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Abstract 

To address the wide range of reported conductivities in literature and investigate the 

viability of yttrium-doped barium zirconate (BaZr1-xYxO3-δ) as a membrane in electrochemical 

devices, the factors governing the protonic transport properties have been explored, with the aim 

of attaining reproducible proton conductivity in well-densified samples. It was found that a small 

initial particle size (50–100 nm) and high temperature sintering (1600 °C) in the presence of 

excess barium were essential. By this procedure, BaZr0.8Y0.2O3-δ with 93%–99% theoretical 

density and total (bulk plus grain boundary) conductivity of 7.9 × 10-3 S/cm at 600 °C could be 

reliably prepared. Samples sintered in the absence of excess barium displayed yttria-like 

precipitates and a bulk conductivity that was reduced by more than two orders of magnitude.  

Hydrogen transport across grain boundaries has been explored and the specific 

conductivity found to be two orders of magnitude lower than the bulk. Microstructural 

optimization of the total grain boundary conductivity included both decreasing total grain 

boundary density as well as improving intrinsic grain boundary properties.  

To investigate the influence of defect chemistry on stability, proton solubility, and proton 

mobility; samples with yttrium dopant concentration of 30 and 40 mol % were prepared in 

addition to the well characterized 20 Y mol %. Lattice parameters obtained suggests the solubility 

of yttrium in barium zirconate to be at least 40 mol %. Thermogravimetric analysis of the barium 

zirconate system under flowing CO2 showed excellent chemical stability for all dopant 

concentrations. Hydrogen incorporation experiments showed barium zirconate is fully saturated 

at temperatures below 50 ºC, approaching theoretical hydrogen concentration for 20, 30, and 40 Y 

mol %. Thermodynamic hydration parameters were examined, and found to be independent of 

dopant concentration. Significant hydroxyl-dopant associations were observed, especially at 

lower temperatures, which trap protons and imped transport. 
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To simplify processing procedures, the influence of transitional metal oxides additives 

(especially zinc oxide) on the densification and electrical properties of doped barium zirconate 

have been examined. With the use of zinc oxide as a sintering aid, BaZr0.85Y0.15O3-δ was readily 

sintered to above 93% of theoretical density at 1300 °C. SEM investigations showed Zn 

accumulation in the intergranular regions. The conductivity, as measured by A.C. impedance 

spectroscopy under H2O saturated nitrogen, was slightly lower than that of unmodified barium 

zirconate.  

Electromotive force measurements of BaZr0.80Y0.20O3-δ showed the ionic transference 

number under fuel cell conditions (H2,H2O | BYZ | air,H2O) to be at least 0.92 at 600 °C. Fuel 

cells based on BYZ20 with an electrolyte thickness of 320 µm and Pt electrodes were prepared 

and characterized. Peak power output with humidified hydrogen supplied to the anode and 

humidified oxygen supplied to the cathode was 42.9 mW/cm2, and the limiting current (current at 

short circuit) was 155 mA/cm2.  
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Chapter 1: Introduction and Background  

1.1 Structure and Defect Chemistry of Doped Barium Zirconate 

1.1.1 Perovskite Structure  

Yttrium doped barium zirconate is commonly accepted as a single-phase, cubic 

perovskite, similar to the undoped composition, space group Pm-3m with lattice constant 

4.1973Å [1]. Although the name perovskite was originally used to describe the rare mineral 

CaTiO3, it is commonly used today to describe a more general group of oxides with a similar 

crystal structure. The perovskite structure has the general formula ABO3, where the A-cation is a 

metal with a +2 or +3 charge and the B-cation with a +4 or +3 charge, respectively. The A-site 

cations are located at the corners of the unit cell with B-site cations in the center, Figure 1.1. The 

oxygen ions are at the centers of each face of the unit cell. 

 

Figure 1.1. Perovskite unit cell of barium zirconate. 

 

 Due to the high symmetry of the cubic structure, the calculated x-ray diffraction of the 

undoped barium zirconate is easily recognized, Figure 1.2.  



1-2 

20 40 60 80

300
222

310220

210

211
200

111

110

100

In
te

ns
ity

2 theta

311

 

 

Figure 1.2. Barium zirconate reference pattern, ICSD database 90049. 

 

Although many research groups consider doped barium zirconate a cubic material, 

Kreuer has reported that at the intermediate Y content and 1700 ºC sintering temperature, barium 

zirconate adopts a tetragonal structure, reverting to a cubic phase at higher Y doping (25 mol %) 

[2]. The general crystal structure deviates from a cube when the sum of the A-site and oxygen or 

B-site and oxygen ionic radii greatly differ from the A-O and B-O bond distances. The deviation 

can be quantified using the Goldschmidt tolerance factor, Eq. (1.1). The tolerance factor is based 

on geometrical packing of spheres and it describes the ratio of A-site-oxygen distance and B-site 

oxygen distance. As the tolerance factor departs from unity, distortions often occur, of which 

tilting is the most common. 

 
2( )

A O

B O

r rt
r r
+=

+
 (1.1) 

The perovskite structure is very versatile having many useful technological applications 

such as ferroelectrics, thermoelectrics, catalysts, fuel cell electrolytes, and superconductors. 
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Complex perovskite structures also exist that contain two different B-site cations in the unit cell, 

which can result in a disordered structure due to the dissimilar site occupancy. 

1.1.2 Defect Chemistry and Water Incorporation 

In the perovskite structure acceptor doping can be performed by the partial substitution of 

B-site with a +3 cation or the substitution of the A-site with a +1 cation. Specifically, for barium 

zirconate, the zirconium (B-site) is partially substituted with a trivalent yttrium to create oxygen 

vacancies. With a significant dopant concentration, extrinsic oxygen vacancy defects are the 

dominant species. Proton conduction then can occur via the incorporation of protonic defects as 

the result of the B-site acceptor doping. In Kröger-Vink notation [3], this can be written as 

 2 3 22 2 2x x
Zr O Zr OY O Zr O Y V ZrO••′+ + → + + . (1.2) 

In dry atmospheres, as shown above, oxygen vacancies provide the charge compensation for the 

acceptor dopants. In hydrogen or water saturated atmospheres, hydroxyl ion compensate the 

acceptors and contribute to the protonic conductivity. Proton incorporation is found to be an 

exothermic reaction [2], Eq. (1.3). 

 2 2x
O O OH O V O OH•• •+ + ↔  (1.3) 

Protons are not part of the nominal structure, but are present as defects in equilibrium with 

ambient hydrogen or water vapor. Due to the negative enthalpy and entropy of hydration [2], 

higher temperatures result in a reversible loss of protons. 

 For highly oxidizing conditions (wet or dry), holes are created by the dissolution of 

oxygen, Eq. (1.4). The creation of holes combined with the loss of protons at higher temperatures, 

leads to a slight electronic conduction in the bulk of the material. 

2
1 2
2

x
O OO V O h•• •+ → +  (1.4) 
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1.1.3 Proton Transport 

Iwahara [4] first demonstrated the existence of proton conduction in ABO3 perovskites, 

and many studies have since shown that cerates and zirconates based perovskites can have 

substantial levels of proton conductivity [5–7]. Transport of protons between stationary host 

anions is termed the Grotthuss mechanism as opposed to the transport of hydroxyl ions as a 

whole. The latter is termed a vehicle mechanism of transport and is commonly encountered in 

aqueous solution and other liquid-like membranes. In solids, the vehicle mechanism is restricted 

to materials with open structures to allow for the passage of ions and molecules. An example of 

the vehicle mechanism includes polymer membranes, in which the vehicular mechanism is used 

to transport protons in a H3O+ ion. 

In the Grotthuss mechanism the proton diffuses through a combination of molecular re-

orientation around the oxygen and proton hopping from oxygen to adjacent oxygen. Atomistic 

simulations [8] have shown rapid proton transport to be a barrierless process. The orientation of 

the O-H group has the proton close to the direction of an adjacent oxide ion. Rotational rates on a 

timescale of 10-12 s for a complete turn and proton jump rates on the order of 10-9 s.  In addition, 

the timescale for O-H bending and stretching modes are on the order of 10-13 and 10-14 s [9]. The 

proton jump is the rate limiting step in this mechanism. Figure 1.3 shows proton reorientation and 

displacement. 
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Figure 1.3. Simulation of proton reorientation and displacement [10]. 

 

 Molecular dynamic simulation of perovskites [9,11] provides further insight in the proton 

transport mechanism for the perovskite structure. The protons have rotational reorientation 

around an oxygen ion in the plane perpendicular to the B-O-B axis. Preceding the proton transfer, 

lattice relaxation is required to achieve equivalent environment around each oxide ion. During the 

hopping of the proton, the O–H bond to the host ion is retained while simultaneously forming an 

O–H bond with the neighboring oxide ion. Transfer takes place through a mechanism in which 

bond formation accompanies bond breaking. The strong interactions of the proton with two 

oxygens avoid the need to break O-H bonds, with energy ~ 4eV [11]. This concept is shown in 

Eq. (1.5). 

OH O O H O O HO− → − − → −  (1.5) 

In the case of barium zirconate, the Zr-O bond is stiffer compared to that of barium cerates 

resulting in shorter O-O separation [9]. The energy barrier for proton transfer is lowered by a 

shortening of the O-O separation. 

The conductivity of each ionic species is directly proportional to the density of mobile 

ions, n, that are carrying a charge, q, with mobility, µ. Generally, the density of mobile ions can 
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be controlled via the defect chemistry, while mobility is a function of the intrinsic properties of 

the material (structure and chemistry) and temperature. 

nqσ µ=  (1.6) 

The mobility is further related to the corresponding diffusivities by the Nernst-Einstein relation: 

qD
kT

µ = . (1.7) 

Random walk theory relates the diffusivity of each carrier to its mean jump frequency and jump 

distance, λ.  

21
6

D λ= Γ  (1.8) 

Jump frequency can be further written as a thermally activated process 

0
B

H
k Tzw e
−

Γ = , (1.9) 

where H is the jump activation enthalpy, z is the number of direction in which the jump can 

occur, w0 is a combination of the entropy of activation and lattice vibration 

frequency, 0 0
B

S
kw v e
∆

= . Combining Eq. (1.6) through (1.9), resulting in the conductivity as a 

function of temperature, Eq. (1.10). 

B

H
k TT Aeσ
−

= , (1.10) 

where  

2 2
0

6 B

znw qA
k

λ= . (1.11) 

Plotting the conductivity data as shown in Eq. (1.12) allows for the calculation of both the 

activation enthalpy of the ionic transport as well as the preexponential factor. 

