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A model-based interpretation of measured equilibrium conductivity and conduc-
tivity relaxation is developed to establish thermodynamic, transport, and kinetics
parameters for multiple charged defect conducting (MCDC) ceramic materials.
The present study focuses on 10% yttrium-doped barium zirconate (BZY'10). In
principle, using the Nernst-Einstein relationship, equilibrium conductivity mea-
surements are sufficient to establish thermodynamic and transport properties.
However, in practice it is difficult to establish unique sets of properties using
equilibrium conductivity alone. Combining equilibrium and conductivity-relaxation
measurements serves to significantly improve the quantitative fidelity of the de-
rived material properties. The models are developed using a Nernst—Planck—
Poisson (NPP) formulation, which enables the quantitative representation of con-
ductivity relaxations caused by very large changes in oxygen partial pressure.

1 Introduction

Multiple charged defect conducting (MCDC) ceramics play important roles in
mature and emerging technologies. For example, solid-oxide fuel cell (SOFC)
cathodes are often fabricated using mixed ionic-electronic conducting (MIEC)
materials such as lanthanum strontium cobalt ferrite (LSCF). The present ef-
fort is concerned primarily with yttrium-doped barium zirconates (BZY), which
have interesting proton-conducting properties. These materials can be used in
intermediate-temperature (i.e., around 500 °C) protonic-ceramic fuel cells (PCFC)
or electrolyzers. '™ Other emerging applications include hydrogen separations
and catalytic membrane reactors.>”’
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303-273-3379; E-mail: rjkee@mines.edu
b CoorsTek, Inc., Golden, CO, USA.
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Porous cathode

Fig. 1 Illustration of a proton-conducing solid-oxide fuel cell (PCFC) in a button-cell
configuration

Figure 1 illustrates a PCFC configured as a button cell. The fuel compartment
is on the lower anode side and air is on the upper cathode side. The ion trans-
port through the MCDC electrolyte membrane is fundamentally different from a
traditional SOFC with an oxide-ion-conducting electrolyte membrane. As illus-
trated in the balloon inset of Fig. 1, protonic defects (OHg)) are conducted via a
Grotthuss mechanism from the fuel side toward the oxidizer side. In a mixed con-
ductor such as BZY, there is a counter flux of oxide-ion vacancies and “holes.”
As discussed subsequently, the holes are assumed to be small polarons that are
associated with oxygen sites on the doped perovskite crystal lattice. To make
clear that the holes are polarons, the O-site polarons are designated as Og). In
BZY, the oxide-ion vacancies are typically minority charge carriers.

Unlike in an SOFC, the oxidation product H,O is produced primarily in the
cathode chamber of a PCFC, potentially leading to improved efficiency. Nev-
ertheless, because the MCDC electrolyte permits some oxide-ion transport, low
levels of H,O can be formed in the anode chamber. Moreover, because there
is some electronic conductivity in the mixed-conducting electrolyte membrane,
the leakage current contributes to efficiency loss. The MCDC materials tend
to have reasonable proton conductivity at relatively intermediate temperatures
(i.e., around 500 - 600 °C). The intermediate-temperature performance poten-
tially leads to system-level improvements in terms of materials selections, cata-
lyst degradation, sealing strategies, etc.

The present paper draws a clear distinction between MIEC and MCDC ma-
terials. As discussed by Riess®, MIEC materials permit electronic conduction
via band-state holes or electrons. Certain ceramic materials (e.g., doped ceria,
doped barium zirconate) generally do not have metallic-type electronic conduc-
tion. Nevertheless, previous literature frequently refers to “hole” mobility and
MIEC behavior. Such nomenclature is used, even in cases where the “holes” are
stated to be small polarons. The “holes” are understood to be small polarons that
are associated with the lattice oxygen. Thus, it is reasonable to introduce a new
nomenclature (MCDC), making clear that none of the charge-carrying defects
have band-state behavior.

2| Faraday Discuss., [year], [vol], 1-26 This journal is © The Royal Society of Chemistry [year]
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Despite the current and potential importance of the MCDC ceramics, there
are surprisingly few quantitatively predictive modeling capabilities that can be
applied in technology design and process optimization. Because the MCDC ma-
terials typically have three or more charged-defects (e.g., protonic defects, oxide
ions, small polarons), widely-practiced models such as this based on ambipolar
diffusion are not directly applicable. The Nernst—Planck—Poisson formulation is
applicable, but computationally more complex than ambipolar diffusion.*?

The present experimental and modeling approaches generally follow the one
developed recently to establish thermodynamic and transport properties in doped
ceria. 1314 However, ceria has only two charge-carrying defects (oxide ions and
reduced-cerium polarons). Thus, for MCDC materials such as BZY the task is
significantly more complex because three charge-carrying defects must be con-
sidered.

The overarching objective of the present investigation is to develop exper-
imental and modeling approaches that can be applied to establish thermody-
namic and transport properties for MCDC ceramics. The needed thermodynamic
properties are the changes in enthalpy AH° and entropy AS° for each defect-
incorporation reaction at the ceramic-gas interface. The needed transport proper-
ties are diffusion coefficients for each of the defects within the MCDC ceramic.
The transport properties are represented as a pre-exponential factors and an acti-
vation energy.

The conductivity-relaxation experiments reveal kinetic limitations associated
with the defect reactions at the MCDC-gas interfaces. Thus, in addition to estab-
lishing thermodynamic and transport properties, the model-based experimental
interpretation leads to quantitative insight about the surface kinetics. The surface
kinetics are represented as microscopically reversible reactions, with the forward
and reverse rates being constrained by the thermodynamic equilibrium constants.

2 Experimental approach

2.1 Rod preparation

The extruded BZY 10 rods were fabricated by solid state reactive sintering (SSRS)
using precursor oxides and sulfates: Barium sulfate—Blanc Fixe (Solvay Chem-
icals, Inc, BaSQy), zirconium oxide (Neo Performance Materials (AMR Ltd),
>99.5% 7Zr0O,), cerium oxide (Neo Performance Materials (AMR Ltd) 99.5%
CeO,), yttrium oxide (HID Intl. 99.99+% ultra-fine Y,03). The appropriate
amounts of precursors were mixed with 1.0 wt% of black nickel oxide (Novomet,
Grade F NiO*) and ball milled in deionized water for 24 hours. The mixture was
subsequently dried in air and sieved through a 40 mesh screen. The resulting
powder was blended with water-soluble acrylic and a cellulosic-ether plasticizer
and pelletized for wet-extrusion processing. Green rods were extruded through
an encapsulated die set, producing unfired rods with a diameter of 6.3 mm. The
rods were dried and then hang-fired in air at 1600 °C for 6 hours. The fired
shrinkage was about 31%, producing a fired diameter of 4.3 mm.

