundary resistivity can be attributed to a space charge region (depletion of oxygen
vacancies), which appears near grain boundaries. Some researchers also reported that the
space charge effect on the conductivity mechanism of cerium oxide in the nanometer and
micrometer size range. Kim et al. [20] discussed the conductivity mechanism of
nanocrystalline ceria and concludes the space charge potential is weakly dependent on
temperatures and oxygen partial pressure and leads to the much higher grain boundary
resistivity. Tschoepe [21-22] discussed the rather different nature of the electrical
transport properties in the nano and microcrystalline ceria by varying temperature and
oxygen partial pressure and concluded that the electronic conductivity of nanocrystalline
increase with decreasing grain size. Guo et al. [24] studied the properties of blocking
grain boundaries in Yttria-doped and undoped ceria. The author conclude that the
blocking effect in grain boundary for ceria of high purity can be attributed to the positive
space charge potential leading to the depletion of oxygen vacancy. Some models were
also developed to take into account of the space charge effects in nanocrystalline
ceramics and polycrystalline. Tiku and Kroger [24] computed the potential difference
between grain boundary and bulk and the concentrations of native and foreign point
defects in the bulk, grain boundary and space charge region as a function of grain size for
polycrystalline Al,O3; system and concluded that the contribution of space charge region
to conductivity may be neglected. Tschope et al. [25] calculated the electrical

conductivity of mesoscopic cubic cerium oxide crystals with space charge layers as a
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function of grain size. They found that the characteristic grain-size-dependent increase of
electronic and decrease of ionic conductivity by assuming positive space charge.
Lubomirsky et al. [26] modeled the distribution of mobile charge carriers in the space
charge region of grain boundaries. They found the depletion effects are more pronounced
at edges and corners just due to geometry. So far all of the studies of space charge studies
have been reported on dense body. In the space-charge model, a grain boundary consists
of a grain-boundary core (crystallographic mismatch region) and two adjacent space-
charge layers. Depending upon the dopant type and amount, it may in principle be
possible to actually enhance the oxygen vacancy concentration near grain boundaries. If
the space charge region suppresses ionic conduction, measures should be taken to
minimize the grain boundary effect through compositional and microstructural
modifications. Despite of careful processing of fabricating the porous samples, the defect
density in surface cores is much higher than in the bulk. The defects may include surface
adatom, surface vacancies, adsorbed species from surrounding atmosphere etc. In
addition, since with porosity, the subsurface space charge layers occupy a noticeable part
of the skeleton volume of porous sample and they may narrow the path of charge carrier,
consequently transport properties of porous oxide ceramics are significantly affected by
the subsurface space charge region than that of dense bodies. The other factor involves
the nature of inter-particle necks (or throat diameter). If the contact between particles is

poor, the overall resistance can be large.

Yttria doped zirconia (YSZ) and doped cerium oxide are at present the two most widely
used electrolyte materials for solid state electrochemical devices, for example, solid oxide
fuel cells, oxygen separation membrane, steam electrolyzes and sensors. YSZ is a pure
ionic conductor over a wide temperature range and oxygen partial pressure range.
However doped ceria is an electron and oxygen ion mixed conductor with temperature

and F, . At high temperatures and at low £, , it exhibits much n-type conductivity. At

high £, and low temperatures, ionic conductivity is dominant.

In this study, a simple, one dimensional model of the role of connectivity on electrical

conductivity of porous bodies, including the roles of grain boundaries and space charge,
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was developed. The model developed accounts for transport through three regions: the
bulk of the grain, the space charge region, and the structural part of the grain boundary.

Doped ceria is chosen as a model material. The model also incorporates the effect of £,

on the carrier concentrations in the space charge layer and in the bulk and its associated
effect on the bulk resistivity and that of the space charge layer. The effective resistivity of

doped ceria was calculated as functions of grain size and neck size for a given £, & a

given temperature. Finally the effect of effective conductivity of porous ionic conductors
on the electrode polarization was evaluated. The effect of space charge and morphology

was included in the composite electrode model.

To investigate the connectivity effect, porous bar samples of samaria doped ceria (SDC)
with widely varying neck sizes were fabricated, and the conductivities were measured
using a four-probe DC technique. The electrical conductivity of some of porous SDC
samples fabricated using leaching process, as a function of temperature and oxygen
partial pressure, is measured with DC 4-probe method. In order to study the effect of
space charge on cell performance, anode-supported cells were fabricated with cathode
made of Sr-doped LaCoOs (LSC) and SDC, wherein the SDC layer was formed by the
leaching process. Cell performance was measured at 800°C with the cells subjected to
thermal treatments at 1200 and 1400°C, prior to infiltration of LSC using aqueous salt

solutions.

MODEL

Effective Resistivity of a Porous Body: No Space Charge Effect: Figure 1(a) shows two

grains with a grain boundary in between. Figure 1(b) shows a half of the grain of radius R

and neck size 7, with half of the grain boundary associated with it. This is the geometry

used in the calculations.

After analysis (see Appendix A), the effective resistivity as a function of the relative neck

size a is given by
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where

R: the radius of the particle, which is assumed to be a grain.

r,: the radius of the inter-particle neck.

o: relative neck size, given by a = r,/R.

P grain resistivity without the space charge effect (Qcm).

PebOgp: grain boundary area specific resistance(Qcm?).

