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Co-lonic Conduction in Protonic Ceramics of
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Part II: Co-lonic Conduction

W. Grover Coors
CoorsTek, Inc
USA

1. Intoduction

BCZY protonic ceramics described in the previous chapter constitute a class of model co-
ionic conductors, meaning their transport properties are determined almost exclusively by
two ionic species, protons and oxygen ion vacancies. The co-ionic conduction regime is a
range of moist atmospheres spanning about 15 orders of magnitude of oxygen pressure,
from 10-20 < pO, < 105 atm., where the total conductivity is independent of oxygen pressure.
Evaluation of transport properties in these materials requires new techniques not typically
required for traditional ion conductors, or even mixed ionic/electronic conductors. In this
chapter, a model for co-ionic conduction, called the CIC model, is proposed that provides
both a qualitative and a quantitative understanding of these commercially important
ceramic materials. In the last section, the model will be used to deconstruct total
conductivity measurements on BCZY27 to obtain partial conductivities as a function of
temperature.

Arrhenius analysis is a powerful scientific technique for studying transport properties in
ceramic ion conductors. The self-diffusivity of a particular ionic species can be described by,

D, =D" exp(— kE;J (1)
B

where D* is a temperature-independent constant and E, is the activation energy for
migration of the ionic species in the lattice. When log D; is plotted against reciprorocal
temperature, a straight line is obtained where D" may be found as the y-axis intercept at
“infinite” temperature, and E, may be determined from the slope of the line. Unfortunately,
it is often quite difficult to obtain self-diffusivities directly from experiments. Indirect
methods are used - most commonly, conductivity measurements, which are easy to make as
a function of temperature and surrounding atmosphere. Self-diffusivity and conductivity
are related by the well-known Nernst-Einstein relationship,

212
o = (ZfRF Tci JDi @)
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It is observed immediately that the proportionality between conductivity and diffusivity
involves the concentration of the ionic species. In most cases with ceramic ion conductors,
the species concentrations are fixed by a known concentration of extrinsic dopants, which is
practically constant over a wide range of operating temperatures, making Arrhenius
analysis from conductivity data straightforward and convenient. However, when
concentrations of ionic species change appreciably with temperature, traditional Arrhenius
analysis is no longer valid. Only in special cases, where the dependence of species
concentrations on temperature and pressure is known, can the relationship between
conductivity and self-diffusivity be determined. In protonic ceramics, both oxygen ion
vacancies and protons are simultaneously present in the lattice, and their respective
concentrations depend on the degree of hydration of the host ceramic. Correspondingly, the
degree of hydration has a strong dependence on temperature and the surrounding gas
atmosphere and can vary spatially throughout the material. However, the respective
concentrations of protons and oxygen ion vacancies are not independent. Instead, they are
found to change relative to one another in a predictable way. This fixed relationship can be
exploited for interpreting conductivity data obtained on protonic ceramic co-ionic
conductors and correlating it to species self-diffusivities. Finally, even though many
important applications for protonic ceramics are in high pO, atmospheres, once the self-
diffusivities of protons and oxygen ion vacancies have been determined in the co-ionic
regime, the contribution from electronic defects can be inferred by subtraction from the total
conductivity at low or high pO..

2. Isobaric hydration

The BCZY perovskite ceramics described in Part I contain some compliment of oxygen ion
vacancies and electron holes after sintering in air. Y3*ions that substitute on the regular Ce*+4
and Zr+ B-sites carry an effective negative charge designated by [Y{, ;] in Kroger-Vink
notation. Electroneutrality in the lattice requires charge compensation that results in
extrinsic oxygen ion vacancies of double positive effective charge, [V ], yinsic — ON€ vacancy
created for every two substituted dopant ions. A subsequent hydration step is necessary to
insert protons into the lattice by means of an exchange reaction with water vapor at the
surface of the ceramic. This occurs by the Wagner reaction (Wagner, 1968),

H,0(g)+ V5 + 0 <> 20H, 3)

The process of hydration requires the annihilation of an oxygen ion vacancy at the surface
(while dehydration requires the creation of an oxygen vacancy). In the process, quasi-free
protons are introduced into (or removed from) the oxygen ion sublattice, designated by

[OH{)]. Electroneutrality requires that the sum of oxygen vacancies and protons be

conservered.
2| V&' |+[OHY |=[ Ye. 0 | (4)

All of the yttrium ions in this case are assumed to reside only on cerium or zirconium B-
sites, and it is equally probable that either Ce*4 or Zr** will otherwise occupy the sites in the
solid solution. Although the total concentration of oxygen vacancies and protons is fixed,
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their relative concentrations may vary, so that an ensemble of two independent mobile ionic
species may be present in the ceramic. As straightforward as it may seem, this phenomenon
of coexistence of two mobile ionic species in oxide ceramics leads to unusual behavior.