Alumina was used as a getter for NiO extraction from dense fired monolithic
pellets of SSRS BZY 10. The sintered dense rods were buried in Almatis calcined

+ D50 of 1-2 microns. Weight-percent impurities: Co<0.0015; Fe<0.015; Cu<0.001; S<0.001
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alumina (CT3000LS SG) inside an alumina crucible and re-fired at 1600 °C for
20 hours. Following NiO extraction, the rods were removed from the packed
powder and surface ground to remove any surface-reaction layers that may have
developed by reaction with the alumina powder during Ni-extraction process.
The grinding and polishing process reduced the rod diameter to 3 mm.

Finally, the samples were subjected to a 24-hour annealing process. For the
annealing process, samples were placed on ceramic foam filter of SELEE® struc-
ture in a sealed alumina tube and heated in air to 800 °C at 5 °C min~!. Once
the furnace temperature reached 800 °C, hydrogen forming gas (4% Ha, balance
argon) was added to the chamber at a rate of 1000 mL min~! and exhausted to
atmosphere for 24 hours. Platinum leads were attached at the ends of the rod,
painted with Pt paste and fired at 1100 °C for 2 h.

2.2 Testing protocol

Because the experimental procedures have been previously reported,'® only a
brief summary is included here. Figure 2 illustrates the experimental setup in
which solid slender rods of BZY 10 are placed within a furnace under controlled
temperature and gas composition. The rods are approximately 3 mm in diame-
ter and 20 mm long. This somewhat unusual configuration offers some impor-
tant advantages compared to other sample configurations. Under conductivity-
relaxation conditions (i.e., rapidly switching the gas environment) the defect
transport is effectively one-dimensional in the radial direction while the con-
ductivity measurement is essentially one-dimensional in the axial direction. As
reported previously,!* one-dimensional radial models can be developed to as-
sist quantitative data interpretation. Such models are relatively straightforward
to solve computationally, even with very large variations in the gas-phase atmo-
spheres.

The gas flow rates used in the experiments were sufficient to ensure defect
equilibrium with the rod surfaces, but not so high as to introduce an axial tem-
perature gradient in the specimen. Equilibrium conductivity measurements were
made after the rod achieved equilibrium in a particular gas atmosphere. All the
gases were either dried through Drierite (CaSO4) or humidified through bub-
blers maintained at room temperature (approximately 3.8% humidification or
PH,0 ~ 3154 Pa, assuming laboratory atmospheric pressure of 0.83 atm.). Fol-
lowing the Drierite, the H,O partial pressure is estimated to be 10 ppm. To avoid
water condensation, all the lines were heated to about 50 °C. The oxygen partial
pressure was measured in the exhaust gas using a zirconia po, sensor fabricated
by CoorsTek. The po, sensor was maintained at the same temperature as the
sample chamber.

Alternating current electrochemical impedance spectra (EIS) were recorded
as a function of temperature and oxygen partial pressure at frequencies ranging
from 20 Hz to 1 MHz, with an amplitude of 0.1 V using an Hewlett Packard
4284A Precision LCR Meter interfaced with LABVIEW.T Figure 3 shows typical
EIS measurements represented as Nyquist plots together with single-arc RQ fits.
The ZSIMPWIN software* was used to fit equivalent-circuit representations of the

T National Instruments, Inc.
# Princeton Applied Research
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1Gas inlet

Fig. 2 Experimental configuration of measuring equilibrium conductivity and
conductivity relaxation
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Fig. 3 Nyquist representation of typical electrochemical impedance measurements and
RQ fits

measured AC spectra.

Under equilibrium conditions, the conductivity is measured using RQ fits to
full EIS sweeps. However, to measure conductivity relaxation, full EIS sweeps
are impractical. Fortunately, as shown in Table 1, it is possible to identify and
monitor a single frequency (here 500 Hz under dry conditions, and 5 kHz under
moist conditions) during the relaxation from which the transient conductivity can
be measured with errors not exceeding 0.5%. It should be noted that the single
frequency is not related to any particular characteristic of the Nyquist plot such
as the summit frequency.

This journal is @ The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1-26 |5



Faraday Discussions

Table 1 Comparison of steady-state resistances based on full EIS sweeps and at a single
frequency at different temperatures and gas compositions. The “error” columns represent
the differences between the resistances measured by the full EIS sweep and those
measured at single specified frequencies.

Temperature R(Q) R(Q) error | Temperature R(Q) R (Q) error
°C) (RQfit) (500 Hz) (%) “0) (RQfit)  (5kHz) (%)
Dry, O, Moist 3.8% H,0, O,

600 3,602 3,605 0.08 600 6,447 6,415 0.49

700 1,469 1,469 0.00 700 2,113 2,108 0.23

800 794 789 0.60 800 980 979 0.10
Dry, 1% O,, balance Ar Moist 3.8% H,0, 1% O,, balance Ar

600 7,961 7,969 0.10 600 9,568 9,575 0.07

700 3,461 3,463 0.06 700 4,527 4,510 0.37

800 1,804 1,805 0.05 800 2,096 2,093 0.14
Dry, 5% H,, balance Ar Moist 3.8% H,0, 5% H,, balance Ar

600 199,000 198,000 0.50 600 15,140 15,160 0.13

700 97,030 97,040 0.01 700 12,660 12,675 0.11

800 107,000 106,600 0.37 800 11,730 11,705 0.20

2.3 Testing sequence

Because of slow dehydration within the rod, the testing follows a certain sequence
from dry to moist conditions. The prepared rod (Section 2.1) was placed into
the testing apparatus (Fig. 2), whereupon it was heated in dry (through drierite)
100 mL min~" of Argon to 800 °C, while recording the resistance. When the
resistance reached a constant value (after about 3 days, slow dehydration), AC
spectra were collected in dry atmospheres (both oxidizing and reducing) as a
function of temperature. After having determined the particular frequency for
conductivity-relaxation measurements (in this case 500 Hz), the resistance was
recorded during the relaxation transient when switching from dry 100% O, to
dry 1% O, (balance Ar) and vice versa, at 600, 700 and 800 °C.

Following experiments in dry environments, the atmosphere was humidified
with a bubbler maintained at room temperature (approximately 3.8% H;O) and a
similar procedure was followed: first AC spectra at equilibrium were collected in
both oxidizing and reducing atmospheres as a function of temperature and then
conductivity relaxations (at 5 kHz) were recorded at 600, 700 and 800 °C when
switching back and forth from moist O; to moist 1% O,.

3 Defect chemistry

In our foregoing BZY models %> we assumed four possible charge-carrying

defects, protons OHg), oxide vacancies V7, electron holes h®, and electrons e.
Using Kroger—Vink notation, these defects at the surface are assumed to interact
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with the gas environment according to four defect reactions as

1
§H2+Oé = OHY +¢' (D)
1 o0 _ \ X °

H,O0+ Vg + 05 = 20Hy 3)

null = h® +¢ 4)

The holes and electrons are understood to be small polarons, not delocalized or
band-state electronic charge carriers. In practice, the models show that although
electrons are included, they are essentially negligible for BZY materials.