Effective Resistivity of Porous Body: Space Charge Effect Included: A porous body is

modeled as a one dimensional array of cut spheres with contact area corresponding to the
neck size. The geometry of the particle used for calculations is shown in Figure 23. It
consists of a half of the grain with half of the grain boundary associated with it. The net
resistance is divided into three regions: (1) Region I correspond to the net resistance for
the range between x = xp+A4 to x = R. The corresponding resistance is R;. (2) Region II
corresponds to the net resistance for the range x = xy to x = xp+A . The corresponding
resistance is Ry. (3) Region III corresponds to the transport across grain boundary core.
The effective resistance, which includes the effects of space charge, grain boundary and

of the neck morphology, is given by (see Appendix B)

Rey=R;+ Ry + Ry (2)
where
2 _Rsin’ 646
R1: j — - pgpr — — _ (3)
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with
R: the radius of the particle, which is assumed to be a grain.

r,: the radius of the inter-particle neck.

0 : angle describing neck region given by half the angle of the cone formed by the neck

joined to the center of the grain

4 R—7,
6@ = cos (Tj (6)

A: width of the space charge region. For simplicity, it is assumed here that in this region,
the conductivity is uniform.

P grain resistivity without the space charge effect (Qcm).

Psc: resistivity in the space charge region (Qcm). This may be higher or lower than the
grain resistivity.

PebOgp: grain boundary area specific resistance(Qcm?). This is only that part associated
with the structural disorder of a grain boundary. In general, the grain boundary resistivity
is not amenable to a separate, unequivocal determination, and neither is the thickness.
Hence, this is given as a product pg;dg, Which is the common practice.

In general, the particle size, R, is in the micron range, the grain boundary thickness is in
angstroms, and the space charge width, A is assumed to be in several to hundreds of
nanometers. Thus, we expect that R>A>d,;, and typically R>A>>6y).

R.y: the net resistance of half a grain with half the grain boundary associated with it.
Based on the assumption that the grains(or particles) are arranged on a square lattice, the

effective DC resistivity of such a material can be computed by the following equation:

2
_ 4R, R _ 4R, R 7
R-x, cos®

pe..ff

Curvature may have some effect on local energies and stoichiometry, in this study the

curvature effect was neglect and the equipotential lines was assumed straight.
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Resistivity in Bulk and Space Charge Layer for Doped Ceria: In the following discussion,

all of the defects are assumed in thermodynamic equilibrium. Doped ceria is chosen here
as a model materials. Doped ceria is known [27-30] to be mixed conductors of oxygen

ions and electrons. Oxygen vacancies were created by introducing acceptor dopants by
4,0, > 24 +V3 +30; (8)

At elevated temperatures and reduced oxygen partial pressures, electrons and oxygen
vacancy can be generated by

O; —2e +V) + %Oz 9)

The corresponding law of mass action equation can be expressed as

0

ke, T

P*Vg]= kexp(- )P, | P) (10)

where n is electron concentration, [VO”] is oxygen concentration, k is a constant, Hy is
the enthalpy of reaction (9) and k, the Boltzmann constant, F, is the oxygen partial

pressure in ambient atmosphere.

According to the condition for local charge neutrality, the concentrations of V,,* for the

bulk can be expressed as:

[A']b +n

[Vo.. I = B

(11)

The dopant concentration in bulk,[4],, F, and temperature T were given by the

experimental conditions. For cerium oxide, k = 1.2x10"™* and AH’ =4.67 eV [31]. From
equation (10) and (11) the defect concentration (oxygen vacancies and electrons) in the

bulk can be calculated at various temperatures and oxygen partial pressures.

It is generally accepted that the total electrical conductivity for doped ceria is the sum of

ionic conductivity and electronic conductivity.
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o=2eV; u,. tenp, (12)
Then the total conductivity in the bulk can be expressed as
Ovutk = O iputiey ¥ Oe(puiky = 2e[V5], Hyse +en, U, (13)

where [V;"], & n, are concentrations in the bulk in cm’/volt.sec. 4. and u, are

mobilities of oxygen vacancy and electron, respectively.

Then the resistivity in the bulk can be written as

1 1
pb = = ' (14)
o, 2eV5], Hy.. +emp,
For ceria, the electron mobility was given by [31]
3.9x10° 4.63x10°
T)y=———exp(——— 15
#.(T) T p( P (15)
and the effective mobility of oxygen vacancies was given by [32]
2.92x10° 7.84x10°
(1) = =25 exp(— =) (16)

In the above analysis, constancy of the mobilities of oxygen vacancy and electrons was
assumed. The assumption is based on an ideal-solid-solution model that was utilized by

Wang et al. [29] on the nonstoichiometry of doped ceria.

According to the constancy of the electrochemical potential for mobile defects, the
concentration 7;(x) of any dilute defect j with charge z in the space charge layer is given
as

nj (X) _ exp[—z €A¢(X)

n,(bulk) H] an

x is the distance from the interface between the grain boundary core and the space charge

layer, at the interface x=0; A¢@(x) is the electrostatic potential referenced to the bulk, i.e.,

so called space charge potential. By solving Poisson’s equation, it is related to the dopant

concentration and space charge layer thickness by (for x< X*) [33]
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agr) = AL (5 (18)

EyE,

where [A4'], is the dopant concentration in the bulk in #/cm’, &, 1s permittivity of free
space, space charge layer thickness A, and Debye length A can be given respectively as

7= 2% Ag(0) and 4= ﬁ?ﬁL (19)
kT 40747,

where A@(0) is space charge potential at grain boundary. ¢, is the dielectric constant of
material. For ceria &, = 26 [34] Then the electron and oxygen vacancy concentration in

space charge layer can be expressed respectively as

Ny =N, exp(M;Sx)) (20)
Vel =103, exp(—z"i—ff")) @1)

Then the specific conductivity in the space charge layer at a distance of x from grain

boundary core is given as

o-sc(x) = Ze[VO“ ](x) ILIVO“ + en(x)lue (22)