( ) * ( ) ( )
B

ELog T Log e Log A
k T

σ = − +  (1.12) 
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1.1.4 Chemical Stability 

Although the cerate based compounds were shown to have noteworthy proton conduction 

at elevated temperature, many suffer from chemical instability under CO2 and H2O containing 

atmospheres, readily forming alkaline earth carbonates [7, 12] according to Eq. (1.13) or alkaline 

earth hydroxides [13], Eq. (1.14). 

 3 2 3 2BaCeO CO BaCO CeO+ → +  (1.13) 

 3 2 2 2( )BaCeO H O Ba OH CeO+ → +  (1.14) 

This reactivity causes severe degradation of the material and precludes applications in 

electrochemical devices in severe conditions, such as a fuel cell based on hydrocarbon fuels. In 

contrast, barium zirconate exhibits excellent stability under CO2 [14, 15], rendering it highly 

attractive for applications in aggressive environments.  

 Figure 1.4 shows the Gibbs energy of formation of barium hydroxide, barium carbonate, 

and the formation of the perovskite from oxides [13]. BaCeO3 exhibits relatively high formation 

energy, compared to BaTiO3 and BaZrO3. For the perovskite to be stable, the Gibbs energy of 

perovskite formation must be lower than both the formation energy of the hydroxide and 

carbonate. The barium zirconate system is stable against the hydroxide formation at all given 

water partial pressures and temperatures. Below ~530 ºC in pure CO2 (1atm), decomposition 

reaction of barium zirconate is thermodynamically expected, however, slow kinetics allow the 

system to maintain its stability. 
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Figure 1.4. Gibbs energy of formation of barium hydroxide, barium carbonate, and perovskite from 

constituent oxides [13]. 

 

1.1.5 Conductivity of Doped Barium Zirconate in Literature 

The earliest studies of doped barium zirconate, which appeared in the early 1990s, 

suggested that this material exhibits poor proton conductivity as compared to doped barium 

cerate. Although their reported values differ by two orders of magnitude, researchers all agreed 

that the conductivity of the zirconate is no more than 1.2 × 10-4 S/cm at 600 °C. The 

understanding of the properties of barium zirconate was revised substantially in 1999. In that year 

Kreuer [16] reported the conductivity of yttrium doped barium zirconate to be ~5 × 10-5 S/cm at 

just 140 °C and this was quickly confirmed by Schober and Bohn in 2000 [17]. The early mis-



1-9 

interpretation of the behavior of doped barium zirconate originates from the high refractory 

nature of this material, which results in samples with small grain sizes and high total grain 

boundary area. As a consequence, the resistive grain boundaries produce a material with an 

overall low conductivity, and, in the absence of low temperature A.C. impedance measurements 

(<200 °C), the individual bulk and grain boundary contributions to conductivity were not 

resolved in the early literature. 

In a follow up paper to his original, Kreuer noted the poor reproducibility of conductivity 

measurements of barium zirconate [10] and argued that this is connected to the difficulty in 

fabricating polycrystalline compacts of the material given the extreme processing conditions 

needed. Thus far, reported conductivity measurements of doped barium zirconate range from 10-6 

to 10-2 S/cm. Causes and solutions for this inconsistency will be further discussed in Chapter 3. 

 

1.2 Electrochemical Applications 

 Solid electrolytes, such as doped barium zirconate, are used in a variety of 

electrochemical applications, of which some will be highlighted below. In all applications, the 

electrolyte performs three critical functions: (1) separation of the two chambers (or reactants), (2) 

electronic insulator as to force the electrical current to pass through an external circuit, and (3) 

high conduction of ions to provide the balance for the electronic current in the external circuit. 

Applications of proton conducting ceramics can be classified in two fundamental 

functions: (1) electromotive force based on a chemical potential gradient and (2) electrochemical 

hydrogen transport driven by an external power source. Using a proton conductor as a solid 

electrolyte in a chemical potential gradient, the generated voltage can be utilized as an electrical 

power source (fuel cell) or a signal that depends on the chemical potential of hydrogen in a 

specified chamber (activity sensor). Second, protonic conductors can function as a medium for 

preferential hydrogen transport when an external driving force is present. This function can be 
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utilized as a hydrogen pump, hydrogen extraction from mixed gases, and devices based on similar 

principles. 

 

1.2.1 Fuel Cells and Sensors 

A fuel cell is an energy conversion device that produces electricity and heat by 

electrochemical combination of gaseous fuel and oxidant (air). Ceramic fuel cells, in specific, 

combine the fuel and oxidant across an ionic conducting ceramic. Similar to a battery, this solid-

state device consists of two electrodes (anode and cathode) which are separated by the solid 

electrolyte, Figure 1.5. However, a fuel cell, unlike a battery, does not require charging, as long 

as fuel and oxidant are supplied from an external source, electricity is generated. 

Fuel, such as hydrogen, is fed to the anode which is oxidized and releases electrons to an 

external circuit, while air (oxidant) is fed to the cathode and is reduced, accepting electrons from 

the external circuit. The electron flow through the external circuit from the anode to the cathode 

produces the direct current (D.C.) electricity.  

 

Figure 1.5. Schematic of fuel cell including an anode, a cathode and an electrolyte. 

 

22 4 4H H e+ −→ +  2 24 4 2H e O H O+ −+ + →  
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Unlike combustion engines, solid oxide fuel cells convert the chemical energy of 

reactants directly to electrical energy without the need for combustion, Table 1.1. This allows for 

higher efficiencies, quieter operation, and greater reliability due to the absence of moving parts. 

 

Table 1.1. Converting chemical energy to electrical energy, comparison of two methods. 

Combustion  

Chemical energy  thermal energy  mechanical energy  electrical energy→ → →  

Fuel cell 

Chemical energy  electrical energy→  

 

 Sensors function identically to a fuel cell with the objective of providing a small D.C 

signal. Voltage (the signal) arises due to the difference in the activity (or molar concentration) 

of hydrogen between two sides of the proton conducting electrolyte. This type of sensor can be 

used not only for detecting hydrogen gas but also for water vapor and hydrocarbon gases at 

elevated temperatures where thermodynamic equilibrium is attained with respect to hydrogen. 

 

1.2.2 Preferential Permeation of Hydrogen Ions 

In addition to direct energy conversion, high temperature proton conducting materials are 

also favorable for use in preferential permeation of hydrogen ions including hydrogen extraction, 

hydrogen pumping, dehumidification/steam pump, selective filtration, electrolysis, and membrane 

reactor for dehydrogenation of hydrocarbons. 

A schematic of the principle of electrochemical pumping of hydrogen is shown in Figure 

1.6. As opposed to operations of a fuel cell, these electrochemical devices require external power 

to transport the hydrogen across the membrane. On passing a direct current through the proton-

conducting electrolyte, hydrogen (or water or hydrocarbon) at the anode is oxidized to form 
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protons in the electrolyte. The protons migrate towards the cathode and are there reduced back to 

hydrogen (or water if oxygen is present). 

  

 

Figure 1.6. Schematic of solid state hydrogen pump or extractor. 

 

1.3 Electrical Characterization 

1.3.1 Impedance Spectroscopy 

 Impedance spectroscopy is a relatively new and powerful analytical tool for 

characterizing electrical properties of materials and their interfaces with electrodes. In contrast to 

D.C. measurements, impedance has the capability to distinguish different responses contribution 

to the total resistance. Ideally, each process (e.g., proton hopping in the grain) has associated with 

it a unique time constant that can be resolved in the frequency domain. Impedance measurements 

are commonly conducted in a symmetric cell configuration, denoting two identical electrodes 

applied to the faces of the sample with uniform gases on both sides. The general approach is to 

apply a small electrical perturbation voltage, 0( ) sin( )v t V wt= , and to measure the response, 

2 2 2H H e+ −→ +  22 2H e H+ −+ →  

2e− ↑  2e−↓  

H

H

H

H

+

+

- 
- 

Electrolyte  

2H →  2H →  H

H
H

H

D.C. load 
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0( ) sin( )i t I wt θ= + . In a linear system the phase shift and amplitude of the resulting current are 

measured at each given frequency over a wide range (10-3 to 106 Hz). Analogous to the D.C. 

resistance defined by Ohm's law, the A.C. impedance can be written as the ratio of the A.C. 

voltage to the A.C. current in the frequency domain. 

0
0( )

0

( , )
jwt

j
j wt

V eZ j w Z e
I e

θ
θ

−
+= =  (1.15) 

 The complex impedance is typically represented in a Nyquist plot, where the imaginary 

part of the impedance is plotted as a function of the real part. Figure 1.7 provides an example of a 

Nyquist plot containing three distinctive processes. Each process appears as an arc, and can be 

modeled with an appropriate equivalent circuit. It is also important to note that the frequency is 

implicit in the Nyquist plot and is increasing towards the origin on the real axis. 
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Figure 1.7. Example of Nyquist plot for three unique processes. 

 

 In polycrystalline materials, the three processes are typically assigned grain interior (Arc 

1), grain boundary (Arc 2), and electrode (Arc 3) responses with decreasing frequency. The 
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assignments will be further discussed below with the “brick layer model.” The angular frequency 

corresponding to the maximum of each arc is the characteristic frequency, ω0, or time constant, 

1/ω0, of the process. The characteristic frequency is a material constant and independent of 

sample geometries. 

0
1

RC
ω =  (1.16) 

The “brick layer model,” Figure 1.8, was adopted to optimize the full extent of 

information that can be extracted from the measured electrical data [18]. In the model grains are 

assumed to be cube shaped with flat grain boundary layers between them. 

 

Figure 1.8. “Brick layer” model of a polycrystalline material [18]. 

 

In Figure 1.8, L is the sample length, A is the sample cross sectional area, D is the average grain 

size, and δ is the average grain boundary thickness. The procedure for calculating grain interior 

and specific grain boundary conductivity from the “brick layer model” is reviewed in detail in ref 

18. For the case when σgi > σgb and δ << D, the current will follow the grain interiors only passing 

through the series grain boundaries as a mean to get from one grain to another. This will result in 
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two distinguishable arcs, where the high frequency arc is assigned to the grain interior and the 

low frequency arc is identified as the total grain boundary response. 

From the Nyquist plot, the resistance due to the grain interior and total grain boundary 

can be easily extracted. Given that the characteristic frequencies are sufficiently different from 

one another, a complete semi-circular arc can be seen and the diameter reveals the resistance for 

that specific process. With knowledge of sample dimensions (thickness, L and area, A), the 

resistivity, ρ, and the conductivity, σ, can be calculated, Eq. (1.17).  