The defect chemistry of protonic ceramics is further complicated by the presence of
electronic defects. For example, n-type conductivity may be introduced in very dry
atmosphere at low oxygen pressure and high temperatures - a condition not typically
encountered where proton conductors are likely to be used. Electron holes, on the other
hand, are generated at moderate oxygen pressure by the reaction,

20,(8)+ V5 =05 +2h1° (5)

These holes may subsequently be annihilated by water vapor by the reaction,

H,0(g)+2h" +20% —10,(g)+20H}, 6)

The summation of Eq. 5 and Eq. 6 gives Eq. 3, and it is possible (and perhaps, likely) that
Wagner hydration actually occurs by this two-step process. Not all ceramic oxides with
oxygen vacancies undergo Wagner hydration. In fact, the phenomenon seems to be
restricted to a relatively small group of ceramics, possibly pointing to the important role
played by holes in the overall hydration process. Recently, Yoo and colleagues (Yoo, et al.
2009) have proposed that holes play a fundamental role in the transient behaviour of
hydration in protonic ceramics upon sudden changes in pH>O. However, since holes are
created and subsequently annihilated, their concentration at equilibrium is low in moist
atmosphere at intermediate oxygen pressure (pO. < 105 atm). For this reason, by assuming
equilibrium under fixed water vapor pressure, the contribution of electronic defects to total
conductivity may generally be neglected at equilibrium. On the other hand, holes are
expected to contribute to ambipolar diffusion at higher pO,. A comprehensive theory for
multi-species transport in ceramic proton conductors was originally proposed by Tan (Tan
et al., 2000) and more recently expanded by Sanders (Sanders & O’Hayre, 2009).

The CIC model only applies in the ionic regime of the Kroger-Vink diagram where defect
concentrations are independent of oxygen pressure. Wagner hydration occurs by Eq. 3,
where hydration and dehydration at equilibrium depend on temperature and water vapor
partial pressure as well as the concentration of oxygen ion vacancies at the surface according
to the mass action law,

— [OH('D]Z
" Pro| 05| VS]

The usual thermodynamic meaning applies,

~RTInK,, = AG = AH —TAS )

Brackets refer to mole fractions. Molar concentrations are obtained by dividing by the molar
volume. In the crystalline lattice, oxygen ion sites are conserved so the molar volume Vy, is
equivalent to N, times the unit cell volume V. of the cubic ABO3 perovskite. The fraction of
extrinsic oxygen vacancies “stuffed” by water molecules is defined as the extent of
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hydration, Chi (y), where 0 < y < 1. Two protons are generated for each oxygen vacancy
“stuffed”, and there are two dopant ions required for every oxygen ion vacancy.

_ 0] _|oHM]
“ |:V(3:BXt1’insic:| [Yée,Zr:' Ioszgl (9)

At equilibrium, the extent of hydration, g, is a strong function of temperature and water
vapor pressure. Its value may be calculated using the formula derived by Kreuer, obtained
by inserting the O-site conservation and electroneutrality condition into Eq. 7 (Kreuer, 1999).

| 3K—\JK(9K-6KS +KS* +245 - 45?)
- (K-4)S

X (10)
K=K,Pp,o - The partial pressure of water vapor py, o is at the gas/solid interface and K., is
the equilibrium constant for Eq. 3. (If hydration occurs by the two step process of Eq. 5 and
Eq. 6, then Ky = Key5 Kegs). The constant S is the fraction of dopant ions per formula unit,
equal to [Yéﬁ,, Zr] in the absence of electronic defects or A-site substitution. For BCZY doped
with 10 mol% yttria, S = 0.1. When y is plotted as a function of temperature, a sigmoidal
curve is produced. At high temperatures the ceramic becomes dehydrated (y — 0), and at
low temperatures, the hydration is “frozen in” at the hydration limit (¥ — 1). This is an
idealization since, as a practical matter, the limits of total hydration and dehydration are not
thermodynamically achievable. Some residual vacancies and some residual hydration will
always be present. The value of y as a function of temperature may be determined
experimentally by either isobaric thermogravimetry or dilatometry. Alternatively, it may be
determined by curve fitting of total conductivity data. This latter technique has been

explored with some success on rare earth calcium-doped niobates by Haugsrud (Haugsrud
& Norby, 2006).

3. Partial conductivities
Extent of hydration is related to defect concentrations in units of mol/cm? by,
_S ., . .. .50-%
C =— ’ CV(;' = V_T (11)

m

Substituting the concentrations from Eq. 11 into the Nernst-Einstein relationship
(remembering that z? is 1 for protons and 4 for oxygen ion vacancies) leads to the partial

conductivities,
1 o EH,OH
Comz, = (?) B x Doy exp(— kT J (12)
_ 1 o Ea,Vo
Oy = (TJ’B 2(1-y)Dy exp [_kB—TJ (13)
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Doy and Dy [cm?/s] are temperature independent, pre-exponential self-diffusion
coefficients, and E,on and E, v, are the corresponding activation energies for migration. Jis
a constant for a given ceramic material evaluated as,

_F’S &S| Ks

IB =
RV, kgV, Qcm3

(14)

where F is Faraday’s constant, R is the universal gas constant, e is the elementary charge, kp
is Boltzmann’s constant, V,, is the molar volume, and V. is the cubic ABO; unit cell volume
in cm?. It is observed that the dimensionality of Bis consistent so that when multiplied by
D/T, in units of cm?2/K's, the proper units of conductivity, (€ cm)-1, are obtained.
The co-ionic conduction model treats the total conductivity as the sum of only the two ionic
species.

ot = Oz, + Oye (15)
By combining partial conductivities (Eq. 12 and 13), an important linear relationship
between o+ and y is found,

0T = B1(Dogy, 2Dy |+ 28D, (16)

In the limit of complete hydration, the total conductivity is equal to the proton conductivity,
and in the limit of complete dehydration, the total conductivity is equal to the oxygen ion
vacancy conductivity. At intermediate extent of hydration, the total conductivity reflects the
ionic species ensemble. y is constant at steady state once equilibrium with the surrounding
atmosphere is reached. Under transient conditions, such as when temperature and water
vapor pressure change or a water vapour pressure gradient is imposed, y is a local variable
that depends on position and time within the ceramic. Using Eq. 16, it is possible to
determine the partial conductivities from total conductivity measurements if extent of
hydration is known as a function of temperature. The determination of partial conductivities
of protons and oxygen ion vacancies and proton transference number is important for
electrochemical applications such as protonic ceramic fuel cells, steam electrolyzers, and
hydrogen separation membranes; but it is also important for steam permeable membranes
(Coors, 2007) since one important consequence of having two, independent, mobile ionic
species is the possibility of ambipolar water diffusion.