The average electronic conductivity in the space charge layer can be given as

1

O-e sc = * (23)
S
¥ dx
2’ 0 Ge ('x)
Inserting equation (18), (19) and (20) into equation (22) and rearranging
eun, i y
Ge(sc) = i 1 : = O-e(bulk) i 1 (24)
-y “ - “
e * )2 e % \2
0 ex blx—2 0 ex b A
p[gogrkT( ) ] p[gog,kT( ) :

In the same way, the average ionic conductivity in the space charge layer can be given as
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O-i(sc) = Z (25)
o
Ao (X)
Inserting equation (18), (19) and (21) into equation (25) and rearranging
zew V1,4 r
Oitse) =77 o ) = Oibuik) 7 1 (26)
I (4] “ —vi “
ze )2 .
O exp[- L x -2 ex 7” x—A
ol &,&,kT ( ) ] pl- e kT ( )2]
Thus the average resistivity in space charge region can be given
1 1
p,=— = (27)

G‘ Ge(sc) + Gi(sc)

EXPERIMENTAL

Fabrication and Conductivity Measurement of Porous Samaria Doped Ceria (SDC)

Samples with Widely Varving Neck Sizes: Two different methods were used to make

samples of various porosities. In the first method, powder compacts were formed by die-
pressing and iso-static pressing. Then the samples were sintered in air over a range of

temperatures (ranging between 1200°C and 1600°C) to achieve varying porosity levels.

The process for making the second group of samples is as follows: Powder mixtures of
commercial NiO and SDC (combustion method) in various NiO:SDC weight ratios
corresponding to 20:80, 30:70 and 40:60 were wet-milled, dried, and then screened.
Powder compacts were formed by die-pressing and iso-static pressing. Bar samples were
sintered in air at 1600°C for 2 hours. The bar samples were then reduced in 10%
hydrogen for 2 hours at 800°C, followed by a treatment in 100% hydrogen for 2 hours.
Finally the reduced bar samples were leached in dilute nitric acid solution for 3 hours.
This led to the removal of Ni as Ni(NOs),, and created additional porosity. The resulting

samples were single-phase, porous SDC.
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Total conductivity of the two groups of samples of varying porosity levels was measured
over a range of temperatures by four probe DC method. Prior to the measurement of
conductivity, the samples were thermally treated at 1200 °C for 4hour to ensure the same
space charge length among the samples. After testing, fractured pieces of each sample
were impregnated with an epoxy. Upon curing and hardening the epoxy, the samples
were mounted in plastic mount, and subsequently polished to a 1 micron finish. The
samples were then examined under a scanning electron microscope (SEM). The
microstructures of porous samples were characterized by quantitative stereology to

estimate the porosity.

Conductivity Measurement of Porous SDC Sample at Various F, _& at Various

Temperatures: Total conductivity of porous SDC samples fabricated using leaching

process, were measured using four-probe technique under various F, and temperatures.
The F, was changed from I atm (pure oxygen) to lower values step by step and finally

to a reducing atmosphere. Oxygen partial pressure was controlled by N,/O, mixtures for

F,, ~higher than 10° atm, or Ho/H,O mixtures for reducing atmospheres. F, was

monitored using a oxygen sensor. After the measurement at 600 °C, the sample was

heated to higher temperatures to take new measurements.

Fabrication of Composite Cathodes by Infiltration: The fabrication process of anode-

supported cells with a Ni/YSZ anode support, a Ni/YSZ anode interlayer, and a thin film
YSZ electrolyte/SDC barrier layer is described in the second chapter. At this stage
coatings of NiO+SDC powder in requisite proportions were applied onto the sintered
SDC barrier layers and fired at temperatures up to 1600 °C. Some of the cells were
annealed at 1400 °C for 6 h and 1200°C for 20 h and then quenched to room temperature.
The NiO + SDC layer was subjected to 10% hydrogen for 4 hours at 800 °C to reduce
NiO to Ni. Nickel was leached out with dilute nitric acid for 2 hours, resulting in a highly
porous framework of SDC with wide necks. A solution of La(NOs);, Sr(NOs), and
Co(NO3), in requisite proportion was impregnated into the porous SDC and fired at

1100°C for 1 h to form a composite cathode containing LSC. Finally, the performance of
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the cells was tested at 800 °C. The ohmic contribution was measured by current

interruption. After testing the microstructure was investigated under SEM.

RESULTS AND DISCUSSION

Effect of Neck Size on Effective Resistivity of Porous Body: Equation 1 shows that the

effective conductivity of a porous conductor depends on the grain resistivity, p,, the grain
boundary resistivity parameter, namely pg0z, and the relative neck size a, given by a =
ro/R. Of particular interest is to determine the relative contributions of the two terms as a
function of o for small values of a. Note that as a—0, both of the terms go to infinity
(become singular). Our interest is in determining which of the terms goes to infinity
faster as a—0. It is readily shown that as a—0, the above equation can be approximately

given by

Po = Py ln(éj + ’Z;"—Zi" (28)
As seen from equation (28), as a—0, both terms become infinite. One can use
‘Hospital’s’ rule to show that the second term goes to infinity faster. The ratio of the
derivative of the second term to the first varies as 1/ o”. This result has significant
implications concerning the resistivity of porous bodies, the role of grain boundaries, and
the cathodic polarization resistance of composite cathode. That is, a poorly sintered
cathode (with narrow necks) will exhibit high effective resistivity and thus high

polarization resistance. The role of grain boundaries on p,; is actually disproportionately

high on p., due mainly to small neck sizes.