1 L
RA

σ
ρ

= =  (1.17)  

The total grain boundary conductivity obtained from this simple calculation is a measure of both 

the grain boundary geometry (i.e. sample microstructure) and the inherent properties of the grain 

boundaries. To resolve the specific grain boundary conductivity (independent of microstructure), 

one requires some microstructural model as well as microstructural information (grain size and 

grain boundary thickness). The specific grain boundary conductivity, σsp.gb, is determined using 

the approximation: 

 .
1bulk

sp gb
gb gb

CL
A C R

σ
 

=   
 

 (1.18) 

where C is capacitance and R is the resistance. With this approximation, it is assumed that the 

dielectric constants are equal in the grain interior and grain boundary. Resulting in the ratio of the 

capacitances being equal to the ratio of grain boundary thickness, δ, to average grain size, D. 

0

0

gigi

gb
gb

A
C L

A DC D
L

ε ε δ

ε ε
δ

= =         (1.19) 

 

The unique processes (arcs) of the polycrystalline materials are modeled as RC circuits in 

series as shown in Figure 1.9. For each arc in the Nyquist plot, the resistor describes the 
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resistance of the process to a moving charge, while the capacitance describes the dielectric 

response of the process. 

 

Figure 1.9. Example equivalent circuit to model a three-process system. 

 

When resistors, capacitors, and inductors are combined in an A.C. circuit, the impedances of the 

individual components can be combined in the same way that the resistances are combined in a 

D.C. circuit. Time-varying relationships for the circuit elements are Fourier or Laplace 

transformed into the frequency domain, Table 1.2, to be used to derive impedances. 

 

Table 1.2. Summary of time and frequency dependent relationships of voltage and current. 

Circuit 

Element 

Time dependent relationship Frequency dependent relationship 

Resistor ( ) ( )v t R i t∆ = ∆  ( , )Z j w R=  

Capacitor ( ( ))( ) d v ti t C
dt

∆∆ =  
1( , )Z j w

jwC
=  

Inductor ( ( ))( ) d i tv t L
dt
∆∆ =  

( , )Z j w jwL=  

 

For non ideal situations (real world materials), material properties are continuously 

distributed (with a distribution of relaxation times) over a wide range. To account for the 

distributed microscopic properties, constant phase element (CPE) which exhibit more 

complicated frequency response provide a more satisfying model. For example, distributed 

properties include grain boundaries containing surface defects, roughness, charge 
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inhomogeneities, compositional variance, stoichiometry differences, and/or impurity phases. The 

impedance of the CPE is defined in Eq. 1.20 with two fitting parameter. The effective capacitance 

is Y, while the n parameter can have a value between 0 and 1, where 1 denotes an ideal capacitor. 

1( )
( )nZ jw

jw Y
=  (1.20) 

The real capacitance can be calculated from the CPE using Eq. 1.21. 

1 1( 1)
n nC Y R

−
=  (1.21) 

Nyquist plots (-Zimag vs. Zreal) of doped barium zirconate with silver electrodes and water 

saturated nitrogen atmosphere are shown in Figure 1.10. Only at the lowest temperatures (<150 

°C) do the spectra clearly display a high frequency arc (grain interior) that extends to the origin. 

This grain interior arc is no longer accessible at higher temperatures due to the limitations of the 

frequency response analyzer. This mid-frequency arc (second arc) is attributed to grain boundary 

processes. At the very lowest frequencies, arc three is assigned to the electrode. At temperatures 

greater than about 450 °C, the spectra only reflects the electrode processes and only the 

displacement of the spectra from the real axis provides any measure of the total electrolyte 

resistance. In the absence of lower temperature data, misinterpretation of the type of spectra could 

easily occur. For example, the lower frequency feature of the electrode response could incorrectly 

be attributed to the grain boundary response, and the electrolyte resistance overestimated. 
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Figure 1.10. Nyquist plot of doped barium zirconate for 123, 222, and 513 ºC with appropriate 

equivalent circuit for modeling (Ag electrodes in wet nitrogen). 

 

1.3.2 Electromotive Force Measurements (EMF) 

Electromotive force measurements are employed to obtain an ionic transport number, the 

quotient of the current carried by an ionic component and the total current. A voltage can be 

generated by exposing the two electrode surfaces (on opposite side of an electrolyte in a sealed 

chamber) to different partial pressures of hydrogen. Specifically, for barium zirconate studies, 

one surface was exposed to water saturated hydrogen and the other to water saturated compressed 

air:     H2, H2O, Pt | sample | Pt, H2O, Air. 

The governing chemical reaction in this case is simply hydrogen and oxygen combining to form 

water: 

     2 2 2
1
2

H O H O+ → ,       (1.22) 

where the equilibrium constant of the reaction can be written as  

 2

2 2

1
2

H O
rxn

H O

P
K

P P
= . (1.23) 
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The theoretical or Nernstian voltage, EN, expected from a hydrogen partial pressure gradient 

across the cell is shown in Eq. (1.24) with the convention of a positive EMF value for 

spontaneous reactions. 

 2

2

ln
2

anode
H

N cathode
H

PG RTE
nF F P

 −∆= =   
 

 (1.24) 

where R is the universal gas constant, T is temperature, F is Faraday’s constant and 

2 2
,anode cathode

H HP P are the partial pressures of hydrogen in the anode and cathode chambers. Using the 

equilibrium constant, Eq. (1.25), and the standard EMF of the cell reaction (T = 273 K, P = 1 

bar), Eq. (1.26),  

 0
0

ln rxnG RT KE
nF nF
∆

= = . (1.25) 

The Nernstian voltage, EN, becomes 

 2 2

2

0.5

ln
2

O H
N o

H O

P PRTE E
F P

 
= +   

 
, (1.26) 

 

where 
2 2 2
, ,H O H OP P P are the partial pressures of hydrogen, oxygen, and water respectively.  

The ionic transport number can be calculated from the ratio of the measured EMF to this 

Nernstian value, tion = Emeas/EN. 

 



1-20 

1.4 Motivations and Objectives 

 In literature, early misinterpretation of data and poorly established processing conditions 

suggested doped barium zirconate exhibited poor proton conductivity, especially as compared to 

the easily processed (and more popular) doped barium cerate. Our motivations are as follows:  

1. Closely examine the proton transport and determine the causes responsible for the poor 

reproducibility of electrical data in literature. Develop a methodology to produce high 

density, doped barium zirconate with reproducible electrical characteristics. Substantiate 

the highest reported conductivity in literature and correlate stoichiometric changes with 

proton conductivity.  

2. Investigate hydrogen transport across grain boundaries, with the aim of optimization of 

total conductivity. 

3. Study the effects of dopant concentration levels on stability, charge carrier concentration, 

hydration enthalpies, hydration entropies, and conductivity. Report the existence or lack 

of proton-dopant associations in proton conducting perovskites. 

4. Explore alternative densification procedures with the use of sintering aids. Characterize 

the effects of the sintering aid on sintering, microstructure, chemical stability, and 

electrical properties. 

5. Demonstrate the viability of doped barium zirconate as a membrane in electrochemical 

devices by the fabrication and successful operation of a fuel cell. Explore and optimize 

potential electrode materials for both the anode and cathode. 
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Chapter 2: Experimental Methods 

2.1 Synthesis and Processing of Powders 

2.1.1 Synthesis Methods 

Two main routes are common for the synthesis of inorganic oxides: solid state methods 

and chemical solution method.  

Solids state reaction is the easier and more common method for syntheses of traditional 

multicomponent oxides. The underlying concept is the mixture of carbonates and oxides (as 

starting materials) elevated to high temperatures to allow for the diffusion of cations in the 

creation of a new phases. In the specific case of doped barium zirconate, starting materials 

included barium carbonate (BaCO3), zirconium oxide (ZrO2), and yttrium oxide (Y2O3). Raw 

materials were mixed in the appropriate molar ratios, Eq. (2.1), and ball milled (up to 24 hrs) 

using stabilized zirconia media in isopropyl alcohol. Powder was then dried, uniaxially pressed, 

and calcined to 1300 °C for 10 hrs. Upon cooling the pellet was crushed, ball milled (up to 24 

hrs), and again calcined to 1300 °C for 10 hrs. This procedure was repeated three or four times 

(as needed) to obtain a single phase perovskite structure.  

 3 2 2 3 0.20 0.80 2.9 2(0.80) (0.10)BaCO ZrO Y O BaY Zr O CO+ + → + ↑  (2.1) 

Although this technique is simple and easily accomplished, it has several significant 

disadvantages. Multiple high temperature sintering steps as well as long hours of milling leads to 

barium deficiency in the sample by way of BaO evaporation or Zr impurities from the milling 

media. Solid state reactions often results in inhomogeneous and contaminated products.  

Chemical solution methods provide molecular-level of mixing of the elements, reducing 

diffusion pathways and providing a more homogeneous and stoichiometric crystalline powders. 

Majority of powders in this work were synthesized in two forms: glycine-nitrate combustion and 

modified Pechini method. 
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Glycine-nitrate combustion synthesis process (GNP) [1] is overall a quicker route to 

obtaining the crystalline powders. In this process the glycine is utilized for (1) complexing with 

the metal ions and (2) serving as the fuel for the combustion reaction. Due to the glycine’s unique 

character of having both a carboxylic acid group and an amine group, it is able to complex metal 

ions of varying sizes. The GNP combustion avoids generating second phases and produces 

desired powders, that are high surface area and compositionally homogeneous, due to its rapid 

reaction and high temperatures (flame temperatures are recorded 1000–1450 ºC [1]). Doped 

barium zirconate starting materials included high purity Ba(NO3)2, Y(NO3)3·6H2O, and 

ZrO(NO3)2·xH2O, where x was determined by thermogravimetric analysis. To prepare the 

crystalline powders, the appropriate molar ratios of nitrates and glycine (NH2CH2COOH) were 

mixed in a minimum volume of deionized water to obtain a transparent solution. A glycine to 

nitrate ration of 1:2 (and in some cases 1:3) was used. The aqueous solution was dehydrated on a 

hot plate at a temperature of 150 °C generating a viscous liquid. Upon complete evaporation of 

the water, the viscous liquid autoignited to produce the desired powders. After autoignition, 

powders were usually calcined at 1200 °C for 5 hrs to yield well-crystallized BYZ powders. The 

glycine-nitrate combustion synthesis tends not to be appropriate for the synthesis of oxides with 

metals that have multiple oxidation states. These metals combust violently during the autoignition, 

leading to stoichiometric changes in the powder. 