It is necessary to stress an important point about applying the Nernst-Einstein equation to
an ensemble of mobile ionic species by the preceding derivation. Equations 12 and 13 imply
that protons and oxygen ion vacancies may diffuse independently. In the conductivity
experiment this condition is met by using electrodes that are reversible to both species,
which requires electrochemical redox reactions at the surface for both hydrogen and oxygen
independently. However, the Wagner reaction (Eq. 3) is not an electrochemical redox
reaction. That is, no electrons flow into an external circuit, and electrodes are, therefore, not
required for hydration and dehydration. The Wagner reaction only describes the chemical
interaction of the ceramic with water vapor and the relative defect concentrations that
ensue. In the absence of electrodes, Eq. 16 still applies, as diffusion is constrained by
electroneutrality resulting in chemical diffusion of water, but the partial conductivities are
no longer defined by electrode potentials.
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The protonic transference number is defined as,

O
tproton = PHo = (1 ! (17)
%oy *Ovs 14 (‘I)[DVJ
X Don

Protonic transference number, it is observed, is not a constant, but a function of
concentration - that is, the extent of hydration. Extent of hydration (Eq. 10) and proton
transference number (Eq. 17) both have the same sigmoidal functional form. In fact, it may
be seen for the special case where the self-diffusivity of oxygen ion vacancies is exactly half

that of proton diffusivity, D %) = % , that t,,0t0n is identical to y.
OH

The co-ionic conduction model is highly idealized, containing several fundamental

underlying assumptions:

1. Conduction due to electrons and holes is neglected. This assumption is valid under
moist atmosphere as long as the temperature and oxygen pressure are not too high or
too low.

2. Mobile OH; and V) defects each have a single, temperature-independent pre-

exponential diffusion constant and activation energy, which is also independent of
atmosphere. Strictly speaking, this assumption is valid only at equilibrium in the dilute
limit, where the concentration of defects is low enough so that they do not interact with
one another. Also, the crystal lattice is known to expand when protonic ceramics
hydrate, causing a change in migration enthalpy. This effect has been neglected in the
present model.

3. The total concentration of OH;, plus V" is fixed by the extrinsic dopant concentration.

Furthermore, all dopant ions are assumed to reside exclusively on B-sites in the ABO3
perovskite.

4. Extent of hydration y, is a temperature- and water vapor pressure-dependent variable
that is determined by an equilibrium constant for hydration with a constant value of

enthalpy and entropy. [OH 5] o<y and [V(S.] <(1-y)

With these four assumptions, it is possible to develop a useful analytical model that yields
further insight into co-ionic conduction. Despite its apparent simplicity, the model is
deceptively complex due to the exponential terms, which make routine algebraic evaluation
impossible. Fortunately, the execution of the model can be carried out with ease in a
spreadsheet like Microsoft Excel.

4. Hydration and dehydration

Co-ionic conduction is obviously only possible when protons and oxygen vacancies co-exist
in the lattice. At equilibrium, the Wagner reaction is assumed to be thermodynamically
reversible, so that at constant water vapor pressure, the ratio of protons to oxygen vacancies
depends only on temperature. If no hydration were to occur, only oxygen vacancies would
be present and the material would behave just like an ordinary oxygen ion conductor. If
dehydration did not occur - that is, if hydrogen, rather than water vapor, could enter the
lattice directly by a different mechanism - proton conduction would prevail at all
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temperatures. Defect reactions of this type are only possible in very dry hydrogen in ceramic
proton conductors or, as pointed out by Tan (Tan, et al. 2000) mixed proton-hole conduction
is possible when a pO; concentration gradient is present.

The details of how the ratio of protons to oxygen vacancies changes with temperature are
captured in Kreuer’s formula for isobaric degree of hydration. From Eq. 10 it may be shown
that hydration achieves a saturation value at low temperatures, where the protonic defect
concentration is frozen in, i.e. y — 1 as T — 0. Eq. 10 also requires that y — 0 as T — .
Complete dehydration in these materials typically occurs below 1200 °C, but there is no
fundamental requirement for total dehydration to take place below the melting point. This
equation generates a sigmoidal plot versus temperature with a characteristic inflection at the
mid-point. The temperature at the inflection point, T, is a strong function of hydration
enthalpy. Figure 1 shows plots of Eq. 10 at pH,O = 0.025 atm for three different hydration
enthalpies (AH = -80, -100, and -120 kJ/mol) at constant entropy (AS = -120 J/mol.K). It may
be seen that a change in AH of only 40 kJ/mol causes a 400 °C translation of T.. The slope of
the curve in the transition region is determined by the hydration entropy. Figure 2 shows
this effect for AS = -80, -120, and -160 ]J/mol.K, where the enthalpy has been adjusted so that
each curve has the same inflection point. It is observed that the hydration/dehydration
transition becomes more abrupt as the reaction entropy becomes more negative, but the
effect is not nearly as pronounced as for different enthalpies.