3.1 Alternative defect reactions

Stokes and Islam !> proposed that the “holes” are small polarons localized at the
oxygen sites, which may be modeled as O~. The present study assumes that a
delocalized hole h*® associated with an oxygen site can be represented as

0y +h* = 0p,. (5)

The (perhaps unusual) nomenclature Ogy designates a hole (polaron) localized
at an oxygen site. The nomenclature is intended to be analogous with OHg,,
meaning a protonic defect associated with an oxygen site. The combination of
Reactions 2 and 5 yields an alternative form of the oxygen-incorporation reaction
as

1

502 +VE +05 = 20g. 6)
Thus, Reaction 6 differs from Reaction 2 by twice the association energy of the
oxygen-bound polaron relative to an (unbound) valance-band hole.

Stokes and Islam also suggested that electrons would be localized on a metal
site. In this case, Reaction 1 might be rewritten as

1
SH2+ Og +Zry, = OHY + Zry,. @)

Then, Reaction 4 can be rewritten as,
OS +Zr; = 0g + Zrl,.. 8)

For BZY 10, the electrons are not favored thermodynamically even in reducing
environments, and can be assumed to be immediately annihilated in favor of a
hole. By combining Reactions 7 and 8, the resulting hydrogen-incorporation
reaction would be rewritten as

1
5 H2 +0} < OH,. ©9)

which would eliminate the need for Reaction 4 or 8.

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1-26 |7



Faraday Discussions Page 8 of 26

3.2 Defect-reaction equilibrium and Kinetics

The reformulated defect reactions for BZY 10 consider only three charge-carrying
defects — protons OHg, oxygen vacancies V¢, and O-site polarons Og). The three
defect reactions at the ceramic-gas interface can be summarized as

1 ° kﬂHz o
5 Ha +0f ==—==OHj, (10)
ko1,
k
1 £,
E02+0(§+V{)‘ 209, (11
b,0,
(1] X kf‘Hzo o
H,0+ Ve + 03 20HS,. (12)
kb.H,0

The present study considers that these reactions may be equilibrated or may be
kinetically rate controlled. If the reactions proceed at finite rates, microscopic
reversibility is enforced (i.e., forward and backward rates are related through
the equilibrium constants). If the reactions are maintained at equilibrium, then,
assuming gas-phase equilibrium, one of the reactions is redundant.

The forward and backward rate expressions are denoted as k¢; and ky ;. The
defect production rates at the gas-surface interface can be represented as

Sog = 240, — 4u,, (13)
Svee = —q0, — 41,0, (14)
SoHy, = 24H,0 + qH, (15)
Sog = —40, — 41,0, (16)

where the gas-phase reaction rates of progress can be reprinted as

go, = kf‘Oz [V(.).] [08] [02] 2 kb702 [O(.)}zv (r7)
Gr, = ki, [OB][Ha] /% — ko 1, [OHB)], (18)
41,0 = ke 11,0[VE 1[04 [H20] — ko 1,0 [OH*. (19)
The equilibrium constants, written in terms of molar concentrations, can be stated
as
ko [06]2 Patm -1/2
Keo, = 02 — —Kpo, [ Pam] 20
¢,0n kb,Oz [VE).][OS] [02]1/2 p,02 RT (20)
ke 1, [OHB)] [ Patm } —1/2
Kop =—=%= =K — , 21)
c,Hy kb,Hz [O:)] [Hz} 1/2 p,Hp RT
ke 1,0 [OHY? Pam ]!
Koo = 120 _ -K [ } . 2
0 ko~ VEI0GIIR0] P10 LkT =

8| Faraday Discuss., [year], [vol], 1-26 This journal is © The Royal Society of Chemistry [year]
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The equilibrium constants K, based on the gas-phase partial pressures and lattice
formula-unit concentrations are defined as

OH?
Kt = — 0L 7 OEL : (23)
Py, [OO]L
031
Kp,OZ = 1/2 I (24)
Po, [O(X)]L [VO]L
OHI 2
Kpm,0 = OH5 )y 25)

pi0 [Op ], [VE]L
The formula-unit concentrations [Xi]i are related to the molar concentrations
[Xi] via the molar volume Vi, as [Xi]r. = [Xk]Vin- For BZY10, the lattice molar
volume is V,, = 44.792 x 10~° m?® mol~!. The three equilibrium constants K, y,,
K, 0, and K, 1,0 are not independent, but are coupled through the gas-phase
equilibrium constant K, g as

Ky 1,Kp.0, = Kp11,0K).G- (26)

The present model assumes that the gas phase is maintained in equilibrium ac-
cording to

1
H, + 502 = H;0, 227)
with K, g being the equilibrium constant.

All the equilibrium constants can be evaluated from the Gibbs free energy
change for the reactions AG® = AH® — TAS°® as

K —e AG° . AS° . AH® 28)
= eX — =X X — .

P =P\ "R P\"r )P\ rr

The gas-phase thermodynamics are well known; for reaction 27 AH® = —241.11

kJ mol~! and AS® = —55.48 J mol~' K~!. Thermodynamic parameters for the
defect reactions will be determined using the conductivity measurements.

3.3 Site and electroneutrality constraints

On the surface and within the ceramic, site constraints and electroneutrality must
be preserved. The number of oxygen sites in a pervoskite lattice (per formula
unit) must be maintained as 3. Thus,

(V&L + [OHR]L + [0p]L + [O5 )L = 3. (29)

In this formulation, Eq. 29 is written to include the O-site polaron [Og)]p in the
site constraint. However, it may be questioned as to whether the electronic defect
(i.e., polaron) “occupies” the site in the same sense as an ionic defect (i.e., an
atom or vacancy) does. If the defect were a delocalized band hole, then it would
not enter the oxygen site balance.

Charge neutrality requires that

2[VE L+ [OHR]L + [0p]L — [Yz, L = 0. (30)

Considering BZY 10 (BaZrp9Y0.105_g), the doping concentration is 10%, in
which case [Y,,]; =0.1.

This journal is @ The Royal Society of Chemistry [year] Faraday Discuss., [year], [voll, 1-26 |9
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3.4 Defect equilibrium concentrations

The defect equilibrium concentrations ([V¢y]L, [OHg]L, (O8], and [Og]L) on the
surface are functions of the gas-phase partial pressures (po,, pH,, and py,0) and
can be established by solving iteratively Eqs. 24, 25, 29, and 30. Note that Eq 23
is not used because Eqs. 23, 24, and 25 are not independent of each other, but are
coupled through the gas-phase equilibrium (Eq. 26).