Modified Pechini process is an effective method to synthesis multioxidation state metal 

oxides, and was used for potential electrode materials such as BaCoxPr1-xO3. In this method, metal 

ions are complexed in an aqueous solution with an α-hydroxycarboxylic acid such as citric acid. 

Upon heating the chelate (complexing agent with metal ions), it undergoes polyesterification 

producing a gel-like resin. The resin is further decomposed by heating to remove organics. 

Specific instructions include the dissolving the appropriate starting material nitrates in water. In 

the event of nitrates not readily dissolving, few milliliters of nitric acid can be added along with 
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heat. To the dissolved solution was added an ethylenediaminetetraacetic acid (EDTA) solution 

and citric acid. EDTA solution, citric acid, and total metal ion ratio of 1:2:1 was used. The EDTA 

solution consisted of EDTA and ammonium hydroxide with a 1:2.5 molar ratio. Evaporation of 

water and polymerization occurred upon mild heating in an oven overnight, and the resulting char 

was calcined at 900-1100 °C (depending on the material) for 5-10 hrs. 

 

2.1.2 Preparation of High-density Pellet  

Synthesized barium zirconate fine powders were attritor milled at 500 rpm for 5 hrs to 

produce uniform particles (<100 nm). Subsequently, using an agate mortar, powers were 

mixed with a binder solution consisting of 200 mL of water, 2 g of polyvinyl alcohol (PVA), 1 ml 

of glycerin, and 10 mL of ethanol. The ratio of binder solution to powder oxide was 

approximately 1:7 by mass. The granulated power was then passed through a 100 mesh sieve to 

remove agglomerates larger than ~150 µm. Green pellets were obtained by uniaxial pressing 

under a pressure of 400 MPa for 1 min. On firing, the binder was removed by holding the pellets 

at 600 °C (ramp of 1 °C/ min) under ambient air for a period of 30 min. In the final sintering step, 

samples were surrounded by a powder mixture of barium zirconate and small amount of BaCO3 

(about 10% by mass) as shown in Figure 2.1. Sintering was carried out under flowing oxygen at 

1600 °C (ramp of 5 °C/min to 1000 °C, followed by a ramp of 1 °C/min) for a period of 4 to 24 

hrs.  
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Alumina tube / tray

BaZr 0.2Y O2.9

10 mass % BaCO3 powder

BaZr0.8Y0.2 pellet 

Alumina tube / tray

BaZr0.8Y powder +
10 mass % BaCO3 powder

Y O2.9

 

Figure 2.1. Schematic diagram of the sintering configuration: BYZ20 green pellet covered with a 

powder mixture of BYZ20 and BaCO3 (about 10 mass%). 

 

2.2 Characterization Techniques 

2.2.1 Common Materials Characterization Techniques 

A variety of traditional materials characterization techniques were utilized to exam doped 

barium zirconate and other perovskites of interest. Below is a brief summary of techniques used 

and appropriate descriptions. 

Densification measurements were performed in three ways: direct measurements of 

sample dimensions and weight, by the Archimedes method using deionized water as the 

immersion medium, and linear shrinkage after sintering. Total linear shrinkage [ ( ) /O Ol l l− , 

where Ol is the initial length and l  is the final length] resulting from sintering was established 

from direct measurements of sample dimensions before and after sintering. Dilatometry 

experiments, permitting in situ measurements of linear shrinkage as a function of temperature, 

were performed with a Dilatronic dilatometer (Theta Industries, NY) as well as a Linseis 

L75V1550 dilatometer (Linseis, NJ). Data were collected at a heating rate of 3 °C /min under 

variety of atmospheres (nitrogen, air, and oxygen). 
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The x-ray diffraction (XRD) analyses of calcined powder samples were performed at 

room temperature using a Phillips diffractometer (X’Pert Pro) with Cu Kα radiation. Intensities 

were obtained in the 2θ range between 20 and 80 ° with a step size of 0.02 ° and a measuring time 

of 3 sec at each step. In addition to phase analysis, x-ray patterns were also utilized to determine 

cell parameters by Rietveld refinement as implemented in the X’Pert Plus software. 

The microstructure and chemical composition of sintered samples were investigated by 

means of scanning electron microscopy (LEO 1550VP Field Emission SEM) in conjunction with 

EDS (Energy Dispersive x-ray Spectroscopy, Oxford INCA Energy 300). Exposed top surface of 

the sample was polished in preparation for chemical analysis. The Oxford INCA EDS software 

employs the PAP (Pouchou and Pichoir) model for quantitative analysis [2] in which fundamental 

factors are used to correct for the effects of atomic number, absorption, and fluorescence to the 

measured intensity of the elements. Accordingly, standards are not necessary.  

Quantitative elemental microanalyses were conducted with a JEOL 8200 electron 

microprobe operated at 15 kV and 25 nA in a 10 µm beam mode. Quantitative measurements of 

the average chemical composition were obtained for a variety of samples. Unless other wise 

stated, zircon, yttrium phosphate, and barium titanate were used as standards for the analysis. 

Characteristic x-ray emission intensities were converted to chemical weight percents using the 

program CITZAF [3].  

In order to assess chemical stability and water incorporation, thermogravimetric analysis 

(TGA) of selected samples was conducted using a Netzsch STA 449 C Jupiter. The TGA allows 

for the precise measurement of weight loss (or gain) as a function of temperature. Chemical 

stability test were performed under flowing CO2 (PCO2=0.20). For this purpose, samples were 

lightly sintered to a density of 60%–65% of theoretical. In addition, high surface area powder 

samples were also tested to forgo sluggish kinetics of pellet samples. To measure and quantify the 

water incorporated into the perovskite structure, powder sample were heated and dried at 1000 °C 

in dry nitrogen. Sample were then exposed to wet nitrogen (PH2O=0.023) and cooled in 100 °C 
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increments to room temperature with 2 hrs stabilization time at each temperature. Weight gain 

due to water incorporation into the structure, as described in Chapter 1, was measured. 

 

2.2.2 Impedance Spectroscopy Station and Reactor 

The conductivity of sintered BYZ pellets was measured by impedance spectroscopy over 

the frequency range 102 to 106 Hz using a HP 4284A LCR meter with an applied A.C. voltage 

amplitude of 50 mV. Earlier studies were conducted with an applied voltage of 500 mV; however 

this higher perturbation amplitude did not influence the results for the barium zirconate system. 

Silver electrodes were applied onto the surfaces of polished samples by brush painting colloidal 

silver paint (#16032, Ted Pella, CA). Water was incorporated into the samples by exposure to 

water-saturated nitrogen (pH2O = 0.031 atm) at 300 °C for 8 hrs. Data were collected under H2O-

saturated nitrogen (pH2O = 0.031 atm) over the temperature range of 75 to 600 °C in 25 °C 

intervals with an equilibration time of 30 min before each measurement. The resulting impedance 

spectra were analyzed in terms of an equivalent circuit model using the software package Zview 

(Scribner Associates, NC). The above procedure was followed to gather all data presented unless 

otherwise noted in the text. 
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Figure 2.2. Impedance furnace and reactor. 

 

The impedance spectroscopy station, Figure 2.2, consisted of a Carbolite furnace (MTF 

9/38/250) controlled with a Eurotherm 2416 controller, HP LCR meter (# 4284A), and custom 

built reactor, shown in Figure 2.3. All control and output signals were controlled and collected via 

NI Labview programs. 
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Figure 2.3. Impedance reactor design as a (a) schematic diagram and (b) photograph. 

 

Electrode studies were conducted using either a Solartron 1260 Impedance analyzer or 

Autolab PGSTAT100 analyzer (Eco Chemie). Data were collected over the frequency range 10-3 

to 106 Hz in a variety of oxygen partial pressures. Metal electrodes (Pt: Heraues CL11-5349, Pt: 

Engelhard 6082, Ag: Ted Pella 16032, Pd: ElectroScience 9647) were brush painted over 

polished pellets. Electrode measurements were completed using the fuel cell reactor, which will 

be detailed in following section. 

 

 

 

thermocouple gold wire 

gold mesh 

sample 
gas outlet gas inlet 

quartz 

(a) 

(b) 
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2.2.3 Fuel Cell Station and Reactor 

The ionic transport number was obtained from electromotive force (EMF) measurements. 

For these measurement, porous Pt electrodes  (# CL11-5349, Heraeus, PA) were pasted onto the 

surfaces of thick BYZ20 pellet and fired at 1100 ºC (5 hrs under ambient air). Pt current leads 

were attached to the sample. The sample was affixed to the end of a alumina tube with a gas-tight 

ceramic paste seal (Aremco Ceramabond 552). By exposing one electrode surface to water 

saturated hydrogen and the other to water saturated compressed air (PH2O = 0.031 atm) a voltage 

was generated. The ionic transport number was estimated from the ratio of the measured potential 

to the calculated Nernstian value, <tion> = Emeas/EN (as described in Chapter 1). This measurement 

does not distinguish between oxygen ion and proton conduction, but rather gives a total ionic 

transference number. 

Fuel cell polarization tests and electrode studies were conducted using a custom build 

fuel cell test station, Figure 2.4, by former postdoctoral fellow Tetsuya Uda. This test station 

includes Carbolite furnace (HST 12/--/600 ); Keithley 2420 source meter; mass flow controllers 

(MKS PR 4000) for both anode and cathode chambers; humidification oven to control water 

partial pressure; Agilent data logger (34970A) to collect temperature, pressure, humidity, and 

flow rate; custom reactor, shown in Figure 2.5; and all controls were operated using NI Labview 

programs. 
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Figure 2.4. Fuel cell testing station. 

 

The fuel cell test reactor, shown in Figure 2.5, does not have anode and cathode chambers 

entirely sealed from one another; the configuration is designed for rapid examination of fuel cells 

and electrocatalysts at the expense of slight voltage drops due to gas phase transport between fuel 

and oxidant chambers. The electrolyte pellet was mechanically supported by an alumina ring, 

Figure 2.6, to which it was attached using alumina cement. This assembly was then sandwiched 

between two wider inconel rings, each of which was equipped with a gas inlet at its center and a 

gas outlet near its edge. A photograph of the assembled fixture, including compression plates 

used to improve separation of the anode and cathode gases, is also shown in Figure 2.5. Silver 

paste was painted on the surfaces of the thin pellet and the Inconel rings in order to obtain good 

electrical contacts. Inconel tubes for supplying and exhausting gas also served as current and 
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potential leads. A four-probe method was adopted in order to eliminate effects due to voltage 

drops at the inconel tubes. 

