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and, in the absence of low temperature A.C. impedance measurements (oB2001C), the individual bulk and grain-boundary
contributions to conductivity were not resolved in the early
literature.
The refractory nature of doped barium zirconate leads to
significant challenges to its implementation in fuel cells and other devices. First, it is difﬁcult to process to a high density
(493%), as is required of fuel cell electrolyte membranes. Typically, extreme conditions, such as high temperature (17001–
18001C), long sintering times (24 h), and nanometer-sized
particles are needed to prepare fully densiﬁed pellets.13,19,21,22
Not only are these conditions costly to implement, they are incompatible with most potential electrode materials and thereby
preclude the fabrication of co-sintered structures. Second, it is
the total resistance of the electrolyte, not only that of the bulk or
grain interiors, that dictates electrochemical performance. Thus,
strategies for improving total grain-boundary conductivity are
required. Third, high temperature processing can be anticipated
to induce barium oxide evaporation and thereby decrease conductivity, as has been observed in BaCeO3.13 In addition, occasional abnormal grain growth19 results in inhomogeneous
properties, both electrical and mechanical, which are highly
undesirable.
In the present work, we demonstrate that ZnO is an effective
sintering aid for BaZr0.85Y0.15O3–d (BYZ), enhancing both densiﬁcation and uniform grain growth. Yttrium has been selected as
the dopant because of the high proton conductivity this species
imparts, presumably as a result of its good ionic radius match to
Zr.15 Of potential sintering aids, a previous study of Al2O3,
MgO, and Y2O3 on barium zirconate densiﬁcation showed a
marginal improvement in sintering behavior with yttria. This
additive yielded samples of 91%–92% dense at 16001C as compared with B90% density for pristine samples processed under
identical conditions.23 While no detailed mechanism for the
slight enhancement in density was presented, it was speculated
that yttria limits grain growth.z In this work, an initial screening
of all transition elements in the series Sc to Zn, as discussed below, showed NiO, CuO, and ZnO to be the most effective additives for enhancing barium zirconate densiﬁcation. Of these,
zinc oxide was selected as most suitable and accordingly subjected to further investigation and system optimization.

The inﬂuence of transition 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–d was readily sintered to
above 93% of theoretical density at 13001C. Scanning electron
microscopic investigations showed Zn accumulation in the intergranular regions. Thermogravimetric analysis of the material
under ﬂowing CO2 showed ZnO-modiﬁed barium zirconate to
exhibit excellent chemical stability. 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 under fuel cell
conditions revealed the total ionic transport number to be
B0.9 at 6001C. The combination of electrical and chemical
properties and good sinterability render ZnO-modiﬁed barium
zirconate an excellent candidate for reduced temperature solid
oxide fuel cell applications.
I. Introduction

M

ANY alkaline earth perovskites exhibit high proton conductivities at moderately elevated temperatures (4001–
7001C). These materials have attracted attention for their
potential applications as electrolytes in fuel cells and chemical
sensors.1–5 Examples with well-documented proton conductivities include barium cerate (BaCeO3),2,6–8 strontium cerate9 and
the perovskite-derivative BCN.10–12 Many of these compounds
suffer from chemical instability under CO2 containing atmospheres, readily forming alkaline earth carbonates according to
Eq. (1)13,14

BaCeO3 þ CO2 ! BaCO3 þ CeO2

(1)

This reactivity causes severe degradation of the electrolyte and
precludes applications in fuel cells based on hydrocarbon fuels.
In contrast, barium zirconate exhibits excellent stability under
CO2,15,16 rendering it highly attractive for applications in aggressive environments. While initial investigations suggested
that barium zirconate did not share the high proton conductivity of other members of the alkaline earth perovskite family,15,17
it has been more recently recognized that doped BaZrO3, in fact,
exhibits higher bulk conductivity than doped BaCeO3.18–20 The
early mis-interpretation of the behavior of doped barium zirconate originates from the highly 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,