Total conductivity vs. temperature measurements of ceramic proton conductors are
routinely made and reported in the literature, but often with little underlying recognition of
the consequences of co-ionic conduction. This has resulted in confusion in interpretation of
Arrhenius plots. Only recently has it become more widely recognized that there is a
requirement for deconvolving partial conductivities from the total conductivity data. This
can be a formidable challenge. Looking at Egs. 12 and 13 it may be observed that these
coupled equations contain one common unknown variable, y, and two decoupled unknown
parameters for each species - the pre-exponentials and migration activation energies. At low
temperature, in moist atmosphere, it is generally valid to assume that the total conductivity
is due to protonic conduction alone (Eq. 12). Thus, the bulk protonic activation energy, E, on,
may be immediately determined from the slope of the Arrhenius conductivity plot at low
temperature. The pre-exponential Don, however, cannot be determined from the
extrapolation of the low temperature plot to the y-axis, as is usually done with single-ion
conduction data, without knowing the terminal hydration limit, y as T — 0. Variations in
this value will shift the low temperature portion of the curve up and down, moving the
intercept. At high temperatures in dry atmosphere, it is often safe to assume that conduction
is due to oxygen vacancies alone (Eq. 13). In this case, the activation energy, E,v., may be
determined by the slope. The pre-exponential, Dy,, may be determined by the y-intercept of
the extrapolation of the high temperature portion of the curve since, in this case, it may also
be generally assumed that the ceramic is essentially dehydrated so that y ~ 0. However,
caution must be exercised if either the hydration enthalpy is strongly negative or the
entropy is not too negative, as evident from Figure 1. Once the self-diffusivities of protons
and oxygen ion vacancies are determined at the high and low temperature extremes, the
portion of the conductivity plot at intermediate temperatures, where y is variable, must
provide a smooth transition that obeys Eq. 16 at all temperatures. This reflects the fact that
the species partial conductivities are not constant. The total conductivity is the sum of the
two partial conductivities at a given temperature. The important features are apparent at
intermediate temperatures, where proton conductivity reaches a maximum before dropping
at higher temperatures due to dehydration, and oxygen vacancy conduction begins to
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dominate. The oxygen ion vacancy partial conductivity curve is characterized by a “dog leg”
caused by an increase in oxygen vacancy concentration due to dehydration. The sum of the
two curves produces the characteristic “crook” often observed in conductivity plots of these
materials. Many examples of co-ionic conduction are seen in the literature exhibiting this
hydration/dehydration “crook”. A good example is shown in Fig. 16 of Kreuer’s 2003
review on Proton-Conducting Oxides (Kreuer, 2003), where this behavior is clearly visible in
the total conductivity portion of each of the plots. The co-ionic conductivity model provides
a good qualitative understanding of this phenomenon.
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Fig. 1. Extent of hydration vs. temperature by Eq. 10 (isobaric pr20 = 0.025 atm).AH = -80
(red), -100 (blue), -120 (green) kJ/mol, with constant AS = -120 J/mol.K.
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Fig. 2. Extent of hydration vs. temperature by Eq. 10 (isobaric pr20 = 0.025 atm). AS
[J/mol.K], AH [k]/mol] = -80, -80 (red), -120, -120 (blue), -160, -160 (green).
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5. Ambipolar diffusion

Ambipolar diffusion occurs in the co-ionic ensemble with chemical diffusivity derived by
Kreuer (Kreuer, 1999).

(Z_I)DOH;)DVC?
;{DOH(.) +2(1 —;()DV(;.

H,0 =

(18)

Doy, = Doy exp(~E, op /kgT) and D, =Dy exp(-E, v /kgT) where Dpy; and Dy, are the
temperature independent, pre-exponential self-diffusion coefficients [cm?/s], and E,on and
E.vo are the corresponding activation energies for migration of protons and oxygen ion
vacancies, respectively. It is interesting to consider the derivative of the chemical diffusivity
with respect to extent of hydration,

dDHZO _ _2DOH(')DV5' (DOH(') _DV5')

(19)
ix | %Dy, ~2D,.. (1—;5)}2
OH} v
Surprisingly, this derivative has no roots. So, unlike proton conductivity, there is no value of
2 between 0 and 1 that produces a maximum in chemical diffusivity. This unusual behavior
results from the exact cancellation of all terms containing y in the numerator, and shows that
ambipolar diffusion must increase monotonically with temperature.
It is seen in Eq. 11 that y and concentration are proportional, making it possible to cast Fick’s
2nd Law in the more convenient dimensionless variable, ¥ which has implicit dependency on
time and space variables, y = y(r,t).

L 9 (Dy,0()V7) 20)
Eq. 20 must be solved numerically because the spatial derivatives of Eq. 18 result in
nonlinear coefficients. At steady state, the concentration gradient is stationary, and Eq. 20
may be integrated to give the spatial dependence of f)HZO across the membrane. In the
absence of an externally applied electrical potential, the effective steam permeation flux (in
units of mol/cm?2.s) may be found.

_ S 22 (Z—Z)DOH(.)DV(;
2V, Ax 7 ZDOH(') +2(1 _Z)DV(}'

Jo,0 = _DH2O(C)VC = dy (21)

In one dimension, Ax is the electrolyte membrane thickness and dc(H,0)=(S/2V,,)dy . n

and p» are the extent of hydration at the respective gas/solid interfaces of the membrane (y»
> 71). The concentration of dopant ions is proportional to the proton concentration, but two
protons make one effective “water” in the lattice - thus, the additional factor of 2 in the
denominator. Eq. 21 may be solved analytically (the complete solution may be found in
(Coors, 2004)), but a much more intuitive form may be obtained if partial conductivities are
substituted for partial diffusivities. This is only strictly valid for the case of uniform
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temperature and where the steam gradient is small. This simplification permits the partial
conductivities to be moved out of the integral and mathematically separates conductivity
from extent of hydration. The result is given in Eq. 22 and 23.