 

Figure 2.5. Photograph of the (a) assembled fixture, including compression plates and (b) Inconel 

rings and tubing for gas inlet/outlet and electrical leads. 

 

Figure 2.6. Membrane electrode assembly as (a) a schematic diagram and (b) photograph. 

 

The test fixture was placed in a tube furnace and an oxygen partial pressure gradient 

generated across the fuel cell by supplying humidified hydrogen to the anode and humidified 

oxygen or humidified air to the cathode. The gas flow rates were 100 standard mL/min, and the 

water partial pressure was maintained at 0.031 atm by passing the gases through water held at 25 

°C. The total pressure of each chamber was kept at ambient levels (~1 atm).  

 

 

(a) (b) 

(a) (b) 
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2.3 Cell Fabrication 

In preparation of electrode deposition, samples were masked, Figure 2.7. Metal 

electrodes were deposited by paint brushing. Platinum ink, silver ink, and palladium ink (details 

as above) were used as both anode and cathode electrocatalysts. Curing temperatures and heating 

rates are summarized in Table 2.1. The curing process was carried out under stagnant air. 

 

Table 2.1. Summary of metal electrodes curing temperature. 

Ink Manufacturer Optimal curing 
temperature [ºC] 

Optimal heating rate 
[ºC/min] 

Pt Heraues CL11-5349 1100 2  

Pt Engelhard 6082 900 2 

Ag Ted Pella 16032 25 -- 

Pd-Ag ElectroScience 9647 850 2 

 

In the case of inorganic non-metal electrodes (Ni-BYZ cermet for anode or perovskite 

cathodes), colloidal solutions were prepared. Electrode powders and isopropanol solvent with 

concentration of 0.005 g/mL was utilized. Solution was deposited with a pressure of 15 psi, 2-3 

inches from the surface, and perpendicular to the support. For optimal results, hot plate 

temperature was set to 95 °C, slightly above the boiling temperature of isopropanol. This allowed 

for the electrode particles to deposit wet and instantaneously dry as the solvent evaporated. 

  

Figure 2.7. (a) masking of barium zirconate pellet, and (b) NiO cermet electrode on BYZ. 

(a) (b) 
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Chapter 3: Processing of Yttrium-doped Barium Zirconate for High 

Proton Conductivity 

3.1. Introduction 

The conductivity of doped barium zirconate as reported from twelve independent groups, 

Table 3.1, [1–12] varies widely, from a low of ~1 x 10-6 to a high of 1 x 10-2 S/cm at 600 ºC.  All 

data were collected using Pt electrodes with the exception of Mintharam [2] in which Ag 

electrodes were utilized. Iguchi [12] did not report the electrode material. The wide range of 

reported data introduces a major challenge for its implementation in any real device and raising 

fundamental questions regarding the proton transport mechanism. 

The earliest studies of doped barium zirconate, which appeared in the early 1990s, 

suggested that this material exhibits poor proton conductivity as compared to doped barium cerate. 

Although their reported values differ by two orders of magnitude, Iwahara [1], Manthiram [2] and 

Slade [3] all agreed that the conductivity of the zirconate is no more than 1.2 x 10-4 S/cm at 600 

ºC. The understanding of the properties of barium zirconate was revised substantially in 1999. In 

that year Kreuer [13] reported the conductivity of yttrium doped barium zirconate to be ~5  x 10-5 

S/cm at just 140 °C and this was quickly confirmed by Bohn and Schober in 2000 [4]. In a later 

paper, Kreuer noted the poor reproducibility of conductivity measurements of barium zirconate 

[8] and argued that this is connected to the difficulty in fabricating polycrystalline compacts of 

the material. 

In the present chapter, we explore the sample preparation steps that are responsible for 

this poor reproducibility and report a methodology for consistently obtaining high density, high 

conductivity barium zirconate with transport properties comparable to the best values reported in 

literature.
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3.2 Processing methodology 

The specific composition selected in this study was BaZr0.8Y0.2O3-δ (BYZ20). In order to 

obtain reproducible sintering behavior and electrical properties, a wide range of processing 

conditions were examined. Ultimately, it was found that both solid state and chemical synthesis 

were suitable so long as the crystallite size of the loose powder was reduced to the 50–100 nm 

range prior to densification. Samples prepared from powders obtained by a glycine-nitrate 

combustion synthesis process as described in Section 2.1. Powders were calcined at 1250 °C for 5 

hrs to yield well-crystallized BYZ20, which were subsequently attritor milled at 500 rpm for 5 hrs 

to produce uniform particles with approximate size of 20–100 nm, as determined by scanning 

electron microscopy, Figure 3.1. 

  

Figure 3.1. SEM micrograph of loose powders of processed barium zirconate. 

 

Pellets were fabricated as detailed in Section 2.3. During sintering pellets were covered 

with excess barium zirconate to kinetically suppress Ba evaporation. To probe the effect of 

sintering procedure on conductivity, samples not enclosed in excess barium were also prepared. 

The two types of samples are hereafter referred to as “covered” and “uncovered” respectively.  
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3.3 Densification, Phase Formation, and Stoichiometry 

The relative density, as determined by the Archimedes method, of (covered) sintered 

pellets of BYZ prepared by the careful procedures outlined above rose from 93% to 99 % (with 

respect to the density of undoped barium zirconate, 6.21 g/cm3 ) with increasing sintering time 

Figure 3.2.  
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Figure 3.2. Density of BaZr0.8Y0.2O3 as a function of sintering time, sintered at 1600°C under flowing 

O2. 

 

An SEM micrograph, Figure 3.3, of a fracture surface in the 24 hrs covered sample 

confirms the high density. The average grain size is approximately 0.46 µm, with a wide 

distribution of grain sizes (0.2–1µm). This small grain size is consistent with the observation that 

BYZ is highly refractory with low rates of grain growth under typical sintering conditions [14]. 

The step of covering the samples had little effect on density, but tended to yield materials with 

slightly larger grain sizes.  
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Figure 3.3. SEM micrograph of fracture surface of BYZ20 sintered for 24 hrs at 1600 °C. 

 

A comparison of the x-ray diffraction patterns of covered and uncovered BYZ20 pellets is 

presented in Figure 3.4 (collected patterns from densified pellets were corrected for displacement 

errors). The data reveal quite clearly that even after just a few hours of exposure to 1600 °C, the 

uncovered pellets show a decrease in perovskite cell constant and display the presence of an 

impurity phase with a high intensity peak at 29.2 ° 2θ. This phase, also observed by Magrez and 

Schober in their study of the high temperature structural characteristics of Ba0.99Zr0.8Y0.2O3-δ [15], 

corresponds to a ‘yttria-like’ material [16] with space group Ia3- and lattice constant 

approximately 10.59 Å. It is to be emphasized that these precipitates occur throughout the bulk of 

the pellets; the highly disintegrated surface layer (50–100 µm) was removed by polishing prior to 

the collection of the diffraction data. It may be that such precipitates pin grain boundaries and are 
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responsible for the slightly smaller grain sizes in the uncovered sample.  

Figure 3.4. X-ray diffraction pattern of BYZ20 pellets sintered at 1600 °°°°C under the conditions 

indicated. Number associated with each diffraction pattern is the perovskite unit cell parameter (see 

text for details). 

 

The decrease in cell constant on prolonged exposure to high temperatures can be 

attributed to the precipitation of yttria from the perovskite structure due to barium loss. As the 

yttrium leaves the B-site, lattice constants decrease due to the smaller 6-fold coordinated 

zirconium ion. In contrast to the uncovered samples, even after 24 hrs of exposure to this same 

temperature BYZ20 covered with excess powder of the same composition is free of yttria 

precipitates. 

The chemical analysis using the JEOL 8200 electron microprobe, Table 3.2, directly 

shows the uncovered samples to be barium deficient relative to those that were covered during 

sintering. In this analysis, BYZ20 covered (sintered for 24 hrs) was used as the standard against 

which the uncovered samples were compared.  
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Table 3.2. Summary of chemical analysis of sintered BYZ20 with access Ba (covered) and without 

access Ba (uncovered). Data normalized and reported as moles of cation per formula unit.  

Sample Ba, mole/f.u Y, mole/f.u Zr, mole/f.u Ba/(Zr+Y) 

S1 1.023944 0.175893 0.806109  

S2 1.001058 0.183145 0.812113  

S3 1.002477 0.192313 0.804527  

S4 1.012282 0.182078 0.807301  

S5 0.985867 0.208789 0.800475  

24hrs covered, average 1.005±0.01 0.188±0.01 0.806±0.004 1.010 

S6 0.975289 0.195194 0.815961  

S7 0.981355 0.189261 0.817377  

S8 0.987645 0.187537 0.815525  

S9 0.964130 0.191762 0.824114  

S10 0.983761 0.187945 0.817161  

4hrs uncovered, average 0.978±0.008 0.190±0.003 0.818±0.003 0.970 

S11 0.974144 0.195688 0.816163  

S12 0.96377 0.184314 0.829879  

S13 0.959533 0.198868 0.821083  

S14 0.96602 0.191051 0.823702  

S15 0.965264 0.186103 0.827791  

16hrs uncovered, average 0.966±0.005 0.191±0.006 0.824±0.005 0.952 

 

The molar ratio Ba/(Zr+Y) falls from 0.97 for the uncovered sample sintered for four hours to 

0.95 for the sample sintered for 16 hrs, in agreement with the observation of an increasing 

intensity for the yttria diffraction peak with increasing sintering time for uncovered samples. We 
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note that even the covered samples showed measurable barium deficiency (which can be 

explicitly seen in Table 3.3), however, we focus here on the relative chemical differences 

between the covered and uncovered samples rather than their absolute chemistries. 

Although Ba evaporation during sintering can be successfully suppressed with excess 

powder, as described above, Ba deficiencies can also arise from zirconium contamination during 

long periods of high energy milling with stabilized zirconia media. Chemical analysis of milled 

and sintered sample vs. an only sintered (no milling) sample shows a molar ratio Ba/(Zr+Y) 

difference of 0.02, Table 3.3. In this analysis, zircon, yttrium phosphate, and barium titanate were 

used as standards. The data presented is not normalized as above, Table 3.2, and shows the actual 

moles of cation per formula unit (f.u). 

Table 3.3. Summary of chemical analysis of sintered BYZ20 with attritor milling and without milling. 

Data reported as moles of cation per formula unit. 