II. Experimental Procedure
(1) Sample Preparation
Crystalline powders of BYZ were synthesized by a glycine-nitrate
combustion synthesis process.24 Starting materials were high purity Ba(NO3)2 (Alfa Aesar, 99.95% purity), Y(NO3)3  6H2O
(Alfa Aesar, 99.9% purity), and ZrO(NO3)2  xH2O (Alfa Aesar,
Ward Hill, MA, 99.9% purity), where x 5 2.3, as determined by
thermogravimetric analysis (TGA). 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 ratio of 1:3 was used. The aqueous
solution was dehydrated on a hot plate at a temperature of 1501C
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generating a viscous liquid. Upon complete evaporation of the
water, the viscous liquid autoignited to produce the desired powders. After autoignition, powders were calcined at 10001C for 2 h
to yield well-crystallized BYZ powders, which were subsequently
attritor milled at 550 rpm for 2 h to produce uniform, submicrometer particles with approximate surface area of 8 m2/g.
Preliminary modiﬁer screening experiments were carried out
by mechanical addition of 4 mol% of the transition metal oxide
(Alfa Aesar, 99.9%–99.99% purity) to the BYZ powder synthesized as described above. The stoichiometry of the BYZ base
material was not adjusted to accommodate the modiﬁer and no
assumption about site incorporation mechanisms were made. In
the case of ZnO, two additional synthesis routes were explored.
The ﬁrst involved dissolution of zinc nitrate (Alfa Aesar, 99%
purity) directly into the BYZ nitrate solution described above,
with stoichiometry adjusted to reﬂect incorporation of the Zn in
the B site of the perovskite (BaY0.15Zn0.04Zr0.81O3). In the second method, ZnO (Alfa Aesar, 99.99% purity, surface area of
8.5 m2/g) was introduced as an oxide powder to the BYZ nitrate
solution just prior to complete dehydration. With the latter
technique, the stoichiometry of the BYZ base materials was not
adjusted to accommodate the ZnO.
BaCeO3, for comparison of chemical stability with BYZ, was
synthesized via the glycine-nitrate combustion synthesis in a
process similar to the one described above. The cerium source
was Ce(NO3)3  6H2O (Alfa Aesar, 99.9% purity).

(2) Sample Characterization
The X-ray diffraction (XRD) analyses of calcined powder samples were performed at room temperature using a Phillips diffractometer (X’Pert Pro) with CuKa radiation. Intensities were
obtained in the 2y range between 201 and 801 with a step size of
0.021 and a measuring time of 3 s at each step.
Densiﬁcation studies were performed both by direct measurements of sample density and linear shrinkage after sintering
at a speciﬁed temperature and by dilatometry. Green pellets (10
mm in diameter, 1–2 mm thickness) were obtained by pressing
ceramic powders uniaxially at 400 MPa for 30 s. Sintering was
carried out at temperatures between 13001 and 17001C (4 h)
under a stagnant air atmosphere. Densities of sintered samples
were determined using the Archimedes method using water as
the immersion medium. Total linear shrinkage (ðl  l0 Þ=l0 ,
where l0 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 Inc., Port Washington, NY). Data
were collected at a heating rate of 31C/min under a stagnant air
atmosphere.
The microstructure and chemical composition of sintered
samples were investigated by means of scanning electron microscopy (LEO 1550VP Field Emission SEM, Zeiss, Oberkochen, Germany) in conjunction with energy dispersive X-ray
spectroscopy (EDS, Oxford INCA Energy 300, Fremont, CA).
The exposed top surface of the sample was polished in preparation for chemical analysis. The Oxford INCA EDS software
employs the Pouchou and Pichoir (PAP) model for quantitative
analysis25 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.
In order to assess chemical stability, TGA of selected samples
was carried out under ﬂowing CO2 ðPCO2 ¼ 0:20Þ using a Netzsch 499 STA (Exton, PA). For this purpose, samples were
lightly sintered to a density of 60%–65% of theoretical.
The conductivity of densiﬁed pellets of 4 mol% ZnO-modiﬁed BYZ (BYZ-Zn4) were measured under water-saturated nitrogen in the temperature range of 501–3501C. The BYZ-Zn4
sample was that prepared by the zinc oxide1BYZ nitrate route
and sintered at 13001C for 4 h (93% dense). A.C. impedance