RT ( oouoy, % (2-
]HZO=_ 2 o J. oL 4y (22
4F*Ax\ Oon +0v, ) 5 2(1- %)
RT | oyyo S (1-
A —. ( JH4Ve ]h{”g( ”1)}; 0<x<1) (23)
4F°Ax\ ooy + Oy, xi(1-1)

As can be seen by this simplification, the steam flux only depends on the extent of hydration
at the interfaces. The term containing the partial conductivities in Eq. 23 is characteristic of
ambipolar diffusion. It is equivalent to oy, t,,,, - It may be observed that the magnitude of
the flux is determined by the partial conductivity with the smaller value - generally the
oxygen ion vacancy conductivity. The following logarithmic term, however, is peculiar to
the behavior of steam permeable membranes. This term is an enhancement factor that is
dominated by the square of the ratio of the extent of hydration at the interfaces. This serves
to greatly enhance the steam flux beyond what would normally be expected. For example,
with y on the moist side equal 0.5 and y on the dry side equal to 0.002, a steam flux
enhancement of more than ten times is predicted. This is an important consideration when
the dry side contains hydrocarbon species, because any steam that permeates will be quickly
consumed. Although the steam permeation flux is generally small - on the order of 10
nmol/cm2.s for typical values of the partial conductivities at 700 °C - the enhancement
factor has the potential to boost the steam flux significantly.

6. Electrical characterization

6.1 Introduction

A co-ionic conduction model for protons and oxygen ion vacancies in protonic ceramic
perovskites was presented in the previous section. Even in its most simplified form, six
fitting parameters are still required: two self-diffusivity pre-exponentials, two migration
activation energies, and hydration enthalpy and entropy. In this section a fitting procedure,
based on isobaric, steady-state conductivity analysis over a wide temperature range is used
for determining these parameters with experimental data for the proton conductor, BCZY27.

6.2 Conductivity experiments

The experiments for measuring conductivity and diffusivity are generally not the same. The
distinction is subtle, and often leads to errors in interpreting experimental data.
Conductivity measurements require electrodes and the measurement of the electrochemical
potential gradient. On the other hand, hydration and dehydration occur by ambipolar
diffusion, which does not require electrodes. The conductivity experiment generally
presupposes a uniform, steady-state concentration of mobile defect species. Electrodes,
reversible to hydrogen and electrons, provide an alternative way for protons to enter the
lattice, perturbing the defect equilibrium in unanticipated ways. Generally specimens used
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for conductivity measurements have large area, planar electrodes separated by a relatively
thin specimen. Under well-equilibrated test conditions, in a balanced cell arrangement, with
uniform atmosphere at each electrode, proton or mixed proton/hole conductivity may be
measured once the extent of hydration reaches a steady-state value. For unbalanced cells
with different water vapor or hydrogen pressure at each electrode, the measurement is no
longer valid since a constant flux of steam is induced. Specifically, the Nernst potential
cannot be used to determine the protonic transference number in this case as proposed by
Norby (Norby, 1988; Sutija, et al., 1995).

For conductivity measurements of the co-ionic ensemble in ceramic proton conductors,
electrodes must be placed so as not to perturb the defect concentrations. This has been
accomplished in the present experiments by using a long, rod with circumferential
electrodes placed at each end. This rod has a large surface area for optimal surface exchange
with gaseous species, and a relatively small electrode area. Most importantly, diffusion
occurs in the radial direction, and conductivity is measured in the axial direction - the
direction of the electric field lines required for the conductivity measurement. This means
that the conductance instrument measures the arithmetic mean conductance of the rod
(Maier, 2004, p.229),

R'=22 | o(r)rdr (24)

where R is the measured specimen resistance. Eq. 24 is valid as long as the conductivity
depends only on the radial, and not the axial (z-axis), position along the length of the rod
between the electrodes. Previously it was shown,

G T = BY(Doyys ~ 2Dy | +28D, (16)

Inserting Eq. 16 into Eq. 24 provides the necessary bridge between the conductivity and
diffusion experiments.

r=R,
R :% jo (Do, 2Dy )2(r) +28D, s |rdr (25)

Of course, y(r, t) is not generally known except at steady-state. It must be determined by
solving the diffusion equation (Eq. 20) subject to boundary and initial conditions,

¥R, t>0)=y"
X(r,t=0)=y (26)
X(rt—o0)=x°

The measurement of conductivity can only sense the mean conductivity of all the mobile
species in the cross-section of the specimen between the electrodes. The concentration of
defects may or may not be uniform depending on whether or not the specimen has reached
thermodynamic equilibrium with the surrounding atmosphere. The important feature of the
experiments described herein is that the partial conductivities of individual species may be
extracted from the diffusion experiment because diffusion and migration are orthogonal -
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diffusion is perpendicular to free surfaces (radial) and migration is perpendicular to the
electrodes (axial). Direct current measurements cannot be employed here because the
defects would become polarized in the axial direction. Low frequency a.c. is necessary so
that, even though the charged defects oscillate back and forth in the axial direction, their
average concentration does not change as long as the mean free path is short compared to
the length of the specimen.

Isobaric conductivity measurements are made under constant py o and py atmosphere by
changing temperature slowly enough to maintain defect equilibrium over the entire range of
temperatures. Also, ¥ (T, py,o ) must be known, which means that either AG" (T, py o) for
hydration must be known in advance, or AG" must be determined empirically by fitting
isobaric conductivity vs. temperature data. In this method, DOH(.) is determined by
Arrhenius analysis of conductivity in the hydration limit (y — 1) at low temperature and
Dvg in the dehydration limit (y — 0) at high temperature, and fitting the conductivity
measurements at intermediate temperatures to the CIC model.