Sample Ba, mole/f.u Y, mole/f.u Zr, mole/f.u Ba/(Zr+Y) 

S1 0.948905 0.217961 0.812076  

S2 0.985596 0.160692 0.836684  

S3 0.986428 0.163901 0.83386  

S4 0.979712 0.163441 0.837563  

S5 0.96829 0.174204 0.835202  

Attritor milled, average 0.974±0.014 0.176±0.022 0.83±0.01 0.967 

S6 0.990679 0.209188 0.797769  

S7 0.985198 0.213079 0.797591  

S8 0.999333 0.210577 0.792401  

S9 1.000733 0.205865 0.795235  

S10 0.986549 0.208502 0.800349  

No milling, average 0.993±0.006 0.209±0.002 0.797±0.003 0.987 
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In addition to the observation of increasing intensity for the yttria diffraction peak, as 

well as decreasing lattice constant for BYZ as a consequence of Ba loss, surface imaging of 

barium deficient samples also show yttrium rich regions. Figure 3.5 is the surface image of a 34 

mol % Ba deficient sample as determined by the electron microprobe. Results of the EDS 

chemical analysis are shown in the image, and clearly seen are darker regions with excess yttrium, 

while lighter regions have a molar ratio of Ba/Zr close to unity. It is noteworthy that Ba deficient 

sample prefer to lose Y from the B-site rather than Zr, Eq. (3.1).  

 0.20 0.80 3- 1-x 0.20-x 0.80 3- 2 3
xBa(Y Zr )O   Ba (Y Zr )O  + Y O  +x BaO
2δ δ→ ↑  (3.1) 

 

 

Figure 3.5. SEM surface image of 34 mol% Ba deficient sample with yttrium rich darker regions. 

 

Overall, the results provide clear evidence that under typical sintering conditions,  

BaZr1-xYxO3-δ samples decompose to form yttria and volatile barium oxide. The absence of yttria 
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precipitates from covered samples indicates that the volatilization of barium oxide can be 

kinetically suppressed. A related synthesis procedure has been proposed by Snijkers et al. [9], 

who showed that direct addition of excess barium carbonate within the bulk of pressed pellets has 

a similar effect of suppressing yttria precipitation during the sintering of uncovered samples.  

 

3.4 Conductivity of BYZ by impedance spectroscopy 

Representative A.C. impedance spectra of BYZ20 (with sample dimensions of 0.65 to 

0.73 mm in thickness and 0.69 to 0.71 cm2 in area) obtained under wet N2 (0.03 atm H2O) are 

shown in the Nyquist representation (-Zimag vs. Zreal) in Figure 3.6. Only at the lowest 

temperatures (<150 °C) do the spectra display clear evidence a high frequency arc (Arc 1) that 

extends to the origin. This arc, which yields a relative dielectric constant of 46, is attributed to the 

bulk behavior of BYZ20. As the temperature is increased, because the characteristic frequency, 

ωo, of the bulk processes increases exponentially (ωo = 1/RC, where R is resistance and C is 

capacitance), the bulk arc becomes no longer accessible and even at just 125 °C the spectra are 

dominated by a lower frequency process (a very typical result). This midfrequency arc (Arc 2) is 

attributed to grain boundary processes. The ‘equivalent’ relative dielectric constant (that is, one in 

which the grain boundary dimensions are not accounted for) implied by this arc is on the order of 

6500. This value is consistent with grain boundary properties, as discussed further below. At the 

very lowest frequencies, evidence for an even slower process appears in the 125 °C spectrum 

(Arc 3), which is attributed to the electrode. 
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Figure 3.6. Nyquist impedance spectra obtained from BYZ20 with Ag electrodes under humidified 

nitrogen (pH2O = 0.03 atm) at the noted temperature (a) 123 °°°°C, (b) 222 °°°°C, (c) 269 °°°°C, and (d) 465–

600 °°°°C. In (d) data are offset along the imaginary axis in increments of 0.3 KΩΩΩΩcm for clarity. 

 

As the temperature is further increased, the electrode processes begin to dominate the 

overall response. By 370 °C, it is almost impossible to distinguish between bulk and grain 

boundary contributions to the electrolyte resistance, and furthermore the electrode processes 

display evidence of a complex electrochemical reaction pathway, characterized by two or 
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possibly more characteristic time scales. At temperatures greater than about 450 °C, no direct 

information can be obtained regarding the electrolyte properties. The spectra reflect entirely the 

electrode processes and only the displacement of the spectra from the real axis provides any 

measure of the electrolyte resistance. In the absence of lower temperature data, misinterpretation 

of the type of spectra shown in Figure 3.6 d could easily occur. For example, the lower frequency 

feature of the electrode response could incorrectly be attributed to the grain boundary response, 

and the electrolyte resistance overestimated by a factor of up to three at high temperatures.  

Selected results of the examination of Pt as an alternative electrode material are shown in 

Figure 3.7. Here, comparison is made between impedance spectra collected using Ag, those 

collected using Pt (fritless Pt paste, Heraeous, fired at 1100 °C) and those collected using fritless 

Pt and an additional Ag layer. Although the spectra were comparable at lower temperatures (data 

not shown), they are not at the high temperatures at which the electrode processes dominate the 

impedance response. The Pt based electrodes give rise to additional electrode resistance effects 

which, again, can be easily misinterpreted as originating from the electrolyte. The undesirable 

electrode properties of Pt may also play a role in the large discrepancies in the reported 

conductivity values for barium zirconate, Table 3.1. 
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Figure 3.7. Nyquist impedance spectra obtained from BYZ20 under humidified nitrogen (pH2O = 

0.03 atm) using the electrodes the electrodes indicated at (a) 500 °°°°C and (b) 600 °°°°C. 

 

From the complete fitting of the impedance data (Figure 3.6), it was possible (depending on the 

temperature of the measurement) to obtain the resistance, constant phase element parameters, and 

capacitance, given by 
1 1( 1)
n nC Y R

−
= , where R, Y and n are as described in Chapter 1, for both the 

bulk and grain boundary regions of the material. If one assumes that the true dielectric constant of 

the grain boundaries and the bulk (grain interior) are comparable, then the ratio of the apparent 

capacitances, Cgb/Cgi, is simply equal to the ratio of the grain diameter, D, to the grain boundary 

thickness, δ (Chapter 1). The temperature averaged value of this ratio was found to be ~ 140, and 

if one takes the grain boundary thickness to be on the order of 2.5 nm (as has been observed in 

Gd-doped barium cerate [20]), the implied grain size is on the order of 0.35 µm. This value 

agrees well with the observed 0.46 µm average grain size in the SEM image and confirms the 

assignment of the mid-frequency arc in the impedance spectra to grain boundary processes.  

The respective conductivities were deduced from the resistance terms obtained from the 
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impedance data by accounting for the sample geometry according to Eq. (3.2): 

1 * L
R A

σ = , (3.2) 

where L is the sample thickness and A is its cross-sectional area. As introduced in Chapter 1, the 

specific grain boundary conductivity (independent of microstructure), σsp.gb, was determined, 

again, under the assumption that the true dielectric constants of the bulk and grain boundary 

regions are equal, using: 

.
1gi

sp gb
gb gb

CL
A C R

σ
 

=   
 

, (3.3) 

with the temperature-averaged (single) value of the ratio Cgi/Cgb. 

The conductivity of BYZ20 derived from the impedance measurements is shown in 

Figure 3.8. Here, the bulk conductivity, the specific grain boundary conductivity, and the total 

conductivity (the only quantity which could be measured at high temperatures as evidenced by 

the form of the impedance spectra in Figure 3.6 d) are all presented. In the figure ‘c’ indicates the 

sample was covered with excess barium during the sintering step and ‘u’ that it was not covered. 

The bulk conductivity obtained for BaZr0.8Y0.2O3-δ in this study is comparable to that reported by 

Bohn and Schober for BaZr0.9Y0.1O3-δ [4], as is the value of the activation energy, supporting our 

assignment of the high frequency arc (arc 1) in Figure 3.6 a to bulk processes. Specifically, Bohn 

and Schober reported an activation energy for bulk conduction under wet argon of E(Bulk) = 0.44 

± 0.01 eV, as compared to the present values of 0.45 ± 0.01. The present results also confirm that 

the bulk conductivity of BYZ20 is, in fact, higher, at temperatures lower than 350 °C, than that of 

typical doped barium cerates, with a correspondingly lower activation energy for proton 

migration.  

As revealed by comparison of Figure 3.8 a and 3.8 b, the specific grain boundary 

conductivity of BYZ20 is much lower than that of the bulk. Simultaneously, the activation energy 
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for proton transport across grain boundaries, 0.71 ± 0.02 eV, is higher. The grain boundary 

behavior of BYZ20 is again similar to that reported by Bohn and Schober for BYZ10, who 

observed an activation energy of ~0.7 eV for proton conduction through the grain boundary 

regions of their material. This similarity again supports the identification of the mid-frequency arc 

with grain boundary transport. High grain boundary resistance to ion transport is typical of ionic 

conductors [21], and has also been reported for the related material barium cerate [20]. Given that 

the bulk conductivity of barium zirconate is higher than that of barium cerate, it is somewhat 

surprising that specific grain boundary resistivity of the zirconate is higher than that of the cerate. 

Particularly significant for barium zirconate is that the highly refractory properties lead to very 

small grains and consequently a much higher grain boundary density. As a result, the total 

conductivity of barium zirconate, that which is the relevant quantity for applications, is much 

lower than what would be expected simply on the basis of the bulk transport properties, Figure 

3.8 c, especially at temperatures of 500 °C and lower. 
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Figure 3.8. Conductivity of BYZ20 under humidified nitrogen (pH2O = 0.03 atm), Ag electrodes: (a) 

bulk (grain interior) conductivity compared to that of BaZr0.9Y0.1O3 (BYZ10) [4] and 

BaCe0.85Gd0.15O3 [20]; (b) specific grain boundary conductivity (normalized for grain size differences) 

as compared to that of BaZr0.85Y0.15O3-(ZnO)0.04 (BYZ14-Zn4) [14] and BaCe0.85Gd0.15O3 [20]; (c) 

comparison between grain interior, grain boundary, and total conductivity of BYZ20; and (d) bulk 

(grain interior) conductivity of BYZ20 sintered for the time periods indicated. 

 

The comparison of the properties of BYZ20 that was covered during sintering with that 

of BYZ20 that was not covered, Figure 3.8 d, shows quite dramatically the impact of slight losses 
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of barium from the sample during high temperature processing. The conductivity of the 

uncovered pellet has a grain interior conductivity at 100 °C that is almost three orders of 

magnitude lower than that of the covered pellets. In contrast, three different pellets sintered for 

differing time periods (4, 16 and 24 hrs) exhibit highly reproducible bulk conductivity, despite 

even slight differences in density (Figure 3.2). A discussion of the grain boundary properties of 

these samples is presented elsewhere [22].  