The iteration process is initiated by first estimating a value of [V¢]r.. Based
on Egs. 24, 25, and 30, the defect concentrations [Og]1. and [OHg)]1. can be eval-
uated in terms of [VZ]L as

(Y7L =2[VEIL

O3] = T ire 3D
[OHB L. = B[O}]1, (32)
where
12
@ — [OH(.)}L — KpAHQO szO ) (33)
[O:)]L Kp0, p(l)/z2

Using Eq. 24, [Oj]L can be represented as

12
(0ol = #- (34)
Kp,OzPOZ [V(.).]L
Finally, the oxygen site constraint (Eq. 29) is imposed. If all the equations above
were to be explicitly substituted, the result would be one nonlinear equation with
one unknown, [V&']r.. Once [V is determined, all the other defect concentra-
tions follow easily from Eqs. 31, 32, and 34.

4 Nernst-Planck—Poisson model

To model conductivity relaxations quantitatively, the spatial and temporal varia-
tions in defect concentrations are governed by conservation equations as

d[X]
V-], =0 35
5 +V-Ji =0, (35)
where the Nernst—Planck fluxes can be written as
F
Y= Dy (V )+ 2 [kaﬂb) . (36)

The electrostatic-potential profiles ® are determined by solving the Gauss equa-
tion,

K
V- (88,VP) = —pe = —F Y 2[Xi]. 37
k=1

The relative and vacuum permittivities are represented as €, and €,, respectively.
The local charge density is represented as p.. Boundary conditions for the de-
fect concentrations are established in terms of the surface reactions. The bound-
ary condition for the electrostatic potential is established in terms of a zero net

10 | Faraday Discuss., [year], [vol], 1-26 This journal is © The Royal Society of Chemistry [year]
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charge transfer at the ceramic surface. Details of the Nernst—Planck—Poisson
(NPP) model and the computational solution can be found elsewhere. 10

As discussed previously, !? the experimental configuration (Fig. 2) has been
designed such that the NPP problem can be solved in one-dimensional radial co-
ordinates. Although there are inevitably some end effects near the end electrodes,
two-dimensional axisymmetric models show that that the one-dimensional ap-
proximation is valid.

5 Parameter fitting algorithm

Altogether, twelve (ten independent) parameters are needed to characterize the
BZY 10 material. Specifically, AH® and AS° are needed for each of the three de-
fect reactions (Egs. 10-12). Because the thermodynamics of the defect reactions
are correlated through the gas-phase equilibrium, only four of these thermody-
namic parameters are independent. The defect diffusion coefficients are repre-
sented in Arrhenius form as Dy = DR exp(—Ey/RT). Thus, two parameters (D}
and Ej) are needed to describe the diffusion coefficients for each of the three
mobile charged defects (V¢y, OHg, and Og)).

The fitting process begins with a least-squares fit of measured equilibrium
conductivities, using measurements from a wide range of oxygen partial pres-
sures and temperatures. The Nernst-Einstein equation (Eq. 38) forms the basis
for this fitting process. Very good fits can be obtained in the sense that a set of
parameters can be found that matches the data well. The problem is one of non-
uniqueness. That is, alternative sets of different parameters do an equally good
job of matching the equilibrium data.

The consideration of conductivity-relaxation data provides additional infor-
mation that is valuable in resolving ambiguities associated with considering equi-
librium conductivities alone. Using the parameter set from an initial fit to equi-
librium conductivity measurements, the NPP model is used to predict relaxation
profiles. In the first instance, the defect-incorporation reactions are assumed to
be in equilibrium with the gas-phase environment, providing the boundary condi-
tions for the NPP model. However, the initial set of parameters from the equilib-
rium fits usually do not lead to good representations of the measured relaxations.
Often the predicted relaxation times (based on surface equilibrium) are slower
than the measured relaxation, which cannot be correct. In other words, surface
equilibration should produce relaxation times that are shorter than the measured
relaxations. Thus, parameter adjustments are needed to assure that the modeled
relaxations under surface equilibrium are no slower than the data. With adjusted
parameters, the equilibrium fits are repeated, making sure that the equilibrium
data is still represented accurately.

It is usually the case that after the thermodynamic and transport parameters
are established, the model-predicted relaxation times are faster that the measure-
ments for the reducing-to-oxidizing relaxations. This indicates a surface-reaction
kinetic limitation. Thus, the next step is to establish forward rate expressions
for the surface kinetics (i.e., reactions 10-12). The reverse rates are constrained
by microscopic reversibility, involving the thermodynamic equilibrium constant
and hence the thermodynamic fitting parameters. Thus, the kinetic limitations
also provide information that is important to establishing the thermodynamic and

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [vol], 1-26 | 11
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transport parameters.

5.1 Equilibrium fits

Assuming a dilute limit, measurable conductivity ¢ is related to defect concen-
trations [X;] and diffusion coefficients Dy via the Nernst-Einstein relationship as

F2 K )
o= Z(Sk = ﬁ Z Zk [}(](]D]<7 (38)
k=1

where G are partial conductivities of the participating defects. In this expression
F and R are the Faraday and gas constants, respectively, and z; are the charges
associated with the mobile defects. At equilibrium, the defect concentrations are
established by reactions with the gas phase at the ceramic surface, and hence
thermodynamic Gibbs free energy associated each reaction. The diffusion coef-
ficients are represented in Arrhenius form as Dy = D exp(—Ey/RT).

The experimentally measured conductivities 6} over a range of oxygen partial
pressures po, and temperature 7' can be used to determine ten physical parame-
ters (i.e., four thermodynamic parameters: AH{_’,ZO, AHSZ, ASE,ZO, and AS%Z, and
Six transport parameters: DBHE) s D%E)" Df)z) s EOH(-) s EVZ)' ,and EOB) by minimizing
the following residual function:

N
i Inc; —Inc?)?. 39
mslni:Zi (Inc; —Inc;) (39)
In this expression the vector S represents all the fitting parameters, and N is
the total number of measured conductivities. The nonlinear least-squares fitting
problem is implemented here using the “Isqnonlin” function in MATLAB.

Using Eq. 26, the enthalpy and entropy changes associated with the hydrogen-
incorporation reaction (Eq. 1) can be obtained from the fitting thermodynamic
parameters as

AHy, = (AHG + AHp, o — AHG, ) /2, (40)

ASy, = (ASG +ASh,0 — ASp, ) /2. (41)

In these expressions, AHg and AS(; refer to the gas-phase equilibrium reaction
(i.e., Eq. 27).

In principle, the equilibrium conductivity measurements and Eq. 38 are suf-
ficient to determine all the fit parameters. However, the “best” fits are usually
found to predict some parameter values that conflict with independently estab-
lished values. Also, there are significant ambiguities in the sense that many dif-
ferent combinations of parameters produce nearly equivalent representations of
the measured conductivities. The following section develops a set of “uncon-
strained” fits. Then, certain parameters are fixed based on independent informa-
tion, producing a set of “constrained” fits.