6.3 Specimen preparation

The fabrication and microstructure of the protonic ceramic, BCZY, was presented in Part I.
For the conductivity measurements, an extruded rod of 2NiBCZY27, 3.36 mm diameter was
used. The rod was cut to a length of 4 cm. A platinum wire was wrapped around each end
and twisted into a pigtail. A band of platinum paste (ESL 5524) was painted on each end
and covering the wires. The platinum paste and leads were sintered at 975 °C for 15 minutes
in air. The distance between electrodes was 3.45 cm, giving a resistance cross-section (A/t)
of 0.0257 cm.

6.4 Test apparatus

All conductivity measurements were carried out in a sealed, 5 cm diameter alumina ceramic
process tube in a horizontal tube furnace (Thermolyne 21100). Four platinum wires
extended to the specimen through gas-tight feedthroughs for connection to the measuring
instruments outside the furnace. Two Pt lead wires were attached to each pigtail on the
specimen for 4-point measurements, and a type-K thermocouple was mounted about 1 cm
from the specimen. Process gas was introduced at a flow rate of 100 ml/min about 1 cm
upstream of the specimen, and an in-situ zirconia oxygen sensor tube (CoorsTek Pt-ZDY4),
referenced to ambient air with a second intergral type-K thermocouple, was positioned
about 5 cm downstream of the specimen to give very rapid and sensitive response to
changes in local p,, . Gas flowed out of the far end of the process tube through a bubbler.

Outlet flow calibration was obtained using a flow-rate bubble meter.

Moist and dry 4% H»-bal Ar gases were prepared by splitting the flow from the gas cylinder
from a common manifold through two precision needle valves. One stream passed through
a chromatography drying column (CRS Big Trap) and the second stream passed through a
water bubbler at room temperature. The moist and dry streams were then connected to the
two inlet ports of a 2-position, 4-way ball valve. Whenever the valve position was switched,
the selected output flowed into the furnace and the non-selected output exhausted into
room. This way, each gas steam continued flowing at steady-state regardless of valve
position, without any build up of back pressure that would otherwise occur if one of the
streams was stopped while the other was flowing. With the 4-way valve configuration no
pressure transients were introduced when the process gas was switched between the moist
and dry condition.
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6.5 Resistance measurement

The resistance of the specimen was measured using an Agilent 4338B Precision
Miliohmmeter. This instrument provides 4-probe resistance measurements at a fixed
frequency of 1000 Hz, which is a good frequency for this type of experiment because the
frequency is high enough to eliminate noise and polarizations due to electrodes, contact
potentials and thermoelectric effects while still capturing the true bulk resistance of the
specimen. The 4338B generates a single pair (real and imaginary) of impedance data at each
measurement. As long as the reactance value is much less than the real resistance, the
measurements can be considered to be representative of the true bulk specimen resistance.
Of course, the fixed frequency measurement does not afford the detailed analysis of
impedance spectroscopy, such as grain vs. grain boundary conductance. A Hewlett Packard
4195A Network analyzer operating between 10 Hz and 5 MHz was also used periodically to
confirm that the measurement at 1000 Hz was representative of the bulk conductance. Since
the total electrode area was small, electrode impedance effects were negligible. At high
temperatures, features of impedance spectra were difficult to resolve, and no significant
difference between the “bulk” resistance and the resistance at 1000 Hz was observed. Above
400 °C, where most of the measurements were made, no grain boundary arcs were visible in
the spectra and only a single bulk arc was present above 1000 Hz. At intermediate
temperatures, where impedance spectroscopy is often useful, the arcs resulting from mixed
protons and oxygen ion vacancies overlap, making attempts to resolve impedance arcs
separately virtually meaningless in the range of temperatures where the partial
conductivities are about the same order of magnitude. Again, fixed frequency
measurements proved to be a good compromise and considerably more convenient from the
standpoint of the enormous amount of data generated during temperature scans lasting
several days in some cases. Because of the large ratio of cross-sectional area to length in the
rod specimens, resistance values ranged from about 5000 Q at the highest temperatures to
about 150 kQ at the lowest temperatures. With such large resistance values, there was no
concern about the instrument input impedance as often plagues the measurements of thin
specimens that can typically be in the milliohm range.

Resistance measurements, thermocouple readings, and O, sensor voltages were
continuously logged using a data acquisition computer running in the LabView
environment. The complete test apparatus is shown in Figure 3.

Fig. 3. Conductivity test apparatus
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6.6 pH20 determination

The extent of hydration, as determined by Eq. 10, depends strongly on the water vapour
pressure at the surface of the specimen. A common mistake that is made in experiments for
evaluating ceramic proton conductors is to assume that the py, , inside the processes vessel
is the same as the saturated pressure at the bubbler used to moisten the process gas. Since
both hydrogen and water vapour are exchanged with the ceramic specimen, it is not correct
to assume that py . is invariant, and it needs to be measured along with temperature and
conductivity. This can be done with an external dew point monitor, but also with an in-situ
oxygen sensor, which is mounted in close proximity to the test specimen. The oxygen
pressure is determined from the Nernst voltage by,

4FV,
POz = POz,rEf eXp(— RTN j (27)
where F is Faraday’s constant, R is the universal gas constant and T is absolute temperature.
The reference oxygen pressure in this case is ambient air, 0.2095 atm, adjusted for Salt Lake
City, Utah, (0.858atm/atm), or 0.180 atm. The ratio of water vapour pressure to hydrogen
pressure is determined by the oxygen sensor,