data were collected over the frequency range of 103–106 Hz using a HP 4284A precision LCR meter (Agilent, Palo Alto, CA)
at an applied voltage of 1 V. It should be noted that the samples
were not electrochemically decomposed because of the voltage
bias. Platinum electrodes were sputtered onto the surfaces of
polished samples. The least squares reﬁnement program ZView
(Scribner Associates Inc., Southern Pines, NC) was employed to
ﬁt the acquired impedance data to an (R1Q1)(R2Q2) equivalent
circuit, where R is resistance and Q is constant phase element
with impedance ZQ 5 (Y(jo)n)1;26 where j 5 O1, o 5 frequency, Y and n are constants, and n ranges between 0 and 1.
The ionic transport number of the same material was obtained from electromotive force (EMF) measurements. A pellet
with dimensions 17 mm in diameter and 1–2 mm in thickness
was prepared with porous Pt electrodes (Engelhard 6082, Iselin,
NJ) pasted onto both sides of the disc. The sample was afﬁxed to
the end of a quartz tube with a gas-tight ceramic paste seal
(Aremco Ceramabond 552, Valley Cottage, NY). A voltage was
generated by exposing the two electrode surfaces to different
atmospheres. Specifically, one surface was exposed to water-saturated hydrogen and the other to water-saturated compressed
air (PH2 O ¼ 0:03 bar):
H2 ; H2 O; PtjsamplejPt; H2 O; O2
The governing chemical reaction in this case is simply hydrogen
and oxygen combining to form water:
H2 þ 12O2 ! H2 O

(2)

The theoretical or Nernstian voltage, EN, expected from this
reaction is
P0:5 PH2
RT
ln O2
EN ¼ E0 þ
2F
PH2 O

!
(3)

where E0 5 DG0 /2F, DG0 is the Gibbs free energy of the reaction
under standard conditions (T 5 273 K, P 5 1 bar),27 R is the
universal gas constant, T is temperature, F is Faraday’s constant
and PH2 ; PO2 ; PH2 O are the partial pressures of hydrogen, oxygen, and water, respectively. The ionic transport number was
calculated from the ratio of the measured EMF to this Nernstian value, tion 5 Emeas/EN.
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Fig. 1. Effect of transitional metal oxide additives as sintering aids for
BaZr0.85Y0.15O3–d (BYZ).
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Fig. 2. X-ray powder diffraction patterns of sintered BaZr0.85Y0.15O3–d
(BYZ), BYZ-Zn4, BYZ-Cu4, and BYZ-Ni4.

III. Results and Discussion
(1) Preliminary Comparison of Transition Metal Modiﬁers
Densities obtained from 4 mol% transition-metal modiﬁed BYZ
samples, sintered at 13001C with a 4 h soak time, are shown in
Fig. 1. As evident from the data, Ni, Cu, and Zn are tremendously effective in enhancing densiﬁcation, raising the ﬁnal density from about 60% of theoretical for the unmodiﬁed material
to approximately 86%–88% for modiﬁed BYZ. Other additives
such as V, Cr, and Fe, in contrast, substantially worsened densiﬁcation behavior. Diffraction patterns obtained after sintering,
from BYZ modiﬁed with the favorable elements, are presented
in Fig. 2. In all cases, a single perovskite phase is indicated.
However, upon closer examination under the SEM (not shown
here) the Cu modiﬁed sample showed the presence of Ba2Y
Cu3Ox. In addition, both this material and the Ni-modiﬁed BYZ
pellet changed color from white to black upon sintering. In
contrast, the Zn-modiﬁed sample acquired a pale green color.
Often, black coloring in an oxide indicates substantial electronic
conductivity, and even though the transition metal concentration in these samples is low, suggesting the electronic transference number would not be large, Cu and Ni were abandoned as
modiﬁers in favor of Zn.
The impact of ZnO content on the sintering behavior of BYZ
(samples prepared by mechanical mixing of the two oxides,
18
16