Morphology and Space Charge Effect on Effective Resistivity in Porous Doped Ceria:

For the case of T = 600°C, F, = 0.21 atm, doping level =10% (corresponding to [4], =
2.686x10%'/em’, ny= 1.86x10""/cm’ and [VO”L =1.34x10*'/cm’), space charge potential

A@(0) = 0.4V [23]. Using equation (19), the Debye length and space charge layer
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thickness can be calculated as 0.1 nm and 0.4 nm. Using equation (24), (26) and (27), the
average conductivity in the space charge layer can be given as

1 1
0.0050 1) +2.2680 1,

P = (29)

Oy T O

e(sc)

The ionic conductivity in bulk, o,,,,, and electronic conductivity in bulk,o,,,,, can be

calculated using equation (13). Thus the average resistivity in space charge layer can be

calculated using equation (29).

In the similar way the average resistivity in space charge layer at higher temperatures and
at various oxygen partial pressures can be calculated as well. Using the calculated bulk
conductivity and average space charge conductivity at various temperature and at various

F,, , as well as equation (3 — 5) and (7), the effective conductivity of porous doped ceria

at specific neck size and specific grain size can be calculated.

Figure 2(a) shows the calculated resistivity (on a linear scale) of half of a grain with half
of the grain boundary for porous doped ceria as a function of grain size and neck size at

600°C and F,, =0.21 atm using the following parameters: p, =52 Qcm, p, = 1.06x10*
Qem, pg,= 50 Qcm®, 2 = 0.4 nm, and Ogp = 0.4 nm [35]. Figure 2(b) shows the

calculated resistivity (on a log scale) of half of a grain with half of the grain boundary for
porous doped ceria as a function of grain size and neck size under the same condition. On
the basis of these figures it is seen that the effective resistivity rapidly rises for small
narrow necks. The effective resistivities of porous samples with 0.5 micron grain size in
the case of 5° angle and 45° angle are 3.25x10° Qcm and 1.77x10* Qcm, respectively.

The effective resistivities of porous samples with 5 micron grain size in the case of 5°

* As the grain boundary core has a strong disordered structure, it is usually accepted that the activation
enthalpy and entropy of migration should be much lower than those of bulk and space charge layers [18].
Furthermore, the charge carrier concentration in the core area is higher [36]. Thus the resistivity in the grain
boundary core should be lower than those of bulk and space charge layer. In the following analysis, a value
of lower resistivity was assumed and used for the calculation of effective resistivity.
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angle and 45° angle are 6.46x10> Qcm and 1.09x10? Qcm respectively. It is seen that the
effective resistivity for 0.5 micron grain size is over 18 times greater for the case of 5°
angle as compared to 45° angle. Also the effective resistivity for 5 micron grain size is
over 6 times greater for the case of 5° angle as compared to 45° angle. The rapid rise in
the net resistance at small angles (narrow neck sizes) underscores the importance of good

particle to particle contacts.

Figure 3(a) shows the calculated resistivity (on a log scale) of half of a grain with half of
grain boundary for a porous doped ceria as a function of grain size and neck size at 800°C

and F, =0.21 atm using the following parameters: p, =12 Qcm, p, = 2.41x10° Qcm,

Pgp= 10 Qcm, A = 0.4 nm, and Ogp = 0.4 nm. Figure 3(b) shows the calculated

resistivity (on a log scale) of half of a grain with half of grain boundary for a porous
doped ceria as a function of grain size and neck size under the same condition. It was
observed the similar trend that the effective resistivity rapidly rises for small narrow
necks. It is also interesting to note that at 800°C, the effective resistivity for a grain size
0.5 micron in the case of 5 degrees is 7.39x10* Qcm, which is just 0.22 times of that at

600 °C.

Table 1 shows porosity and conductivity as a function of sintering conditions for porous
samples fabricated using a conventional method. Table 2 shows porosity and conductivity
as a function of sintering conditions for porous samples made using NiO-SDC powders,
wherein the porosity was created by leaching away Ni. From Tables 1 & 2, it is seen that
for the samples fabricated using the conventional sintering method, at a high sintering
temperature of 1600°C, a dense sample with 4.2% porosity can be obtained, as shown in
Figure 4. With the decrease of the sintering temperature to 1400°C & 1200°C, the
porosity increases to 33.5% & 51.2% respectively. These samples were not well sintered.
Also it is seen that the inter-particle (inter-grain) neck sizes are small, as seen in Figures
5 & 6. In the second group of samples fabricated using the leaching process, the porosity
was dictated by the weight ratio of NiO/SDC. During sintering of the samples, the NiO
and SDC grains grow simultaneously and fill up space by forming regular polyhedra

(tetrakaidecahedra). The NiO skeleton in the composite keeps the SDC skeleton from
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collapsing and vice-a-versa. Using this process, samples of greater than 95% theoretical
density were made. The NiO and SDC skeletons in the composite form two continuous
phases with a large neck size. After reducing NiO to Ni and leaching it away, samples
with the preferred microstructures of high porosity & large neck sizes were obtained.
From Figures 7 through 9, it is seen that with the increase of porosity from 31.2% to
54.8%, the samples exhibit good connectivity between grains compared to those sintered

using the conventional method, shown in Figures 5 & 6.