Py,0

PHZ :Kw P 0, (28)

where Ky, is the temperature-dependent equilibrium constant for water formation evaluated
by the empirical relationship (JANAF),

AG$ =-RTInK,, = (-57.031+2.799x10°TInT

29
—0.576x107°T? +1.650T " —7.798x10°T)x4.1868 k] / mol ®)

In this experiment, the process gas used was 4.2% Hj-bal Ar. The moist gas was prepared by
bubbling in water at 21 °C, providing a saturated water pressure of 0.025/0.858 = 0.029 atm.
Since the mole fraction of argon is invariant, the known pressures of Ar, H,O, and H in the
process gas permit the calculation of the sum of py ;and py as,

Pi,o + P, =(0.025 +0.0420.858 (1 - 0.025)) = 0.060 atr (30)

Eq. 28 and 30 may be solved simultaneously to give,

0.060K,,\/po,

31
1+K, Po, G

PH,0 =

which relates the local water vapour pressure to the measured oxygen pressure. For dry gas,
the prefactor in the numerator is just 0.042 x 0.858 = 0.036. The calculated py; (, for moist and
dry 4.2% H»-bal Ar as a function of temperature are plotted in Figure 4. Also plotted are the
calibration curves for the moist and dry gas without any specimen in the process vessel. It is
seen that the water vapour pressure is considerably higher when the specimen is included.
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In the case of the calibration runs, the water vapour pressure is the same as expected from
the prepared inlet gas, but with the specimen in place, the py  is about 50% greater for the
moist case and almost 10 times greater for the dry case.

0.086
=—Avarages for moist H2 runs 4-10
\ ——Averages for dry HZ runs 1 &2
0.05 ==Cal-Moist 5%H2 Tl
Cal-Dry 5%H2
0.04

pH2O/atm

O\

0.02 \
001 \’\ —

000 +——— - .
300 500 700 900 1100

Temp

Fig. 4. Water vapor pressure for moist and dry 4.2% H-bal Ar process gas with specimen,
and calibration without specimen, as calculated from the Nernst voltage of the in-situ
OXygen sensor.

6.7 Isobaric conductivity measurements

Isobaric conductivity measurement requires that steady-state equilibrium of the specimen be
maintained with the surrounding atmosphere so that the concentration profile of the mobile
ionic species in the specimen is completely uniform. Even with the relatively thin cross-section
of our rod specimens, this presented a challenge. Rapid equilibration above about 800 °C is
easily achieved, but below this temperature, where most of the hydration and dehydration
actually takes place, equilibration times become progressively longer because the self-
diffusivities of protons and oxygen ion vacancies decrease exponentially. If the rate of change
of temperature is too great, the measured conductivity does not reflect the true equilibrium
defect concentration profile. This is typically observed as hysteresis in the data between
increasing and decreasing temperature measurements. For these experiments impedance data
for analysis was obtained under isobaric conditions upon decreasing temperature from 1030
°C to 250 °C at 0.5 °C per minute followed by rapid heating at 5 °C to the starting temperature.
The experiment was repeated ten times in moist hydrogen to ensure repeatability and the
absence of hysteresis effects. This extreme cyclic testing confirms the mechanical and chemical
integrity of 2NiBCZY27 prepared from barium sulphate instead of barium carbonate (see Part
I for details) since practically no change in conductivity was observed. Figure 5 shows an
Arrhenius conductivity plot of the specimen measured in both moist and dry 4.2%H>/bal Ar.
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The curve for moist hydrogen represents the average for the final seven separate runs, and the
curve for dry hydrogen is for the average of two runs.
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Fig. 5. Arrhenius plot of log(base 10) conductivity vs. reciprocal temperature. Upper curve is
for moist and lower curve is for dry 4.2% Ho.

The curves exhibit the characteristic hydration/dehydration “crook”. Below 500 °C in moist
hydrogen, the specimen was assumed to be hydrated at the hydration limit of y = 1.
Conductivity in this region has been attributed exclusively to protons, and the slope and
intercept are indicated by a linear extension. At the highest temperature obtained in moist
hydrogen, the specimen still retained substantial hydration, however, in dry hydrogen, the
specimen was assumed fully dehydrated (y = 0) with conduction attributed exclusively to
oxygen ion vacancies. The linear extension in this region is also shown. At the two extremes
it is possible to determine the species self diffusivities using conventional Arrhenius analysis
where the slope times 1000 kg gives E, and the y-axis intercept give the log term on the right
containing the diffusion pre-exponential.

E ;

In(ooyT) = ==2 +In(ADox) (32
E :

In(oy,T) = —Iz—':;fo +In(25Dy,) (33)

For BCZY27, the constant S evaluates to 2.403x10¢ [K.s/Q.cm?]. Species self-diffusivities are
presented in Table 1.
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species D* (cmy/s) E. (eV)
Protons 3.45 x 104 0.449
Oxygen ion vacancies 5.65 x 103 0.937

Table 1. Measured transport parameters for protons and oxygen ion vacancies in NiBCZY27

Figure 5 highlights a common misinterpretation of Arrhenius plots in the literature. The
foundation of Arrhenius analysis is based on exponentially activated diffusivity. Since, from
the Nernst-Einstein equation, conductivity is proportional to the product of diffusivity and
concentration, diffusivity can only be correlated with conductivity data when the species
concentration is constant. The slope of an Arrhenius conductivity curve cannot be
interpreted as the activation energy when the species concentrations are changing. This may
be clearly seen from Eq. 16, where In(cT) only has a meaningful slope when y is either 0 or
1. The assumption of fixed defect concentrations in single-species ionic conductors is
(usually) valid, but this is not the case with co-ionic conductors during hydration and
dehydration, where concentrations of defects depend on temperature. Arrhenius analysis is
only strictly valid in co-ionic conductors in the limits of total hydration and dehydration.