5.2 Unconstrained parameter fits

Assuming that there are no constraints for the fitting parameters, Fig. 4 compares
the measured (filled circles) and modeled (dashed lines) equilibrium conductiv-
ities as functions of po, at the temperatures of 600, 700, and 800 °C and 0.829
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Fig. 4 Comparison of the model predictions (solid lines for constrained fits, and dashed
lines for unconstrained fits) with the measured conductivities (filled circles) at 600 °C,
700 °C, and 800 °C as functions of po,. The gas-phase environment is a mixture of Hp,
03, H>0O, and Ar, producing a wide range of oxygen partial pressures. a) Dry gas-phase
environment (10 ppm H,O). b) Moist gas-phase environment (3.8% H;O).

atm total pressure. The oxygen partial pressure po, is evaluated assuming an
equilibrium gas-phase mixture of Hy, Oy, H>O, and Ar. By comparing Figs. 4a
and 4b, it is clear that moisture significantly increases conductivity in the reduc-
ing regions, but tends to decrease the conductivity in the oxidizing regions. As
illustrated in Fig. 4, the measured equilibrium conductivities can be reasonably
well represented by the model over wide ranges of temperature and po,. Table 2
shows thermodynamic and transport parameters for the unconstrained and con-
strained fits, with the constrained fitting being discussed in the following section.

5.3 Constrained parameter fits

Assuming that the gas-phase environment is pure Ar, then [Og)]r. =0 and [OHg|;, =
0. The charge-neutrality constraint (Eq. 30) leads to [V&]L = [Y7,]r/2. In the
Ar environment, the total conductivity can be represented as

2 2 2 2
oo Vel Bl ST G o (B 2)
RT Vg, 0 RT 2V, VY RT )’

Fig. 5 shows the measured temperature-dependent conductivity in the Ar envi-
ronment, which can be fit using DQ,(.). =1.43x10"7 m? s ! and EV(-)- ~ 67 kl

mol~!. However, the experimental Ar gas mixture actually contains impurities of
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Table 2 Thermodynamic and transport parameters that result from constrained and
unconstrained fits

Thermodynamic parameters

AHS,  AHf o AHf, ASy, ASio A,
(kJ mol 1) (Jmol~ ' K1)

Unconstrained | -41.56  -96.65  -151.60 -73.45 -90.30 -36.17

Constrained -36.08  -80.00  -146.01 -125.48 -71.78 -0.89

Transport parameters

an EOH(’) EV(O)O DOO;) D(O)HE) D%E).
(kI mol~!) (m?s~)
Unconstrained | 85.05 41.79 43.38 5.95x107%  2.22x107%  7.51x10710
Constrained 86.00 35.09 67.00 1.70x107%  9.38x10°%  1.30x107%
103 E Trrr I LI I LI I LI I LI I LI 3
_ Dry Ar 3
< [ i
TS i
[ E 3
g £ 3
o L ]
~ 10] E =
S F .
© L o]
100 v by by s by by by
0.9 1.0 1.1 1.2 1.3 14 1.5
1000 / T(K)

Fig. 5 Comparison of the model prediction (solid lines) with the experimentally
measured total conductivity (filled circles) at functions of temperature. The gas-phase
mixture contains Ar with 10 ppm H,O and 50 ppm O».

approximately 10 ppm H,O and 50 ppm O;. Consequently, the oxygen-vacancy
diffusion coefficient DS - cannot be accurately evaluated, and is retained as a
parameter in the fitting algorithm. But, Evee = 67 kJ mol~! is fixed.

There is general consensus in the literature -8 that AHy,o ~ 80 kJ mol~!.
Therefore, in the fitting process AHy, , is constrained to be 80 kJ mol~!. Addi-
tionally, based on the relaxation analysis discussed in later sections, Eo(-) ~ 86
kJ mol~! and D"b ~ 1.70 x 1073 m? s~ are also fixed. Figure 4 shows that the
measured equilibrium conductivity can also be fit reasonably well using these
constrained parameters. All the fitting parameters are listed in Table 2. Com-
pared to the unconstrained fitting parameters, the O-site polaron diffusivity Doy,
resulting from the constrained fitting is about 25 times larger than it is in the
unconstrained fit, which is critical for the model to capture the conductivity re-
laxation processes.

5.4 Conductivity relaxation

As a practical matter, all the thermodynamic and transport parameters cannot be
fit uniquely based on the measured equilibrium conductivity alone. Fortunately,
the conductivity-relaxation measurements can provide additional data that assist
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Table 3 End-point gas-phase mole-fraction compositions for the conductivity relaxations

Reducing Oxidizng
H: 02 HzO Ar H2 Oz HZO Ar
DryOx 0 0.01000  0.00001 0.98999 0 0.99999  0.00001 0
MoistOx 0 0.00962  0.03774  0.95264 0 0.96226  0.03774 0
MoistRedox | 0.04811 0.00005  0.03774  0.91410 0 0.96226  0.03774 0

Table 4 Comparison of measured and modeled relaxation times T (seconds)

Reducing to oxidizing Oxidizing to reducing
T(C) Expr Equil  Kinetic Expr  Equil  Kinetic
DryOx 600 7224 4250 5440 6179 2760 5940
700 1824 1640 1940 2233 1150 2320
800 545 660 780 980 480 910
MoistOx 600 492 130 380 486 125 850
700 462 90 220 449 75 520
800 308 70 140 350 54 310
MoistRedox 600 21462 145 5490 69 118 202
700 3500 100 2580 185 56 132
800 1823 80 1480 92 30 99

establishing the needed physical parameters.

The conductivity-relaxation measurements begin from an equilibrium state
under a particular gas-phase composition and temperature. The relaxation is ini-
tiated by switching rapidly from one gas-phase environment (e.g., low po,) to
another gas-phase environment (e.g., high po,), and vice versa. '3 The relax-
ation is complete when the rod’s conductivity reaches equilibrium with the final
gas-phase environment. As listed in Table 3, the present study considers three
initial and final gas-phase compositions. The relaxation sets are named “DryOx,”
“MoistOx,” and “MoistRedox.” Each relaxation experiment is repeated for three
temperatures — 600, 700 and 800 °C. Thus, altogether eighteen relaxation exper-
iments are considered. In all cases the total pressure is 0.829 atm (atmospheric
pressure in Denver).

To be quantitative, the characteristic conductivity-relaxation time T is taken
to be the time needed for the conductivity to achieve 95% of the final steady-state
conductivity after the suddenly switching between gas-phase environments. Ta-
ble 4 lists the measured and modeled relaxation times. As shown in Table 4, the
relaxation time for all the cases decreases as the temperature increases. The re-
laxation time from 1% to 100% O, is shorter than it is from 100% to 1% O, under
both the dry and moist conditions, but the times are comparable at each temper-
ature. However, introducing moisture into the oxidizing environment can signifi-
cantly shorten the relaxation time. The moist H, reducing-to-oxidizing relaxation
times are significantly longer than the characteristic times in the oxidizing-to-
reducing direction.