The results of conductivity measurements listed in Table 1 & 2 show that the effects of
microstructural on the apparent conductivity are rather large. It is seen that in the first
group of samples fabricated using the conventional method, the conductivity of the dense
sample is 0.071 S/cm at 800°C, which is twice that of the sample with 33.5% porosity.
The conductivity of the sample with 51.2 % porosity is 4.31x10™ S/cm at 800°C, which is
much lower than can be rationalized on the basis of a simple phenomenological equation,
namely

o =o(l1-V),) (30)

porous

In the porous samples fabricated using the reducing-leaching method, with the porosity
increase from 31.2% to 54.8%, corresponding to a conductivity decrease from 0.05 to
0.0328 S/cm. The decrease of conductivity is not as large as in the samples fabricated
using the conventional method. This shows that the conductivity is dependent, not only
on porosity, but also to other microstructural parameters, such as grain size, neck size etc.
Usually when the grain size is in the nanometer range, the grain boundary dominates
conductivity. For samples with grain sizes on the order of microns, the grain boundary
effect is generally significant, but not dominant. Therefore, the large difference in
conductivity of the two groups of samples must be attributed to the differences in the
neck sizes, i.e., the connectivity (inter-particle neck size) plays an important role in
determining the conductivity of porous ionic conductors. Comparison of Figure 6 and
Figure 9 shows that while these two samples exhibit similar porosity levels, their
conductivity values are two orders of magnitude apart as shown in Figure 10 which
shows a plot of the relative conductivity vs. relative density. It is known that at relatively

high volume fractions of insulating phases, the net conductivity can be far below that of
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the conductive phase corrected for porosity through a simple linear relationship, provided
the inter particle contact is poor. The results show that the conductivity is dependent not
only on porosity, but also on other microstructural parameters, such as grain size and
neck size, etc. When the neck size is large, the effective conductivity can be calculated on
the basis of a simple phenomenological equation (30) .The most probable reason for the
large difference of conductivities is the connectivity. That is, the samples sintered by the
conventional method exhibit relatively small neck sizes compared to those fabricated by

the reducing-leaching method.

Oxvgen Partial Pressure Effect on Effective Resistivity of Bulk and Space Charge Layer:

Figure 11 shows the calculated defect concentration (on a log scale) in a space charge
layer as a function of distance from grain boundary core using the following parameters:
T= 600 °C, space charge potential=0.4V [23], doping level =10%(corresponding to n,=
1.86x10"/cm’® and [VO“L =1.34x10*"/cm’). Note that in the space charge layer the

oxygen vacancy concentration decreases and the electron concentration increases with the
decreasing of the distance from grain boundary core. At grain boundary core area, the
oxygen vacancy concentration is still higher than that of electrons. For the case of T =
800°C, space charge potential=0.4V, doping level =10% as shown in Figure 12, Note that
the lines of oxygen vacancy concentration and electron concentration cross at { (distance
from grain boundary core) = 0.1 nm. When { < 0.1 nm the so called “inversion layer” is
formed. If the inversion layer is dominant in the space charge layer, the phenomenon of

the space charge layer conductivity being higher than that of the bulk will be observed.

Figure 13 shows the calculated ionic, electronic and total conductivity (ionic plus
electronic) in the bulk and the space charge layer as a function of various oxygen partial
pressures using the following parameters: T = 600 °C, space charge potential=0.4V,
doping level = 10 mol%. Note that in the bulk and in the space charge layer, the

electronic conductivity increases about 3-4 orders magnitude when the F, decreases

from 1 atm to 10" atm. However the ionic conductivity for all cases remains
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independent of F, . Also the ionic conductivity dominates the total conductivity over the

whole F, range.

Figure 14 shows the calculated ionic, electronic and total conductivity (ionic plus
electronic) in the bulk and the space charge layer as a function of various oxygen partial
pressures using the following parameters: T = 800 °C, space charge potential = 0.4V,
doping level = 10 mol%. It is seen that the average electronic conductivity in the space

charge layer dominates the average total conductivity when F, < 107 range, which is

in good agreement with expectation. At a higher temperature, the electron concentration

can be larger at low F, , thus the space charge layer exhibits lower resistivity than the

bulk.

Figure 15 shows the calculated effective conductivity of porous doped ceria as a function
of oxygen partial pressure at various temperatures for the case of grain size = 2.5 pm,
theta = 18° ( an indicator of relative neck size) and porosity = 30%. It is seen that at

600°C the conductivity remains constant with F, . This can be attributed the dominant
ionic conductivity which is nearly constant with various F, . However the effective
conductivity increases from 0.02 S/cm to 0.033 S/cm with the decrease of F, from latm
to 10™"° atm, which shows the effect of F,, on the effective conductivity. Figure 16

shows the measured effective conductivity of porous doped ceria as a function of oxygen
partial pressure at various temperatures. The result shows similar trend with the previous
simulation results. Thus the increase of electrical conductivity with reducing oxygen

partial pressure can be explained very well by the space charge model.

Application of Space Charge Model in Composite Cathode: Recent work has shown that

cathodic polarization can be substantially reduced provided the porous cathode is mixed
conducting [37-40]. For this reason, the cathode must either be made of a single-phase
MIEC material, or a composite mixture of an oxygen ion conductor (e.g. YSZ) and an

electrocatalyst (e.g. LSM), which is an electronic conductor. In terms of the intrinsic
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charge transfer parameter (area specific charge transfer resistance, R, in Qcm?), the
oxygen ion conductivity of the cathode, o;., the grain size of the cathode, d, and the

porosity of the cathode, V), the polarization resistance of the cathode is given as[38]

R =~ __dR, (31)
i o.(1-V)

For a given cathode material, equation shows that the larger the o;., the lower is the R,,

and thus the better is the cathode.

Using equation (31) and parameter value from literature [33], the electrode polarization
resistance can be calculated. Figure 17 shows the calculated polarization resistance as a
function of grain size and neck size at 800°C for an electrode using YSZ as the ionic

conductor in the composite cathode, and the following parameters: p, (YSZ grain
resistivity) = 14 Q.cm, p, (resistivity of the space charge layer) = 2,250 Q.cm, pg,

(grain boundary core resistivity) = 10 Q.cm, A (space charge layer thickness) = 2 nm, Jg,

(grain boundary core thickness) = 0.4 nm, R.,= 2 Q.cm’ Figure 18 shows the calculated
polarization resistance as a function of grain size and neck size at 650°C using the

following parameters: p, =76 Q.cm, p, = 14,520 Q.cm, py, =50 Q.cm, A =2 nm,

Ogp= 0.4 nm, R.~ 4.15 Q.cm?. It is seen that the polarization resistance rises sharply for
small necks and large grains. Over the range of particle sizes and neck sizes (angle) that
the calculations were performed, at 800°C the polarization resistance varies between
~0.15 and ~0.8 Qcm’ at 800°C, and between ~0.5 and ~2.8 Qcm®. This result has
significant implications concerning the role of grain boundaries and grain size on the
cathodic polarization resistance of composite and single phase MIEC cathodes. The
results show that a low polarization resistance is realized if the particle size is small and

the neck size is large.