BYZ-Zn4 hand milled

14

BYZ-Zn4 synthesis

13001C, 4 h) is presented in Fig. 3. Densiﬁcation, as measured in
terms of total linear shrinkage, dramatically increased in the
range from 0 to 4 mol% Zn, then remained at a constant intermediate value for higher Zn concentrations. Although this behavior was established only for Zn in particular, it is because of
this concentration dependence of densiﬁcation that 4 mol% was
selected for the preliminary screening of transition metal elements as modiﬁers. The impact of different methods of ZnO
addition on the densiﬁcation of BYZ is also presented in Fig. 3,
in which the linear shrinkage of BYZ-Zn4 prepared by the three
different routes are compared. Of the three BYZ-Zn4 samples,
densiﬁcation is greatest for ZnO introduced as a dispersed oxide
into the BYZ nitrate solution. The improvement over mechanical mixing of the two oxides is attributed to the greater homogeneity of the ZnO distribution within the ceramic sample. The
poorer densiﬁcation of the presumably most homogenous sample, that in which zinc nitrate was added to the BYZ nitrate solution, is attributed to the complete dissolution of Zn into the
bulk crystalline structure of BYZ without significant preferential
segregation to the grain boundaries. In comparison with the
unmodiﬁed sample, however, even this sample shows enhanced
shrinkage over simple BYZ. All subsequent studies were performed with materials prepared via introduction of zinc oxide to
the BYZ nitrate solution.

(2) Densiﬁcation with ZnO
The difference in sintering behavior between unmodiﬁed and
Zn-modiﬁed BYZ is particularly evident from a comparison of
the dilatometry curves obtained from the two materials, Fig. 4.
The onset of sintering in BYZ-Zn4, occurs at approximately
10001C, 2001C before its onset in the BYZ system. Furthermore,
between 10001 and 11001C, BYZ-Zn4 shrinkage is B4%,
whereas it is only B1% for BYZ over the analogous temperature range of 12001–13001C. At 13001C, the total linear shrinkage for BYZ-Zn4 is 17.5% (as compared with only B1% for
BYZ).
Additional comparisons between the behavior of BYZ-Zn4
(optimally synthesized) and unmodiﬁed BYZ are presented in
Figs. 5 and 6, in which the post-sintering densities as a function
of temperature and selected micrographs, respectively, are
shown. As evident from Fig. 5, the maximum densities that
could be achieved from these two materials differ significantly:
95% of theoretical for BYZ-Zn4 (rtheo 5 6.12 g/cm3), at a sintering temperature of 13001C, compared with only 88% for
BYZ, at a sintering temperature 17001C. At 13001C, the density
of unmodiﬁed BYZ is only B60%. The electron micrograph
images for the two different samples obtained after sintering at
13001C conﬁrm the macroscopic observations. The BYZ system
has considerable porosity (B40%) after sintering at this low
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Fig. 3. Linear shrinkage of Zn modiﬁed Ba(Zr0.85Y0.15)O3 after sintering at 13001C in air (4 h) as a function of mole percentage of ZnO.
n, mechanical addition; &, Zn oxide addition to BYZ nitrate solution;
J, zinc nitrate addition to BYZ nitrate solution.
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Fig. 5. Density of BaZr0.85Y0.15O3–d (BYZ) and BYZ-Zn4 as a function
of sintering temperature in ambient atmosphere.