5.5 Approximate ambipolar diffusion

When applicable, ambipolar diffusion is practically useful. An important aspect
of the utility is that the important effects of internal electrostatic-potential fields
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are subsumed into the ambipolar diffusion coefficients, and thus do not need to
be explicitly considered. Consequently, the mathematics appear as a pure diffu-
sion problem.'> However, the resulting ambipolar diffusion coefficient depends
nonlinearly on the defect concentrations, the ordinary diffusion coefficients, and
the defect charges.

Ambipolar-diffusion concepts are strictly limited to only two mobile charge
carriers, but the ambipolar concepts can be used to assess qualitatively, and even
quantitatively, the relative importance of individual defect diffusion coefficients.
For instance, by neglecting the transport contribution from V¢, the ambipolar
diffusion coefficient fDo;) —OHY based on the ionic pair Og) and OHg) can be de-

fined as 2
(Z%HE) [OHg)] + zéa [06]) Dong Doy,

Zoms, Doty [OHY] + 25, Dog, [05)]

Doy —ony, = (43)

Although ambipolar diffusion coefficients vary spatially and nonlinearly dur-
ing transients, relaxation times can be estimated as T ~ R2,,/ Doy, —omg,» Where
the ambipolar diffusion coefficient is evaluated at the rod’s surface (r = Ryy).
For example, assuming a relaxation time of T ~ 100 s from the MoistRedox
oxidizing-to-reducing environment at 800 °C, @06*01{6 ~22x 108 m2s L
Similarly, considering a relaxation time of T ~ 550 s at 800 °C from 1% to 100%
O, under dry conditions, @0(‘)—%‘ ~41x1079 m?s .

It is interesting to understand why the ambipolar diffusion coefficient evalu-
ated at the rod surface is particularly relevant for estimating the relaxation time.
Beginning with the entire rod being in equilibrium with a gas-phase environment,
the gas environment is suddenly changed. Consequently, the defect concentra-
tions at the rod surface rapidly comes into equilibrium with the new gas-phase
environment. The new defect concentrations must “diffuse” into the rod interior,
ultimately bringing the entire rod into equilibrium with the new gas-phase en-
vironment. Thus, it is the ambipolar diffusion coefficients associated with the
new gas-phase environment that control the characteristic transport, and hence
relaxation, times.

Following some algebraic manipulation, the ambipolar diffusion coefficient
as stated in Eq. 43 can be rewritten as

1 1
Dog oy, Zoms, [OH)
Dops |1+
(¢} ZZ‘ [O'
08 (0] (44)
1
+ 2

which reveals that

e oo 1985 0 - ). o
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Fig. 6 Ambipolar diffusion coefficients at 600 °C, 700 °C, and 800 °C as functions of
Po, for defect pairs Og) — OHg) and Og) — V¢§ under dry and moist environments.

In highly reducing environments, [Og)]/[OHg] < 1, leading to

) OH?
Dog,—ong, < min {Dog),DOHa [[O(‘)(])] } . (46)
To achieve the Q)OE),OH-O ~ 22 x 1078 m? s, which was estimated for the
MoistRedox oxidizing-to-reducing relaxation at 800 °C, the ordinary diffusion
coefficient for the O-site polaron must be Dop > 2.2 % 1078 m? s=!. Using

parameters from the unconstrained fits (Table 2), DO;, ~ 431 x 1072 m? s7!

at 800 °C. Thus, it is unlikely that the measured relaxation behaviors can be
captured by the unconstrained fitting parameters.

Figure 6 illustrates the behavior of the ambipolar diffusion coefficients for
BZY10 over a wide range of oxygen partial pressures and temperatures for moist
and dry conditions. The ambipolar diffusion coefficient @OHB—VH is not shown
here because Q)OHE),V(-)- is two orders of magnitude smaller than @OB*OH?) and
Doy, —vee and nearly independent of po,. It is evident that the functional forms
of Dog —om, i and Doe _ves are qualitatively and quantitatively similar. Higher
temperatures contribute to higher ambipolar diffusion coefficients, thus suggest-
ing faster relaxations at higher temperatures. At a particular temperature, the
values of @O(')—OH'O and @06 ~OHY, approach each other under both very reducing
and very oxidizing conditions, but are separated in between. In oxidizing regions
and at a given oxygen partial pressure, higher moisture levels tend to increase the
ambipolar diffusion coefficients.

The binary-pair ambipolar diffusion coefficients provide substantial insight
about the relaxation processes. One observation is that the relatively mobile
polaron Og) plays an important role in relaxation processes. Because the am-
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bipolar diffusion coefficients in the reducing environments are higher than those
in the oxidizing environments, the relaxation times from the oxidizing environ-
ment should be shorter than those from the reducing environment to oxidizing
environment. In fact, this is the measured result (cf., Table 4).

5.6 Relaxation-based parameter adjustment

The O-site polaron transport is found to be closely coupled with the thermody-
namics (AHg, and ASp) ) of the oxygen-incorporation reaction (Eq. 11). Thus, it
is interesting to explore the relationships in the context of equilibrium conductiv-
ity and conductivity relaxation. Using a range fixed values for Eog , lower-limit
values for D¢, are set such that the NPP model using equilibrium defect reac-
tions on the surface matches the relaxation curve from 1% to 100% O, under
dry conditions at 800 °C. With these parameters fixed, it is also found that all
the other relaxation times predicted by the surface-equilibrated NPP model are at
least faster than the measurements, which is the desired result.

5.7 Influence of Eop

The O-site polaron transport has a strong influence on relaxation times. Thus, it
is interesting to investigate the effects of Do on all other fitting parameters by
systematically varying the diffusion activation energy Eqe . Specifically, as listed
in Table 5, six values of EOE) are considered, and the Dg(.) values are readjusted
such that the model based on the equilibrium defect reactions achieve essentially
the same relaxation time as with EOE) = 86 kJ mol~!. In this study, two other
parameters are fixed as AHyy, o = 80 kJ mol~! and Evee =67 KkJ mol~!. Table 5
compares the resulting thermodynamic and transport parameters.

Table 5 shows that the some parameters depend only weakly on Egg , but oth-
ers depend strongly. The transport parameters (D%Hb, Di,b., and Eopg ), as well
as ASy o have only weak dependence. Two parameters show strong dependence,
which provides insight for estimating the value of the polaron transport activation
energy, Eog. In the range 65 < Egp < 90 kJ mol~!, the oxygen-incorporation
enthalpy AHg, decreases from nearly zero to approximately —44 kJ mol~!. In
the same range, the entropy associated with the hydrogen incorporation ASy
increases from approximately —20 J mol~' K~! to being slightly positive. On
physical grounds, the oxygen incorporation is expected to be exothermic !%-?°
and the H incorporation entropy should remain negative. These considerations
bound the acceptable range of Egg . Although certainly not entirely definitive, the
present study uses Egs = 86 kJ mol~!. This choice makes the oxygen incorpo-
ration as exothermic as possible, but does not permit the hydrogen-incorporation
entropy to become positive. The other thermodynamic and transport parame-
ters that result from the choice of Eqe are listed in the corresponding rows of
Table 5. These parameters are at least consistent with prior literature, satisfy
physical constraints, and provide a good representation of all the measurements
reported herein.
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Table 5 Thermodynamic and transport parameters as functions of Ege