Space Charge Effect on Cathodic Polarization: Figure 19 shows voltage and power

density vs. current density plots at 800°C for cells with cathode fabricated by the
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infiltration method. In each case, cell with the SDC ionic conductor skeleton in the
composite cathode was annealed and then quenched to room temperature prior to cathode
infiltration. The as-fabricated cell without heat treatment exhibits the highest
performance. By contrast, the cell annealed at 1200°C for 20 hours exhibits the lowest

performance.

During the process of heat treatment, the dopant is expected to segregate along the grain
boundary and free surfaces, i.e., annealing at intermediate temperatures should favor the
creation of positively charged interfaces by enhancing dopant segregation. After
quenching from the annealing temperature, the dopant segregation at the grain boundaries
is almost frozen. Thus, in the annealed and quenched samples, it is expected that the grain
boundary structure at the annealing temperature can be preserved at lower temperatures,
e.g. with a more inhomogeneous point-defect distribution. Thus, the grain boundary
barrier height should be higher in samples annealed at lower temperatures. This means,
the variation in the grain boundary blocking effect can be related to the different levels of
dopant segregation achieved by changing the thermal history. The higher segregation
should result in both a wide space charge thickness and a large depletion of oxygen
vacancies leading to greater grain boundary resistivity. Thus the lower the annealing
temperature, the greater is the space charge width, and the higher is the ionic resistivity in
the cathode interlayer, and thus the higher is the activation polarization (Equation (31)).
Since the anode interlayer was subjected to the same thermal treatment, it is expected that
the same effect likely exists in the anode interlayer (higher ionic resistivity in YSZ
annealed at a lower temperature). Figure 20 shows the ohmic overpotential determined by
current interruption as a function of current density for cells with various thermal
histories. It is seen that there is a small difference in the ohmic resistance between these
cells. It is seen that the cell annealed at 1200°C has a slightly higher ohmic resistance.
This is also consistent with expectations since the ionic resistivity of the YSZ/SDC bi-
layer electrolyte is expected to increase by annealing at a lower temperature (1200°C) due
to the space charge effect. The observation, that the effect is small is also consistent with
the fact that the overall ohmic contribution is generally small in cells with a thin film

electrolyte. Figure 21 shows electrode polarization as a function of current density for
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cells with various thermal histories, which was obtained by subtracting the ohmic
contribution. Figure 21 shows that the variation in total electrode polarization with
annealing temperature is considerably greater, with the cell annealed at 1200°C exhibiting
the highest polarization and the as-fabricated cell exhibiting the lowest polarization.
Higher polarization in the cell annealed at 1200°C is again consistent with greater space
charge effect. While the results are consistent with space charge effect, the possibility of
secondary, insulating phases precipitating along grain boundaries in samples annealed at
a lower temperature, thus raising the net resistivity cannot be ruled out. A careful

characterization of grain boundary regions will be required to answer this question.
SUMMARY

An analytical equation to describe the conductivity of porous bodies, which incorporates
the effects of the structural part of the grain boundary, the effect of space charge, and the
relative neck size between contacting particles, was derived. Using calculated values of
parameters, the effect of grain size and neck size on transport properties of porous ionic
conductors was evaluated. The results show that a small neck size has a profoundly
adverse effect on conductivity. The space charge layer in the grain boundary regions and
free surfaces in porous bodies also has a significant effect on the effective conductivity.
Oxygen partial pressure effect on effective resistivity of bulk and space charge layer was
evaluated. By the comparison of calculated and measured effective conductivity of
porous doped ceria as a function of oxygen partial pressure at various temperatures, it
was concluded that the increase of electrical conductivity with reducing oxygen partial
pressure can be explained very well by the space charge model. The simulation results
also show that the ionic conductivity will influence the electrode polarization of

composite electrode.

The present work shows that samples fabricated using the leaching method exhibits the
desired microstructure comprising wide neck size and high effective conductivity in
porous SDC. Samples with essentially the same porosity levels can exhibit conductivity
values that differ by two orders of magnitude, the difference being primarily attributable

to the relative neck size, which is a measure of particle to particle connectivity.
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Measurements on anode-supported cells show that cells annealed at a lower temperature
(prior to the introduction of cathode by infiltration) exhibit lower performance, which can
be attributed to greater electrode polarization. This higher polarization can be attributed
to the expected greater space charge effect in samples annealed at a lower temperature.
However, even though the results are consistent with the possible existence of a space
charge effect, the formation of insulating phases along grain boundaries in annealed
samples as a possible reason for higher resistivity and higher polarization resistance in
annealed cells cannot be ruled out. This will require careful characterization of grain
boundary regions

APPENDIX A

Figure 22 shows the geometry of the particle used for calculation.

For region I, corresponding to the net resistance for the range between x= xj to x= R,

X dx pt dx
R =[ar=P[ & __P[ & (A1)
7y x(2R —Xx) ﬂxOx(R—x)

R — [_ Lln(R — x)}x_R _ _Lln(u) (A-2)
! 27R X ey 2R X,
1
Where 0. o = % and x,=R-R(l-a”)? (A-3)
2
Thus R, =21 Y12 (A-4)
2R | 1-\1-a?