temperature, Fig. 6(a), whereas the BYZ-Zn4 system appears
dense and exhibits a larger average grain size, Fig. 6(b) (0.30 vs
1.0 mm). The images (examined in combination with EDS chemical analysis) furthermore reveal that the BYZ-Zn4 system is free
of secondary phases.
The temperature dependence of sample density differs dramatically between the Zn-modiﬁed and unmodiﬁed materials,
Fig. 5. For the former a highly obvious maximum in density as a
function of sintering temperature exists, occurring at 13001C,
whereas the latter shows a monotonically increasing density as a
function of sintering temperature. The dilatometry data, Fig. 4,
similarly shows a loss in density for BYZ-Zn4 exposed to temperatures above 13001C. This decrease in density is accompanied by an unusual change in microstructure, Fig. 6(c), in which
individual grains can no longer be distinguished. The decreasing
density of BYZ-Zn4 is thought to result from evaporation of Zn
at elevated temperatures according to
ZnOðsÞ !ZnðgÞ þ 12 O2 ðgÞ

(4)

This conclusion is supported by preliminary observations that
ZnO is effective as a sintering additive only in relatively oxidizing atmospheres (air). Under reducing atmospheres, Eq. (4) is
driven to the right and metallic zinc readily vaporizes. Indeed,
under an atmosphere with 106 bar O2 partial pressure, the
partial pressure of Zn at 13001C, based on available thermodynamic data,28 is approximated as 102 bar, indicating significant
zinc loss.

(3) Chemical Analysis
The diffraction and microscopy studies, Figs. 1 and 6, respectively, indicate that BYZ-Zn4 is free of obvious secondary phases, which may have served to enhance sintering through the
formation of a eutectic melt. However, these techniques provide
little information about the distribution of Zn within the polycrystalline perovskite. Of particular relevance is whether there is
any difference in Zn concentration between bulk and grainboundary regions. The results of chemical analysis as determined by quantitative analysis of the EDS spectra are presented
in Table I (for BYZ-Zn4 sintered at 13001C). The mole percentages are normalized to one unit of barium. The bulk composition appears slightly barium deﬁcient, possibly an artifact of the
experimental technique in that EDS rather than more quantitative wavelength dispersive X-ray spectroscopy (WDS) has been
employed. More importantly, within the detection limit, there is
no Zn within the grain interiors. In contrast, the grain boundaries have a substantial concentration of Zn, almost 5 mol%,
and this coincides with a decrease in the Y concentration by

Fig. 6. SEM surface micrograph of sintered (a) BaZr0.85Y0.15O3–d
(BYZ) at 13001C, (b) BYZ-Zn4 at 13001C, and (c) BYZ-Zn4 at 14001C.

about 3 mol% relative to that in the bulk. Furthermore, the
grain boundaries exhibit a slightly greater barium deﬁciency.
In light of the chemical analysis, the enhanced densiﬁcation
observed here is assumed to be a result of the high Zn concentration in the grain-boundary regions. Given the larger mean
grain size of BYZ-Zn4 than simple BYZ for samples sintered at
13001C, Fig. 6, it is apparent that Zn increases rather than decreases grain-boundary mobility. In stark contrast, Caballero
et al.29 observed that introduction of very small concentrations
of ZnO to BaTiO3 dramatically inhibited grain growth but, nevertheless, marginally improved densiﬁcation. Grain-boundary
mobility in oxides is limited by the diffusivity of the slowest
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Table I. Chemical Compositional Comparison of the Bulk and
Grain Boundary in the BYZ-Zn4 Densiﬁed System