Thermodynamic parameters

Ege AHG,  AHj o AHg, ASp, ASio  ASh,

(kI mol™") (kJ mol 1) (Jmol~!' K1)
65 6.31 -80.00  -167.21 | -8598  -71.78  -20.64
70 2376 -80.00  -162.17 | 9537  -71.78  -15.95
75 -13.85  -80.00  -157.13 | -10477  -71.78  -11.25
80 2394 -80.00  -152.08 | -114.17  -71.78  -6.55
85 23405 -80.00  -147.03 | -123.60 -71.78  -1.84
86 -36.08  -80.00  -146.01 | -12548 -71.78  -0.89
90 4418 -80.00  -141.96 | -133.03  -71.78 2.88

Transport parameters

Eoe | Eows — Eves ng D(“)H(.) D;z).
(kJ mol~") m2s )

65 3509  67.00 | 1.62x10~%  9.38x107%°  1.30x107%
70 3509  67.00 | 2.83x107*  938x107%°  1.30x107%
75 3509 67.00 | 4.96x10°%  9.38x10°®  1.30x10%
80 3509  67.00 | 8.68x107*  938x107%  1.30x107%
85 3509  67.00 | 1.52x107%  938x10°%°  1.30x107%
86 3509  67.00 | 1.70x107%  9.38x10°%  1.30x107%
90 3509  67.00 | 2.66x107%  938x107%°  1.30x107%

6 Recommended thermodynamic and transport parameters

Table 6 lists the recommended reaction enthalpies and entropies based on con-
strained fits the of the equilibrium conductivity measurements. Table 6 also lists
the corresponding defect diffusion coefficients. These parameters respect all the
constraints as discussed previously, including those suggested by the relaxation
measurements. Note, for example, that the Ogy diffusion coefficient at 800 °C
is Dos = 1.11 x 10~7 m? s~!, which satisfies the constraint suggested from the
ambipolar-diffusion analysis. As noted earlier, Fig. 4 compares the results of
the constrained fits (solid lines) with the equilibrium conductivity measurements.
Although the conductivity measurements are represented well over wide ranges
of conditions and certain constraints are respected, the parameter set cannot be
claimed to be unique. In fact, where possible, further experiments or theories are
needed to unambiguously establish constraints.

6.1 Equilibrium defect concentrations

Using the recommended parameters, Fig. 7 shows equilibrium formula-unit con-
centrations of the three defects under dry and moist gas-phase environments. It is
evident that [V'];, and [OHg |1 depend only weakly on po,, but depend strongly
on temperature. By contrast, [Og]. depends strongly on po, in the oxidizing
region, but nearly vanishes in the reducing environment.
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Table 6 Recommended thermodynamic and transport parameters

Defect reaction thermodynamics

Reactions AH® AS° K, (750°C)
(kJmol™")  (Imol ' K1)

1H; +0g = OHY —146.01 -0.89 2.56 x 10+

10,405+ Vg =208 —36.08 —125.48 1.94 x 1070

H,O+ Vg +05 = 20Hg, —80.00 —-71.78 2.16 x 10+%

H;+ 10, = H,0 —248.11 —55.48 5.87 x 10%

Charged-defect diffusion coefficients, D, = Dy exp (—E;/RT)

Dy Ey Dy (600°C) Dy (800 °C)

m2s ) (kJ mol 1) m?s 1) m?s 1)
OHE  9.39x107° 35.09 7.46x 1071 1.84x 10710
Ve 1.30x 1078 67.00 128x 10712 7.12x 10712
0y 1.70 x 1073 86.00 122x10°%  111x 1077

6.2 Dry oxygen conductivity

Although Fig. 4 reveals temperature dependencies over wide ranges of gas-phase
environments, it can be difficult to read precise conditions from the typical log-
log graphical representation. Figure 8 compares the measured and modeled con-
ductivity as a function of reciprocal temperature in the dry O, environment (10
ppm of HyO). The figure also shows model-predicted partial conductivities of
the mobile-defect charge carriers. as well as the total conductivity as functions of
temperature . In this highly oxidizing environment, the total conductivity is dom-
inated by Og,. However, even though the HO concentration is very low, there
is still some proton OHg) contribution at low temperature. The model-predicted
OHg, partial conductivity is greater than the V& partial conductivity at low tem-
perature. However, above 600 °C, Over is larger than GOH, -

7 Surface kinetics and relaxation

As can be seen from Table 4, the predicted relaxation processes based on the
equilibrium defect reactions at the rod surface are generally faster than the mea-
sured relaxation times. This strongly suggests that one or more surface reactions
are kinetically rate-limiting. Using the thermodynamic and transport parameters
shown in Table 6, the forward rate coefficients for the defect reactions (kf,0,,
ke H,, and k¢ H,0) are adjusted such that the model matches the measured relax-
ation histories. The three reverse rate expressions (kp.0,, kb H,, and kp 1,0) are
evaluated based on Eqgs. 20, 21, and 22 to maintain microscopic reversibility.
Thus, the constrained-fit thermodynamic parameters are directly involved in the
rate equations. Table 7 lists the reaction rate coefficients based on fitting the
relaxation experiments.

Table 4 summarizes the measured and modeled characteristic relaxation times.

Table 3 lists the relaxation end-point gas-phase mole-fraction compositions for
the conductivity relaxations. Table 8 shows the corresponding three-pair ambipo-
lar diffusivities, which assists in interpreting the relaxation behavior.
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Fig. 7 Equilibrium defect concentrations (formula unit) as functions of oxygen partial
pressure and temperature under dry and moist conditions.
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Fig. 8 Partial and total defect conductivities as functions of temperature in dry O,
environment (10 ppm of H,O). Filled circles are measurements and lines are model
predictions.

The following sections include figures of the measured and modeled relax-
ation histories. Two factors are important in adjusting model parameters to achieve
fits to the relaxation profiles. First is the characteristic relaxation time. Second is
the qualitative functional form of the profiles. In some cases, although the char-
acteristic time and shapes match well, it is evident from the plots that the end-
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Fig. 9 Comparison of modeled (lines) and measured (points) conductivity relaxation

histories under dry (10 ppm H,O) conditions at three temperatures and p = 0.829 atm. a)
Relaxation from 1% to 100% O,. b) Relaxation from 100% to 1% O,.