At region II corresponding to the transport across the grain boundary core, Rj can be

given as
PO
R =R =182 A-5
17 gb 2 02 ( )
Ro= R+ Ry (A-6)

Thus the effective resistivity can be given as
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Py (A-7)

Wi-a? |1-V1-a* | 2ra*V1-a?

Pe ln{ljﬂ/l—az }L PO

APPENDIX B

Figure 23 shows the geometry of the particle used for calculation.

For region I, corresponding to the net resistance for the range between x= xy+1 to x= R,

y=+2Rx—x* = Rsin@ (B-1)

x=R—-Rcosf and dx = Rsin&dd (B-2)
Also it is easy to see that
2
Ay =2 and  sing =2 = V2= (B-3)
sin @ R R

Then one can arrive at

yg=y—Ay=Rsin<9— - (B-4)
sin @
Thus
2 2 2 2 /12
7y =y) =7y  =(y=Ay)" ) =7(2RA-———) (B-5)
sin” @
In the bulk and space charge parallel region
1 1 1
= + B-6
drR, p.dx pdx (B-6)
el 7 -yy)
Then
p.p Rsin’ 646
; z (B-8)

- 7(2RAsin” Q—ZZ)pg +7(R*sin® @ —2RAsin” 0+ 1) p,
The integral of the above equation from x = xy+A4 to x = R, i.e., integrate from

0= cos’l(RLRo_/l) to 8= 1/2, can be given as
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i i
PP Rsin” &do
R[ = J- ) P £ 2 . 4 ) P (B—9)
o 7(2RAsin" 0 —A")p, + 7(R"sin” 0 —2RAsin" 0+ A°) p,
R
At region II, corresponding to the net resistance for the range x = xy to x = xp+4
d Rsi d
iR, = P _ P S{nﬁdf _ A % (B-10)
ny (R sin 0) 7R sin @
The integral of the above equation between x = xp to x = xptA, ie., from
R- R—x,—1 .
0 =cos" (-—20) to @ = cos (2" can be given as
R R
cos"(iRixﬂil) 40
P,
R, = e B-11
" . -[”0) 7R sin @ ( )

cos

At region III corresponding to the transport across the grain boundary core, R;; can be
given as

_ pgb5gb _ pgb5gb
2w}  2m(Rsinf)?

Ry =R (B-12)

From Equations (A-9), (A-11) and (A-12), it is apparent that if x) and A are known,
R- R—x,—1
cos™ Txo) and cos™ (%) can be calculated. Thus R;, R; and Ry can be

calculated. Thus the effective resistance can be given as
R.= R; (after integration) + Ry (after integration) + Ry (B-13)

REFERENCES

1. J. W. Kim, A. V. Virkar, K.-Z. Fung, K. Metha, and S. C. Singhal, J. Electrochem.
Soc., 146, 69 (1999).

2. P.jasinski, T. Suzuki, H. U. Anderson, Sensors and Actuators B 95(2003) 73-77.
3. H.J. Beie, A. Gnorich, Sensors and Actuators B 4(1991) 393-399.
4. A.D. Brailsford, D. K. Hohnke, Solid state Ionics, 11 (1983) 133.

47



% N o

e

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

33
34
35
36
37
38
39
40

. M
C

. Kleitz, L. Dessemond, M.C. Steil, Solid State Ionics, 75 (1995) 107.
. Tian and S.-W. Chan, Solid State lonics, 134, 89-102 (2000).

J.-H. Hwang, D. S. McLachlan. And T. O. Mason, J. Electroceram., 3, 7-16 (1999).
Y.-M. Chiang, E. B. Lavik, and D. A. Blom, Nanostruct. Mater., 9, 633 (1997).
K. El Adham and A. Hammou, Solid state Ionics, 9&10, 905-12(1983).

. J. Hong, K. Mehta, and A. V. Virkar, J. Electrochem. Soc., 145, 638 (1998).

. R. Gerhardt and A. S. Nowick, J. Am. Ceram. Soc., 69 641-46 (1986).

. R. Gerhardt, A. S. Norwick, M. E. Mochel, and I. Dumler, J. Am. Ceram. Soc., 69,
647-51(1986).

. J. Tanaka, J.-F. Baumard, and P. Abelard, J. Am. Ceram. Soc., 70, 637-43(1987).

. G. M. Christie and F. P. F. van Berkel, Solid State lonics, 83 17-27(1996).

. J. Frenkel, p. 37 in ‘Kinetic Theory of Liquids’, Dover, NY (1946).

. K. Lehovec, J. Chem. Phys., 21 [7] 1123-1128 (1953).

. K. L. Kliewer and J. S. Koehler, Phys. Rev., 140 [4A], A1226-A1240 (1965).

. X. Guo, Solid State Ionics, 81 235-242(1995).

. X. Guo, Solid State Ionics, 99 137-142(1997).

. S. Kim and J. Maier, J. Electrochem. Soc., 149, 10 (2002).

. A. Tschope, E. Sommer and R. Barringer, Solid State Ionics 139, 255(2001)

. A. Tschope, Solid State lonics 139, 267(2001)

. X. Guo, W. Sigle and J. Maier, J. Am. Ceram. Soc., 86, 77-87(1987).

. S. K. Tiku and F. A. Kroger, J. Am. Ceram. Soc., 63, 183(1987).

. A. Tschope, C. Biuerle and R. Birringer, J. App. Phys., 95, 1204(2004).

. I. Lubomirsky, J. Fleig and J. Maier, J. App. Phys., 92, 6819(2002).

. H. L. Tuller and A. S. Nowick, J. Electrochem. Soc., 126, 209 (1979).