(a) 350
150C
300

Y

Zr

Ba

O

Bulk
Bulk
Bulk
Bulk
Average bulk

0.000
0.000
0.003
0.000
0.001

0.099
0.126
0.166
0.099
0.123

0.914
0.936
0.928
0.915
0.923

1.000
1.000
1.000
1.000
1.000

2.947
3.025
3.107
2.972
3.013

Grain
Grain
Grain
Grain
Average grain

0.012
0.057
0.078
0.047
0.049

0.085
0.091
0.087
0.104
0.092

0.915
0.930
0.936
0.951
0.933

1.000
1.000
1.000
1.000
1.000

2.970
3.053
3.080
3.104
3.052

250

−Zimag*A/L [KΩcm]

Zn

200
150

50
0
0

þ OO þ

V 00Ba

þ

2V 
O

(5)

The increase in barium vacancy concentration, may, in turn, be
responsible for the increase in grain-boundary mobility, grain
growth, and densiﬁcation. Such a mechanism may also, in part,
explain the marginal impact of Zn on BYZ sintering when added to yield an overall composition of Ba(Zr1xYyZnz)O3d, as
was the case for the samples in which zinc nitrate was directly
introduced into the BYZ nitrate solution.

(b)
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(5) Transport Properties
Nyquist plots (Zreal versus Zimag as parametric functions of frequency) obtained at selected temperatures for BYZ-Zn4 under
water-saturated nitrogen are shown in Fig. 8. In the temperature
range of 1201–1601C, the impedance spectra consisted of two
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(4) Chemical Stability
A comparison of the thermal gravimetric behavior of BYZ,
BYZ-Zn4 and BaCeO3 in the presence of CO2 is presented in
Fig. 7. Consistent with earlier observations,13 gradual weight
gain is apparent for the BaCeO3 above 6001C signifying the
formation of BaCO3 as per Eq. (1). In contrast, BYZ and BYZZn4 show no significant weight gain. Thus, the ZnO additive
does not impact the excellent stability of barium zirconate in
carbon dioxide containing atmospheres.
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moving species30 and in the case of perovskites these are the
cations. In the grain-boundary regions of BYZ-Zn4, the Zn appears to be incorporated on the B site of the perovskite, which
could be expected to increase the vacancy concentrations on
both the Ba and oxygen sites:
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Fig. 8. Nyquist impedance plots for BaZr0.85Y0.15O3–d (BYZ)-Zn4 obtained at (a) 1501C, (b) 2301C, and (c) 3201C in water-saturated nitrogen
atmosphere.
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Fig 7. Thermogravimetric analysis of BaZr0.85Y0.15O3–d (BYZ)-Zn4
and BYZ as compared with BaCeO3 in a CO2 atmosphere.

semicircles. The low frequency arc is attributed to grain-boundary processes whereas the high frequency arc is attributed to the
bulk response.17,18,31 With increasing temperature, these two
arcs shift towards higher frequencies and by B2301C a third
feature, which corresponds to the electrode response, appears at
the low frequency end of the spectrum.17,20,32 At a temperature
of B2501C the characteristic frequency of the bulk response
reaches a value greater than the maximum measurement frequency of the impedance meter and thus the bulk arc is no
longer accessible.
After least squares ﬁtting to the impedance data to obtain the
resistances associated with the high and intermediate frequency
arcs, the conductivities of the bulk and grain-boundary regions
were deduced by accounting for the sample geometry according

September 2005
to Eq. (6):
s¼

1 L
RA

(6)

where L is the sample thickness and A is its cross-sectional area.
The 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. The specific grain-boundary conductivity (independent of microstructure), ssp.gb, was determined using the
approximation:31


L Cbulk 1
ssp:gb ¼
(7)
A Cgb Rgb
1

where C is capacitance, given by C ¼ Y ð1=nÞ Rðn1Þ , R is resistance, and Y and n are the parameters associated with the constant phase element. A temperature averaged (single) value
of the ratio Cbulk/Cgb ( 5 0.0182) was employed for these
calculations.
The temperature dependences of the bulk (or grain interior),
total grain boundary and specific grain-boundary conductivities
of BYZ-Zn4 (with a mean grain size of B1 mm) are presented in
Fig. 9. The data obtained from BYZ-Zn4 are compared with the
bulk conductivity of BaZr0.90Y0.10O3 (BYZ10) as reported by
Bohn and Schober,20 and to the specific grain-boundary conductivity of BaCe0.85Gd0.15O3 as reported by Haile et al.31 In
Table II are listed the activation energies, Ea, and pre-exponential terms, A, determined from a ﬁt of the data to the Arrhenius
equation
sT ¼ A expðEa =kb TÞ