Table 7 Modified Arrhenius rate parameters for the defect-incorporation reactions,
k = ATPBexp(—E,/RT)

A (kmol, m, K) B E, (kI mol™")

k0, 2.7087 x 107 0.0 62.70
ki, 7.3995x 1072 0.0 29.21
kinyo  1.8000x 10°% 0.0 0.00
kb,0, 3.3922x 1012 —0.5 98.77
Ko,y 2.8759x 107" —05 175.22
komyo  1.2327x107" 1.0 80.00

point conductivities do not always fully align. Beginning with the equilibrium
conductivity measurements, the full set of experiments took over two months to
complete. During this time the sample rod was repeatedly oxidized and reduced,
and heated and cooled. Inevitably, this repeated cycling caused some material
degradation. Thus, there are small variations between the equilibrium end states
for the relaxations and the initial equilibrium conductivity measurements for the
same gas-phase environments (i.e., Fig. 4). Moreover, as is conventionally done,
Fig. 4 shows conductivities on a logarithmic scale, which tends to diminish any
scatter in the data.

7.1 Dry O,

Figure 9a compares modeled and measured conductivity-relaxation histories from
1% O3 to 100% O, under the dry environment at three temperatures and pressure
of 0.829 atm (Table 3, DryOx). Figure 9b shows the corresponding reverse con-
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Fig. 10 Comparison of modeled (lines) and measured (points) conductivity relaxation
histories under moist (3.8% H,O) conditions at three temperatures and p = 0.829 atm. a)
Relaxation from 1% to 100% O,. b) Relaxation from 100% to 1% O,.

Table 8 Comparison of ambipolar diffusion coefficients evaluated for different gas-phase
environments

Reducing Oxidizing
T | Dogowy  Dopvy  Dvg-omy | Dogowy  Dopvy  Dig-omg
°C) (m?s7!) (m* s
DryOx 600 | 4.32x10710  332x10710  3.64x107"" | 1.90x10710  1.07x10710  3.62x107!!
700 | 5.63x10710  1.11x107%  891x107"" | 2.63x1071°  3.59x107'°  8.90x10 !
800 | 6.99x10710  2.98x107%  1.58x107 | 3.47x1071°  9.60x1071"  1.58x107'°
MoistOx 600 | 7.99x107%  1.35x107'0  1.70x107'2 | 4.60x10~%  4.37x10"'""  1.70x10""2
700 | 1.66x107%  6.40x10710  6.02x107'2 | 7.32x107%  2.06x107'°  6.00x10~'2
800 | 2.51x107%  2.08x10°%  1.80x107!'" | 9.49x107%  6.69x107'"  1.80x10~!!
MoistRedox | 600 | 1.22x107%  1.22x107%  1.70x107"2 | 4.60x107%  4.37x10°""  1.70x107'?
700 | 4.12x107%  4.11x107%  6.02x107'2 | 7.32x107%  2.06x107'°  6.00x10~'2
800 | 1.11x107°7  1.10x10°97  1.80x107'" | 9.49x107%  6.69x107'"  1.80x10 !

ductivity relaxation histories. It is apparent that the measured relaxation histories
can be reasonably well predicted with the kinetic-limited relaxation model. The
magnitudes of the effective ambipolar diffusion coefficients can add additional
insight.

The ambipolar diffusion coefficient Q)OE)*VE)' is larger than @OZ)*OHE) at the
700 and 800 °C, but Dog —ver becomes smaller than Do —ong, at 600 °C, even
though there is only about 10 ppm of H,O (cf., Table 8). Therefore, the relaxation
time under the equilibrated-surface assumption is determined by Doe —vee at 700
and 800 °C, but by @06—0"‘6 at 600 °C. Because DOE)—VE)' and @06—0% at 1%
O, are larger than they are at 100% O, it is reasonable that the relaxation time
with equilibrium surface reactions from 100% O; to 1% O, is shorter than it is
at 1% O; to 100% O, (cf., Table 4).
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Fig. 11 Comparison of model-predicted conductivity relaxation histories (lines) and the
experimental measurements (filled circles) from 100% O; to 5% Hj under moist
conditions at three temperatures and pressure of 0.829 atm.

Table 4 and also Fig. 9 show that the relaxation times from 1% O, to 100%
O, are significantly shorter than they are from 100% O; to 1% O, at the same
temperatures. The relatively fast relaxation is the result of relatively faster defect
transport. However, the actual relaxation time is limited by the kinetics associated
with rate-limiting surface kinetics. In the dry O, environment, the dominant rate-
limiting step is the O, incorporation. The relaxation time predicted by the kinetic
model is consistent with the experimental observations.

7.2 Moist O,

Figure 10a shows that the measured conductivity-relaxation histories between
1% O, and 100% O, under a saturated moist environment (Table 3, MoistOx)
can also be predicted reasonably well by the kinetic model. In the moist environ-
ment, Table 8 shows that the ambipolar diffusion coefficient Dog _ong is much
larger than Doe _ves at all the three temperatures. Therefore, the defect trans-
port is associated primarily with Og and OHg. Compared with the dry O, case,
-'Do;)—OH;) is also much larger in the moist environment. Thus, the relaxation time
for the moist O, is much shorter than it is under dry conditions. However, the
dominant rate-limiting step remains the O, incorporation.

7.3 Moist Hy-O,

Figure 11 illustrates that the measured conductivity relaxation from 100% O, to
5% H» in a moist environment (Table 3, MoistRedox) can be represented well
by the NPP model considering the surface kinetics. In the highly reduced en-
vironment, the ambipolar diffusivity Q)OE),OH-O is almost equal to Dog _ves, but
much larger than it is under the dry and moist oxidizing environment shown in
Table 8. Therefore, the relaxation time from the oxidizing to reducing environ-
ment is very short (cf., Table 4). In the reducing environment, the surface kinetics
is dominated by the H; incorporation rate.
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8 Summary and conclusions

A combination of equilibrium-conductivity and conductivity-relaxation measure-
ments, together with model-based interpretation, is used to establish thermody-
namic and transport properties for 10% yttrium-doped barium zirconate (BZY 10).
Specifically, enthalpy and entropy changes (AH® and AS®) are reported for reac-
tions representing the incorporation of Hp, Oz, and H>O. The transport proper-
ties are reported in terms of pre-exponential factors and activation energies for
the diffusion coefficients of three mobile defects (oxygen vacancies V¢, protons
OHg,, and O-site polarons Og). The equilibrium conductivities are measured us-
ing alternating-current impedance spectroscopy. The relaxation measurements
consider switching the gas-phase environments rapidly from high to low oxygen
partial pressures, and vice versa. The conductivity during relaxation is measured
using impedance at a single frequency, which was selected based on measur-
ing the same resistance as the full EIS sweeps at the asymptotic equilibrium
end states. To model the relaxation experiments and considering three mobile
charge carriers, the relaxation problem is solved computationally using a Nernst—
Planck—Poisson formulation. The relaxation modeling incorporates the possibil-
ity of kinetic rate limitations of the surface reactions, but requires microscopic
reversibility that is consistent with the equilibrium thermodynamics. Although
not claimed to be entirely unique, the properties reported here are consistent with
prior literature, the equilibrium and relaxation experiments, and physical con-
straints. Thus, complete and self-consistent set of properties is probably the best
that is currently available for BZY 10.
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