6.8 Data fitting to CIC model

With the species self-diffusivities determined in the previous section, it was possible to fit
the total conductivity data over the intervening temperature range as a function of y. This
was done using the conductivity and in-situ water vapour measurements in moist
hydrogen. A least-squares fit for Eq. 16 was obtained for hydration enthalpy and entropy as
the two fitting parameters, which were -120.6 kJ/mol and -110.6 J/mol.K, respectively. This
enthalpy value is slightly less negative than the value of -125 + 2 kJ/mol obtained by TG-
DSC recently reported by Ricote (Ricote, et al. 2011), and in line with the empirical curve
proposed by Norby based on electronegativity of A and B-sites (Norby, 2009). The fitted
entropy is close to the value of -120 J/mol K predicted by Norby based on the entropy of
vaporization of water. This is by no means an assertion that the present fitted values are
correct. It mostly draws attention to the difficulty in making this measurement with
confidence. The scatter in reported values for enthalpy and entropy of hydration that has
appeared in the literature over the years is a matter for concern. Fitting of conductivity data
to give reasonable values, as reported by us, is encouraging, but may be just a happy
accident. Norby’s group at the University of Oslo has been making progress with this
measurement lately, but the matter is far from resolved.

The hydration enthalpy and entropy values obtained by fitting the moist hydrogen
conductivity data were used in an attempt to fit the dry hydrogen conductivity data, as
shown in Figure 6. It is observed that, although the curve has the right qualitative features,
the CIC model does not fit the dry hydrogen data very well. The upper green curve is for
the CIC model prediction using the measured water vapour pressure, as presented in Figure
4. The CIC model considerably over-estimates the conductivity throughout the hydration-
dehydration region. The lower blue curve is the CIC prediction using fixed py o= 0.0015
atm - in line with the dry hydrogen entering the process vessel. The fit is slightly better, but
does not answer the obvious question why the conductivity does not reflect the measured
Pu,o near the specimen. Apparently defect reactions take place at low extent of hydration
that compete with Wagner hydration, causing the CIC model to break down.
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Fig. 6. Moist hydrogen data fit (red curve) with AH =-120.6 kJ/mol and AS =-110.6 ]/ mol.K.
Failure of CIC model in dry hydrogen (orange). Green curve represents predicted values at
the measured pH20O , and the blue curve, the predicted values for dry hydrogen (pHO =
0.0015 atm)

The complete conductivity plot, based on all the fitted parameters, is shown in Fig. 7. The
decomposition of total conductivity into partial conductivities of protons and oxygen ion
vacancies is accomplished using the Co-Ionic Conductivity model. The proton transference
number refers to the right-hand axis. The figure captures the important transport features of
the co-ionic ensemble. Proton conductivity reaches a maximum at 775 °C. This maximum in
proton conductivity is characteristic of dehydration at higher temperatures. The peak proton
conductivity for BCZY27 is 3.3 mS/cm. This relatively low conductivity value is consistent
with values reported in the literature in the absence of hole conduction. Oxygen ion vacancy
conductivity is greater than proton conductivity above 1000 °C, but at the peak in proton
conductivity, is already about one order of magnitude lower. Oxygen ion vacancy
conductivity bows downward as the concentration of vacancies decreases with decreasing
temperature, and below about 500 °C the “dog leg” appears (not shown on the chart) where
the residual vacancy concentration become frozen in at some small value. From the partial
conductivities, the protonic transference number, ¢,, was determined. At the peak in proton
conductivity, t, is only about 0.9, meaning that considerable ambipolar steam permeation is
expected to occur at 740 °C. At 600 °C protonic conductivity is only slightly reduced, but £, is
0.98. Any process that requires high selectivity for proton transport must, therefore, operate
below 600 °C
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Fig. 7. Isobaric BCZY27 conductivity in moist 4.2%H>/bal Ar based on CIC model. Partial
conductivities are for protons (red) and oxygen vacancies (blue). Protonic transference
(black) refers to right-hand axis.

7. Conclusions

Wagner hydration and Kreuer’s transport models unambiguously predict that ambipolar, co-
ionic conduction takes place in protonic ceramics. This has been well demonstrated by isobaric
dehydration weight loss and isotope transport experiments. The co-ionic conduction model
presented above is a logical extension of this transport theory that provides insight into the
qualitative features of the total conductivity in Arrhenius plots that have appeared in the
literature over the years - specifically, the hydration “crook” that is characteristic of these
materials at intermediate temperatures. This is where proton conductivity decreases with
increasing temperature due to dehydration while oxygen ion vacancy conductivity increases,
both in a way that is not very intuitive without the aid of the idea of partial conductivities of
the two ionic species that includes a term for the degree of hydration. An attempt has been
made to justify the model quantitatively by applying it to empirical conductivity data. The CIC
model with all of its underlying assumptions explains the conductivity behaviour quite well in
moist hydrogen, but breaks down in dry hydrogen for reasons yet to be determined. Knowing
the partial conductivities of protons and oxygen ion vacancies is a prerequisite for predicting
species fluxes, which has important implications for the practical uses of these materials in
steam permeable membranes, fuel cells, electrolyzers, membrane reactors, and the like. A
major challenge going forward is to understand what controls hydration enthalpy and entropy
and to learn how to tailor these values in practical materials for specific applications, and to
gain a better understanding of the role of electronic defects.
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