(8)

where T and kb are temperature and the Boltzman constant,
respectively.
From the results presented in Fig. 9, it is immediately apparent that the bulk conductivity of BYZ-Zn4 is lower than that of
BYZ10, by a factor of two. Furthermore, differences appear in
both the activation energy for proton transport, 0.47 vs 0.44 eV
for BYZ-Zn4 and BYZ10, respectively, and the pre-exponential
term, 103.51 vs 103.65, respectively. This result is surprising in
light of the chemical analysis, which suggests that little if any Zn
is incorporated within the bulk structure of BYZ-Zn4. More-
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Fig. 9. The bulk, total grain boundary, and specific grain-boundary
conductivity of BaZr0.85Y0.15O3–d (BYZ)-Zn4 as a function of temperature plotted in Arrhenius form. Atmosphere is water-saturated nitrogen. Data are compared with those of Bohn and Schober20 for the bulk
conductivity of unmodiﬁed BaZr0.9Y0.1O3 and those of Haile et al.31 for
the specific grain-boundary conductivity of BaCe0.85Gd0.15O3.

Table II. Comparison of Activation Energies and
Pre-Exponential Factor of Bulk and Grain-Boundary
Conductivity of BYZ-Zn4 and BYZ
BYZ-Zn4

Bohn and Schober20

Ea, bulk (eV)
Log A, bulk (K S/cm)

0.47 (1)
3.51

0.44

Ea, gb (eV)
Log A, sp.gb (K S/cm)
Log A, tot.gb (K S/cm)

0.71 (1)
3.67
5.41

0.7

BYZ, BaZr0.85Y0.15O3–d; sp.gb, specific grain-boundary; tot.gb, total grainboundary.

over, the dopant (yttrium) concentration in BYZ-Zn4, 15%, is
greater than in BYZ10, 10%, suggesting a higher proton concentration and thus larger pre-exponential term in the material
studied here. That the opposite is observed indicates that even at
the lowest levels, Zn has a detrimental impact on bulk conductivity. We speculate that Zn21 ions residing on the tetravalent
Zr site, with effective 2 charge, act as deep proton traps,
both decreasing the effective concentration of protons able to
participate in the charge transport process and raising the activation energy. We note that preliminary measurements of high
density (unmodiﬁed) BYZ33 yield bulk conductivity values that
are almost identical to those of Bohn and Schober, and thus the
differences between BYZ10 and BYZ-Zn4 are not due to experimental artifacts.
A comparison of the grain-boundary properties of BYZ10
and BYZ-Zn4 reveals another surprising result. In this case
(Bohn and Schober data not shown), there is very little difference between the two samples, despite the very high concentration of Zn in the grain-boundary regions of BYZ-Zn4. The
activation energies are comparable (B0.7 eV) and the pre-exponential terms for the total grain-boundary conductivities,
which include effects of both the specific grain-boundary properties and the microstructure, are B105.3 (BYZ-Zn4 total conductivity data not shown). It is possible that even in nominally
pure BYZ10, impurities accumulate in the grain-boundary region and dominate the proton transport process, giving rise to
grain boundary properties that are similar to those of BYZ-Zn4.
Both BYZ-Zn4 and BYZ10 are similar to gadolinium doped
BaCeO3,31 in that the activation energy for grain-boundary
transport is higher than through the bulk, and, furthermore
that the specific grain-boundary conductivity is several orders of
magnitude lower than that of the bulk. Although the specific
grain-boundary conductivity of BYZ10 was not reported (nor
was the grain size), it is possible to deduce this conclusion from
the simple observation of a grain-boundary arc.31 In terms of
the cerate, the observation of high grain-boundary resistance
has been explained in terms of the disruption of the perovskite
structure, which is otherwise favorable to rapid proton transport, at disordered grain-boundary regions. Perhaps more significantly, Fig. 9 reveals that of the specific grain-boundary
conductivity of BYZ-Zn4 is lower than that of BaCeO3. Thus,
not only does the high concentration of grain boundaries in
barium zirconate decrease total conductivity relative to the
cerate, so do the inherent properties of those boundaries. Therefore, optimization of transport properties relies heavily on the
ability to grow grains to moderate sizes so as to reduce total
grain-boundary area. Modiﬁcation of BYZ with ZnO enhances
grain growth and addresses precisely this challenge, although
further optimization will be necessary in order to obtain total
grain-boundary conductivity that is greater than that of unmodiﬁed BYZ.
The results of the EMF measurements are summarized in
Table III. The data reveal the ion transport number of BYZ-Zn4
to be B0.90 in the temperature range of interest, dropping
slightly from 0.901C at 5001C to 0.861C at 7001C. By analogy to
related materials2 the balance of the charge transport can be attributed to electron hole charge carriers. With increasing tem-
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Table III. Ionic Transport Number of BYZ-Zn4 as a Function
of Temperature