. D. Scheider, M. Godickemeier, and L. J. Gauckler, J. Electroceram., 1, 165(1997).

.D.Y. Wang and A. S. Nowick, J. Solid State Chem., 35, 325(1980).

. R. Gerhardt and A. S. Nowick, J. Am. Ceram. Soc., 69, 641(1986).

. H.L.. Tuller, in Nonstoichiometric Oxides, edited by T. O. Serensen (Academic Press,
New York, 1981), P. 271.

. S. Wang, T. Kobayashi, M. Dokiya and T. Hashimoto, J. Electrochem. Soc., 147 (10),
3906-09 (2000).

. X. Guo and J. Maier, J. Electrochem. Soc., 148, E121 (2001).

.D.Y. Wang, D. S. Park, J. Griffith and A. S. Nowick, Solid State Ionics, 2, 95(1981).

. S. P. S. Badwal and J. Drennan, J. Mater. Sci., 22, 3231 (1987).

. W. D. Kingery, J. Am. Ceram. Soc., 57 (1974) 1.

. T. Kenjo, S. Osawa, and K. Fujikawa, J. Electrochem. Soc., 138, 349 (1991).

. C. W. Tanner, K-Z. Fung, and A. V. Virkar, J. Electrochem. Soc., 144, 21-30 (1997).

. H. Deng, M. Zhao, and B. Abeles, Solid State lonics, 74 75 (1994).

. I. V. Murygin, Elektrokhimiya, 23[6]740 (1987).

48



Table I: Porosity and conductivity as a function of sintering conditions. (Samples
fabricated by the conventional method)

SDC Sintered at 1600°C | Sintered at 1400°C | Sintered at 1200°C
4 hours 4 hours 4 hours
(Ce/Sm = 80/20)
Porosity 4.2% 33.5% 51.2%
Conductivity 650(°C) 0.0272 0.0115 5.1 8X10'j
700(°C) 0.0373 0.0166 1.19x10°
(S/cm) 750(°C) 0.0563 0.0252 2.52x10™
800(°C) 0.0706 0.032 431x10°

Table II: Porosity and

conductivity as a function of sintering conditions (Samples
fabricated by the reducing-leaching method).

Sintered at 1600°C | Sintered at 1600°C | Sintered at 1600°C
SDC
2hours 2hours 2hours
(Ce/Sm = 80/20)

Porosity 31.2% 39.7% 54.8%
Conductivit 650(°C) 0.016 0.0152 0.0103
Y 700(°C) 0.0248 0.024 0.0156

(S/cm) 750(°C) 0.0361 0.035 0.023
800(°C) 0.0506 0.049 0.0328

\R
Neck (grain boundary)

Figure 1(a): A schematic of two grains in the pillar, with a grain boundary in between.
Figure 1(b): A schematic of a half of the grain with half of the grain boundary associated
with it. This is the geometry used in the calculations.
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Figure 3(a): Effective resistivity (log scale) of half a grain (with half a grain boundary) as

a function of angle (relative neck size) and grain size at 800 °C PO, =0
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Figure 4: An SEM micrograph of Sm;0Os-doped ceria (SDC) bar (porosity = 4.2%)
sintered at 1600°C /4 hours. Note the relatively coarse grain size. Conductivity and grain
size data are given in Table 1.

Figure 5: An SEM micrograph of a SmyOs-doped ceria (SDC) bar (porosity = 33.5%)
sintered at 1400°C /4 hours (conventional method). Conductivity and grain size data are
given in Table I.
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Figure 6: An SEM micrograph of a SmyOs-doped ceria (SDC) bar (porosity = 51.2%)
sintered at 1200°C /4 hours (conventional method). Conductivity and grain size data are
given in Table 1.

Figure 7: An SEM micrograph of a Sm;0O;-doped ceria (SDC) bar (porosity = 31.2%)
sintered at 1600°C /2 hours (method comprising the fabrication of SDC + NiO composite,
reduction of NiO to Ni, and its removal by leaching). Conductivity and grain size data are
given in Table II.
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Figure 8: An SEM microgrph f a m203-doed ceria bar (porosity = 3.7%) sintered at
1600°C /2 hours (method comprising the fabrication of SDC + NiO composite, reduction
of NiO to Ni, and its removal by leaching). Conductivity and grain size data are given in
Table II.
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Figure 9: An SEM micrograph of a Sm;O3-doped ceria bar (porosity = 54.8%) sintered at
1600°C /2 hours (method comprising the fabrication of SDC + NiO composite, reduction
of NiO to Ni, and its removal by leaching). Conductivity and grain size date are given in

Table II.
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Figure 10: Relative conductivity vs. relative density. The relative conductivity is defined
as the ratio of the conductivity of a sample with a given porosity to that of the fully
sintered (negligible porosity) sample. Similarly, the relative density is the ratio of density

of a sample with a given porosity to that of a fully dense sample.
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Figure 11 Calculated defect concentrations (on a log scale) in a space charge layer as a

Distance from grain boundary core/nm

function of distance from grain boundary core at 600 °C.
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Figure 12 Calculated defect concentrations (on a log scale) in a space charge layer as a
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Figure 13 Calculated ionic, electronic conductivity and total conductivity (on a log scale)
in bulk and space charge layer as a function of various oxygen partial pressures
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Note that the polarization resistance rises sharply at small angles (narrow necks).
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Figure 19: Voltage and power density vs. current density plots at 800°C for cells with

cathode fabricated using the infiltration method, wherein the cell with the ionic conductor
skeleton in the composite cathode was annealed and then quenched to room temperature

prior to cathode infiltration.
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Figure 22: Geometry of the particle used for calculation (no space charge effect
included).
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Figure 23: Geometry of the particle for calculation (space charge effect included).
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