The detrimental impact of barium deficiency on the conductivity of doped barium cerate 

has been well documented [17, 18] and explained in terms of the occupation of the trivalent 

dopant on the A rather than B site. These effects, which occur in single-phase materials, are 

responsible for variations in bulk conductivity by a factor of two to three [17]. Here it is apparent 

that the extent of barium oxide sublimation is far more substantial, inducing yttria precipitation 

within the bulk of the material and causing a reduction in conductivity that is two orders of 

magnitude greater than that observed in the cerate. Furthermore, even in barium cerate samples in 

which barium deficiency is comparable to that observed here for barium zirconate (i.e., similarly 

induces phase precipitation in the bulk) the decrease in conductivity remains only about a factor 

of three [17, 20],  indicating that not only is barium zirconate more susceptible to barium loss 

because of the required high-temperature processing, the impact is also more significant. Reasons 

for such a dramatic influence of barium loss on conductivity may be (1) the precipitation of yttria 

from the perovskite structure, producing the non-conductive BaZrO3 and (2) the accumulation of 

the yttria impurities in the grain boundary regions. It is clear that processing differences must 

contribute substantially to the significant discrepancy in the reported properties of barium 

zirconate, Table 3.1. In the present study it was generally observed that the precise placement of 

uncovered samples relative to one another strongly affected the conductivity, and, while the 

results presented in Figure 3.8 d for an uncovered sample are representative, by definition, 

properties under ill-defined conditions are indeterminate. 

At high temperatures, because of the higher activation energy of grain boundary 



3-18 

conductivity over conductivity through the bulk, the total conductivity of BYZ20, that which is 

relevant for applications, becomes dominated by the bulk transport properties. Thus, despite the 

high resistivity of the grain boundaries, the total conductivity at 600 °C was found to be 7.9 × 10-3 

S/cm. Such a value compares favorably to the conductivity of YSZ at this same temperature, 3.2 

× 10-3 S/cm [23]. Furthermore, referring to Table 3.1, it is comparable to the highest reported 

value for doped barium zirconate and reflects the high conductivity that results when due care is 

directed towards minimizing barium deficiency in the final material. 
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3.5 Conclusions 

The findings of this study are summarized as follows 

1. High density, high conductivity yttrium doped barium zirconate can be reproducibly 

obtained under the processing conditions described. Specifically, the particle size of the starting 

powder must be less than 100 nm, the green body must be prepared using a binder so as to 

achieve high green density, and the sintering must be carried out under excess barium so as to 

avoid barium loss. Sintering under oxygen also appears important, but this point requires further 

investigation. 

2. The total conductivity of BaZr0.8Y0.2O3-δ at 600 °C under humidified nitrogen with 

pH2O = 0.031 atm is 7.9 × 10-3 S/cm, where, total refers to resistance contributions of both the 

bulk (grain interior) and grain boundary regions of the material. 

3. In the absence of excess barium, the high temperature sintering conditions required to 

achieve good densification of barium zirconate induce measurable changes in stoichiometry and 

dramatic reductions in proton conductivity. Specifically, barium deficiency was shown to lower 

the conductivity by two orders of magnitude and it is believed that stoichiometry differences 

induced by severe processing conditions are the major contributor to the wide variation in 

literature data for the conductivity of yttrium doped barium zirconate. 
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Chapter 4: Microstructure and conductivity of the BaZr1-xYxO3-δδδδ system, 

where x = 0.2, 0.3, 0.4 

4.1 Introduction 

 The inability to obtain high quality data due to processing and nonstoichiometry 

challenges for the barium zirconate system has not allowed for the material to be fully optimized 

in terms of microstructure, composition, or defect structure. Chapter 3 established the 

methodology to produce such high conductivity samples and that approach will be utilized to 

further characterize BYZ material properties. 

 Recent researchers have attempted to optimize the grain structure by elongated sintering 

periods. Iguchi et al. reported average grain size of 1.61 µm after 200 hrs of sintering at 1800 ºC 

[1]. Although larger grains were obtained, considerably decreasing the grain boundary density, 

conductivities of the samples were 2–3 orders of magnitude lower than samples prepared with 

shorter sintering times. Even though the authors state that chemical compositions were not 

affected by sintering conditions, in such extreme processing conditions, the loss of Ba from the 

perovskite structure is inevitable. 

 An alternative approach to improving the performance of doped barium zirconate system 

is to significantly increase the proton concentration by the introduction of additional dopant. This 

methodology has raised conflicting opinions on its effectiveness.  Neutron diffraction studies by 

Hempelmann [2] revealed the introduction of dopant ions caused negatively charged defects that 

act as proton traps. Scherban and Nowick [3] illustrate, by analysis of preexponential terms in the 

conductivity of Yb doped SrCeO3, that only a fraction of all protons dissolved are mobile carriers. 

In addition, Davies and Islam [4] completed a series of calculations to derive binding energies of 

defect clusters. Their simulations indicated proton-dopant associations may occur. In stark 

contrast, Kreuer [5] suggests that the observed increase in activation energy for the protonic 
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defect with increased dopant concentration may be related to the general increase in oxygen 

basicity and the barrier for proton transfer rather than proton-dopant association.  

 In this chapter we examine the electrical properties of samples prepared with varying 

grain sizes to clarify the role of grain boundary contributions to the total conductivity. Further, we 

explore dopant concentration influence on stability, proton concentration, and mobility. 

 

4.2 Influence of Grain Size on the Electrical Conductivity 

4.2.1 Microstructural Evaluation 

Synthesized BYZ (glycine-nitrate process) powders were used to prepare densified 

pellets for conductivity measurements. Prior to sintering, powers were attritor milled at 500 rpm 

for 5 hrs and combined with a binder solution. Green pellets were obtained by uniaxial pressing 

and sintering with excess BYZ powders, to avoid Ba loss. Sintering was carried out under 

flowing oxygen at 1600 °C for a period of 4 to 24 hrs. A more detailed explanation of the 

preparation procedure is described in Chapter 2. 

Grain size analysis of sintered samples surfaces and bulk was conducted using the ASTM 

E112 standard [6] on electron microscopy images. Analysis of the unpolished surface, Figure 4.1, 

can be misleading in determining sample grain size. It was often observed that the surface grain 

size is considerably larger than that of the bulk, Table 4.1. Slight Ba evaporation during the 

sintering process may be responsible for the increase in grain boundary mobility resulting in 

surface grain growth. 
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Figure 4.1. SEM image of BYZ20 sintered 1600 ºC for 24hrs (a) unpolished surface and (b) fracture 

surface. 

 

Table 4.1. Comparison of surface and bulk average grain size for varying sintering conditions. 

Sintering Time [hrs] Surface grain size [µµµµm] Bulk grain size [µµµµm] 

4 0.49 0.34 

16 0.66 0.43 

24 0.67 0.46 

 

4.2.2 Electrical Characterization 

 Impedance nyquist plots for the BYZ system at 75 ºC are shown in Figure 4.2. With 

increasing sintering time (larger grains) is it clear that there exists less overlap between the grain 

interior (first arc) and grain boundary (second arc) arcs. Least square fitting of impedance plots 

with the resistance-CPE (R-CPE) elements in series, shown in Figure 4.3, allows the 

determination of the resistance and constant phase element (CPE) associated with both the grain 

interior (bulk) and grain boundary responses. Further the capacitance can be obtained by 

1 1( 1)
n nC Y R

−
= , where R is the resistance, Y and n are fitting parameters of the CPE as introduced 

in Chapter 1. Fitting with the (R)(CPE)-(R)(CPE) equivalent circuit was possible in the 

(a) (b) 

Average grain size= 0.67µm Average grain size= 0.46µm 
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temperature range of 50–150 ºC. For temperatures greater than 150 ºC the high frequency arc 

(grain interior) can no longer be fitted with confidence. 
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Figure 4.2. Nyquist plots for samples sintered at 4, 16, and 24 hrs at 1600 ºC. Measurements made 

with Ag electrodes in water saturated nitrogen. 

 

R1

CPE1

R2

CPE2

 

Figure 4.3. Equivalent circuit used up to 150 ºC to determine grain interior and grain boundary 

resistance and capacitance. 

 

With a fixed characteristic frequency (only dependent on material properties), w0=1/(RC), for the 

grain boundary response, an increase in the total resistance results in a decrease of the capacitance. 

As the capacitance value of the grain boundary approaches that of the grain interior response (10-

12 F), greater overlap of the two arcs is expected. The overlapping capacitance values results in a 

convolution of the impedance arcs producing higher fitting errors. 

The true dielectric constants for the bulk and the effective dielectric constant for the grain 

boundary, in turn, can be calculated from the capacitance according to Eq. (4.1) and are shown in 

Figure 4.4 (grain interior) and Figure 4.5 (grain boundary). 



 4-5

0

C L
A

ε
ε

=  (4.1) 

The figure reveals doped barium zirconate has a bulk dielectric constant in the range of 42–49. 

The dielectric constant, as visually observed in the case of 4, 16, and 24 hrs sintering times, is 

independent of temperature. The higher error bars in the 4 hrs sintered sample are a result of the 

higher grain boundary density. As discussed above, the higher resistive grain boundaries (smaller 

grain) cause slight overlapping of the impedance arcs resulting in fitting errors. 

40 60 80 100 120 140

42

44

46

48

50

52

54

56

58

ε

Temp [C]

 24hr
 16hr
 4hr

BYZ20 GI

 

 

 

Figure 4.4. Dielectric constant of the BYZ20 bulk (Ag electrodes in wet nitrogen, PH20=0.03 atm). 

 

At first glance the dielectric constant of the grain boundary seems to be 2 orders of magnitude 

larger than the grain interior. Values shown are only the effective constants, not having accounted 

for the geometric properties of the grains. The grain boundary capacitances are weakly dependent 

on temperature, but significantly dependent on grain size. This observation was also noted for Fe 

doped SrTiO3 [7]. 
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Figure 4.5. Effective dielectric constant of the grain boundary in BYZ20 (Ag electrodes in wet 

nitrogen, PH20=0.03 atm). 