BYZ-Zn4
Cathode
Anode
Air-3%H2O H2-3%H2O

T (1C)

Measured
EMF (mV)

Theoretical
EMF (mV)

tion

700
650
600
550
500

966
990
1017
1030
1037

1120
1128
1136
1144
1152

0.86
0.88
0.90
0.90
0.90

BYZ, BaZr0.85Y0.15O3–d.

perature, both the loss of water from the structure and the higher mobility of the holes lead to a slight decrease in ionic transport number. The value shown here is somewhat higher than
reported by Schober and Bohn19 for unmodiﬁed BYZ10, who
obtained B0.8 at 7001C for a similar but not identical EMF cell.
The higher EMF values in the present work are more likely because of the more reducing conditions employed at the anode or
slightly higher dopant concentration rather than to an inherent
improvement in ionic transference number upon introduction of
Zn. Overall, it is apparent that the ionic transport number of
BYZ-Zn4 is large enough for satisfactory implementation in a
fuel cell.34

(6) Summary
A homogeneous distribution of ZnO in the intergranular regions
of BYZ leads to enhanced, yet relatively uniform, grain growth
of the host oxide, which, in turn, results in high densities
(493%) at reduced sintering temperatures (13001C). Chemical
analysis by EDS methods conﬁrms the accumulation of Zn at
the grain boundaries. In the absence of a second phase, sintering
is believed to take place by enhanced solid-state diffusion, possibly because of cation vacancy formation in the intergranular
regions. Despite the apparent absence of Zn from the grain interiors, the bulk conductivity of zinc oxide modiﬁed BYZ is
lower than that of unmodiﬁed BYZ. At the same time, the total
grain-boundary conductivity appears largely unaffected by the
ZnO modiﬁer, despite the high concentration of Zn at the grain
boundaries and presumably larger grain size. The reduction in
bulk conductivity may be because of strong proton trapping at
Zn00Zr sites, which are present in levels below the EDS detection
limit. Although the conductivity of ZnO modiﬁed BYZ is somewhat lower than the unmodiﬁed counterpart, the dramatic reduction in sintering temperature (from B16001 to 17001C),
which will enable the exploration of a wider variety of potential electrode materials, renders the modiﬁed composition an
attractive alternative to simple BYZ. Overall, the high total ionic
conductivity, the high ionic transport number (40.90 under fuel
cell conditions) and good chemical stability, render BYZ-Zn4 a
good candidate as an electrolyte in sensors and fuel cells.
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