 

In the narrow temperature range that both the grain interior and grain boundary arcs can be 

obtained and reliably measured (50–150 ºC), a ratio of the capacitances is calculated. With the 

assumption that the dielectric constant of the grain interior and grain boundary are comparable, 

( )gi gbε ε≈ , the ratio of the apparent capacitances, Cgi/Cgb, is simply equal to the ratio of the grain 

boundary thickness, δ, to the grain diameter, D, providing insight into the microstructure 

characteristics, Eq. (4.2). 

0

0

gigi

gb
gb

A
C L

A DC D
L

ε ε δ

ε ε
δ

= =  (4.2) 

In Eq. (4.2), δ signifies grain boundary thickness, while D is the average grain size. Grain 

boundary thickness is slightly higher than the 2.7 nm reported for gadolinium doped barium 
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circuit by Haile et al [8]. A trend of decreasing thickness with increasing sintering time is also 

observed, Table 4.2. 

 

Table 4.2. Calculated grain boundary thickness based on fitted capacitance and grain size from 

microscopy. 

Sintering Time [hrs] Capacitance ratio Grain size [µµµµm] Grain boundary  

thickness [nm] 

4  0.0130 0.34 4.4  

16 0.0092 0.43 4.0  

24  0.0080 0.46 3.7  

 

Grain interior (bulk) conductivity data is remarkably reproducible, Figure 4.6, given 

differences in processing conditions. As discussed previously in Chapter 3, the bulk conductivity 

obtained for BaZr0.8Y0.2O3-δ is comparable to that reported by Bohn and Schober for 

BaZr0.9Y0.1O3-δ [9] and is higher than that of typical doped barium cerates, especially at lower 

temperatures. 
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Figure 4.6. Grain interior conductivities of BYZ20 sintered for 4, 16, and 24 hrs (saturated nitrogen, 

PH20=0.03 atm, Ag electrodes). 

 

 

As revealed by comparison of samples in Figure 4.7, the grain boundary conductivity is 

influenced by the grain size as predicted. Sample sintered for 4 hrs, with average grain size of 

0.34 µm, shows 2–3 times lower conductivity in the total grain boundary, Figure 4.7 a, than 

samples sintered for 24 hrs, with average grain size of 0.46 µm. However, when conductivities 

are corrected for grain geometry, Figure 4.7 b, the specific grain boundary conductivities are 

similar. A slight increasing trend is evident with increasing grain size, which correlates to the 

decrease in grain thickness and decrease in the space charge of the grain boundary, as discussed 

below. Activation enthalpies and preexponential factors fitted with the Arrhenius form, Eq. (4.3), 

are summarized in Table 4.3. 

B

E
k TT Aeσ

−
=  (4.3) 
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Figure 4.7. BYZ20 (a) total grain boundary conductivities and (b) specific grain boundary 

conductivities (saturated nitrogen, PH20=0.03 atm, Ag electrodes). 

 

 The influence of grain size on the grain boundary conductivity is more dramatically 

observed in the impedance spectrums. The nyquist plots obtained for a single temperature (100 

ºC) are shown in Figure 4.8. At this temperature the full grain interior arc is no longer visible due 

to the frequency limitation of the equipment. However, the grain boundary arc can clearly be seen 

and is dramatically decreasing in resistance with grain growth (increased sintering time). 
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Figure 4.8. Nyquist plot of samples sintered at 4, 16, and 24 hrs at 100 ºC in saturated nitrogen (Ag 

electrodes). 

 

Table 4.3. Summary of activation enthalpies and preexponential factors of the Arrhenius form. 

Sintering time Grain interior Grain boundary Specific Grain 

boundary 

 Ea [eV] Log A Ea [eV] Log A Ea [eV] Log A 

4 hrs 0.44 3.94 0.66 5.11 0.66 3.25 

16 hrs 0.45 3.98 0.70 5.79 0.70 3.76 

24 hrs 0.44 3.84 0.71 6.04 0.71 3.98 

 

Total conductivity being the summation of both the grain interior and grain boundary 

conductivities, can therefore be increased by the optimization of the grain boundaries. One 

strategy, as we have shown to be successful, is the decrease in grain boundary density results in 

higher total grain boundary conductivity, Figure 4.9. 
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Figure 4.9. BYZ20 total (grain interior + grain boundary) conductivities (saturated nitrogen, 

PH20=0.03 atm, Ag electrodes). 

 

 Comparing Figures 4.6 and 4.7 b it is clearly evident that the specific grain boundary 

conductivity is several orders of magnitude lower than that of the bulk. The blocking effects to 

proton transport across the grain boundary can be due to many reasons including crystalline 

impurities, amorphous phases, or intrinsic property of the boundary. Intrinsic grain boundary 

blocking was put forth by Guo and Maier [10] as a consequence of space charge regions. This 

concept originated after the realization that for high purity samples, where impurities were not 

observed with electron transmission microscope (TEM), the specific grain boundary conductivity 

was still found to be orders of magnitude lower than the bulk. A distribution of positively charged 

donor states (in our case, 
gb

Y ••• ) within the grain boundary is electrically compensated by this 

space charge region. Each grain boundary consists of two adjacent space charge regions, Figure 

4.10, showing an enrichment of negatively charged species (electrons and acceptors) and a 
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depletion of mobile positive charge carriers (oxygen vacancy and holes). The oxygen vacancy 

depletion was proposed as one of the causes for the grain boundary blocking effects. 

 

 

Figure 4.10. Schematic one grain boundary and adjacent space charge regions.  

 

For one charge carrier with a charge of +1 (proton), the grain boundary space charge potential, φ , 

can be expressed as [11], 

    
( / )

. 2 /

Be k T
gi

sp gb B

e
e k T

φσ
σ φ

= ,          (4.4) 

where σgi is the grain interior conductivity, σsp.gb is specific grain boundary conductivity and e, kB, 

and T have their usual meanings. Calculated space charge potentials decrease with increasing 

sintering time, Figure 4.8. Decreasing potentials implies decreasing space charge layer thickness, 

which correlates well with the observation that grain boundary thickness is also decreasing, 

calculated independently from capacitance ratios (as described above). Although a more detailed 

instigation is required of the grain boundary, including high resolution microscopy, it is believed 

that high temperature in combination with long periods of sintering promotes the diffusion of B-

site cations from cation-rich (Y+3 or Zr+4) grain boundary core into the grain interior. Resulting in 

a less positive core (smaller potential), and overall smaller space charge layer. This suggests that 

e′

Z rY ′

OV ••
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OOH •Space
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the grain boundary can not only be optimized by decreasing the overall density (increasing grain 

size), but can be intrinsically improved with longer sintering times, at least up to 24 hrs. 
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Figure 4.11. Calculated space charge potential of the grain boundary in BYZ20. 

 

4.3 Dopant Concentration 

4.3.1 Chemical Stability in Carbon Dioxide–containing Atmosphere 

 The chemical stability of higher Y doped barium zirconate powder was investigated 

under a CO2 atmosphere balanced with argon. Powder samples were heated to 1400 ºC under a 

CO2 (PCO2=0.20) atmosphere, and subsequently cooled. Researchers have suggested that the 

formation of defects in the perovskite structure is not compatible with high stability of the oxide 

with CO2 [12]. Dopant concentrations up to 25 Y mol % have been investigated previously [13] 

and this work expands the dopant concentration to 40 Y mol %. Higher doped samples, at least to 

40 Y mol %, are stable in aggressive environments, Figure 4.12. In comparison, a barium cerate 

sample clearly forms barium carbonate in an identical environment inducing weight gain. 
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Figure 4.12. Weight gain as a function of temperature in PCO2=0.20 balanced with argon. 

 

4.3.2 Lattice Constants 

 Powder x-ray diffraction confirmed all samples were single phase perovskites after 

calcination at 1200 ºC for 5 hrs. Lattice parameters were found to increase linearly with dopant 

concentration suggesting the solubility limit of Y had not been reached. Increase in the lattice 

constant is due to the slightly larger ionic radius of the six-fold coordinated Y+3 (0.90 Å) ion 

compared to that of Zr+4 (0.72 Å) ion [14]. Lattice parameters reported in literature by Schober 

[15], Omate [16], Iguchi [1], and Keuer [13] are also plotted for comparison. The refined BaZrO3 

lattice parameter (4.193(1) Å) compares well with 4.1973 Å reported in the ICSD database 90049 

[17]. 
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Figure 4.13. Lattice constant of cubic Y doped barium zirconate system. 

 

4.3.3 Water Incorporation into the Structure 

Recent reexamination of water vapor solubilites in the perovskite structure has shown 

solubilites close to those expected from acceptor doping and much higher than earlier reports [15]. 

Schober and Bohn observed a maximum proton content of 0.083, almost approaching the limit of 

0.1 for a 10% Y doped barium zirconate system. Kreuer showed BaCe0.9Y0.1O2.95 can reach 80% 

of the theoretical hydration level below 600 ºC [18]. As discussed in Chapter 1, in a humidified 

atmosphere, protonic defects can be incorporated into the perovskite structure to compensate for 

the oxygen vacancies according to Eq. (4.5). 

 2 2x
O O OH O V O OH•• •+ + ↔  (4.5) 

Thermogravametric analysis of sample weight gain while exposed to a water saturated 

(PH2O=0.023) nitrogen atmosphere studies were conducted, Figure 4.14. Powder samples were 

heated and stabilized at a temperature of 1000 ºC in a dry atmosphere. Samples were then 

exposed to water saturated nitrogen (PH2O=0.023 atm) and cooled in increments of 100 ºC with 2 
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hrs stabilization time per step. The final stabilization temperature of the sample was 50 ºC. The 

sample weight change was converted to mole of hydrogen per mole of BYZ, Figure 4.15. To 

probe the surface adsorption of water, a BaZrO3 sample was also tested.  
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Figure 4.14. BYZ20 powder sample weight loss and temperature as a function of time. 

 

BaZr1-xYxO3-δ where x = 0.2, 0.3, 0.4 all showed fully saturated structures at or below a 

temperature of 50 ºC with proton concentration exponentially decreasing with temperature. 

Shapes of the hydration isobars in this study were different from those measured by Kreuer [13]. 

Kreuer observed hydration to the theoretical limit (up to 20 mol % Y doped barium zirconate) at 

temperatures of 200 ºC. His hydration isobar for 25 mol % showed a more complex behavior, 

with the protonic defect concentration leveling at 8 mol % at 200 ºC. It is conceivable that 25 

mol % Y sample would have reached its saturation limit if measurements were taken below 200 

ºC. The 20 mol % Y sample, Figure 4.15, shows a saturation of ~9 mol% at 200 ºC, and 

approaches maximum theoretical solubility at 50 ºC. In the temperature range of interest for 
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