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a b s t r a c t

We applied a nitrate freeze-drying method to obtain a fine synthesized powder of 15% yttrium-doped
barium zirconate. Fine 15% yttrium-doped barium zirconate powder of particle size about 30 nm was
obtained by synthesizing at 500 ◦C in vacuum from a powder mixed by the nitrate freeze-drying method.
However, we could not obtain such fine powder by synthesizing in air. Using the powder synthesized
vailable online 28 December 2010
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in vacuum, large and homogeneous grains of 15% yttrium-doped barium zirconate were easily obtained
after sintering. Then, the bulk and grain boundary resistance were evaluated by AC 2-terminal measure-
ment of sample in the form of bar and pellet and DC 4-terminal measurement of bar-shape sample. The
grain boundary resistance was not inversely proportional to the grain size as theoretically expected. We
concluded that specific grain boundary conductivity varies with samples. Some impurities, evaporation
loss of barium oxide and/or other unexpected reasons might affect the grain boundary resistance in 15%

rcona
itrate freeze-drying method yttrium-doped barium zi

. Introduction

Trivalent cation doped barium zirconates were first reported by
wahara et al. as proton conductive oxides [1]. At early studies of
he doped barium zirconates, reported proton conductivities of the

aterials were low [1–6]. However, Kreuer reported that single
rystal of yttrium-doped barium zirconate had relatively high pro-
on conductivity even at 140 ◦C (5 × 10−5 S cm−1) [7] and then Bohn
nd Schober confirmed the high proton conductivity of yttrium-
oped barium zirconate at high temperatures (3 × 10−3 S cm−1 at
00 ◦C in wet hydrogen [8]). After their reports, many researchers
re working on yttrium-doped barium zirconate and reported the
roton conductivity [9–34]. However, the grain boundary resis-
ance of yttrium-doped barium zirconate is higher than the bulk
esistance. Thus, it is needed to reduce the grain boundary den-
ity. But, as far as we know, it is quite difficult to obtain large
rains of 7, 10, and 15% yttrium-doped barium zirconate by sinter-
ng at less than 1715 ◦C with a powder synthesized by solid state
eaction method [8,14,21,25,34], although it is relatively easy to
btain well-grown and homogeneous grains of 20% yttrium-doped

arium zirconate with a powder synthesized by sintering at even

ess than 1600 ◦C [18,23,26,32]. In the case of 15% yttrium-doped
arium zirconate (BaZr0.85Y0.15O3−ı), we found that the difficulty
as caused by the difference in phase relationship between the
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sintering temperature (1600 ◦C) and the synthesizing temperature
(1300 ◦C) [21,25,35]. BaZr0.85Y0.15O3−ı is in the single phase region
at 1600 ◦C but it is expected to be in a two-phase region of yttrium
poor barium zirconate phase and yttrium rich barium zirconate
phase at 1300 ◦C [26,35,36]. Therefore, during sintering, cations
have to diffuse mutually over long distance, which might slow the
rate of grain growth. Therefore, if the particle size of synthesized
powder is finer than that of synthesized powder by the solid state
reaction method, it is possible to obtain large and homogeneous
grains of yttrium-doped barium zirconate in short time because
the diffusion distance for cations becomes shorter during sintering
at 1600 ◦C.

Among various reports for fabrication of finer oxides [37–40],
one unique method, called as the nitrate freeze-drying method,
was reported for very fine powder of barium titanate (BaTiO3)
(10–15 nm) [40]. In this study, we employed the nitrate freeze-
drying method, by which there is no report on the synthesis of
barium zirconate, to obtain a fine powder of BaZr0.85Y0.15O3−ı and
investigated the sintering behavior and their grain boundary resis-
tances.

2. Experimental

2.1. Material preparation
The reagents used were barium nitrate (Ba(NO3)2: 99.9%, Wako), zirconyl
nitrate dihydrate (ZrO(NO3)2·2H2O: 97.0%, Wako), and yttrium nitrate n-hydrate
(Y(NO3)3·nH2O: 99.99%, Wako). The zirconyl nitrate solution contained 2.18 mass%
of hafnium (Hf) as an impurity, but the chemical properties of hafnium are quite sim-
ilar to those of zirconium. Thus, hafnium is expected to occupy the zirconium site and

dx.doi.org/10.1016/j.jallcom.2010.12.140
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:materials_process@aqua.mtl.kyoto-u.ac.jp
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Fig. 1. Schematic view of apparatus for obtaining atomized frozen powder.

o behave very much like zirconium. The hydration number of n in yttrium nitrate
ydrate was confirmed to be 5.3 by inductive coupled plasma-atomic emission spec-
roscopy (ICP-AES) (Seiko Instruments Inc., SPS4000). Zirconyl nitrate dihydrate was
issolved in 0.1 M nitric acid and the solution was filtered by Teflon paper filter
f pore size 0.2 �m to remove a small amount of zirconia (ZrO2) in the solution.
ttrium nitrate hydrate was dissolved in 0.1 M nitric acid (HNO3). The concentra-
ions of the two solutions were measured by ICP-AES, and the solutions and barium
itrate powder were mixed to produce Ba:(Zr + Hf):Y = 1:0.85:0.15. The concentra-
ion of barium, zirconium, and yttrium ions in the mixed solution was measured
gain by ICP-AES in order to confirm that the molar ratio of the metal ions in the
ixed solution was what we desire (Ba:Zr + Hf:Y = 1:0.85:0.15). Then, the mixed

olution was atomized using an ultrasonic spray nozzle (Sonotek, 06-5108) and
apidly frozen by leading the aerosol to fall into stirred liquid nitrogen as shown
n Fig. 1. The frozen solution was vacuum-dried in a freeze dryer (DRC-1100 and
DU-2100, EYEA) operated at reduced pressure and temperature (5 Pa, −40 ◦C),
hile monitoring the temperatures of the frozen solution using a thermocouple.

he temperature in the frozen solution indicated a constant value (about −43 ◦C)
ntil the sublimation of the solution finished. We determined the end of sublima-
ion by checking the rise in temperature of the frozen solution. The temperature of
he freeze dryer was quite gradually increased to 25 ◦C. When the powder was com-
letely dried at 25 ◦C, the vacuum chamber was backfilled with air and the resulting
reeze-dried powder was stored in a sealed bottle. The freeze-dried powder was
eated at various temperatures (400–1100 ◦C) in air or vacuum (∼10−5 atm) in order
o determine the condition where only barium zirconate phase was obtained. The
owder was then ball-milled for 10 h and the powder was pressed into a pellet,
hose diameter and thickness were about 10 mm and 1.5 mm, respectively, or a

ar, whose height, width and thickness were about 5, 35 and 1 mm, respectively,
t 392 MPa. Subsequently, the pellet was sintered at 1600 ◦C in a sacrifice powder
90 mass% of synthesized barium zirconate and 10 mass% of BaCO3) to avoid BaO
oss due to the high vapor pressure of BaO at high temperature. The pellets or bars
f sacrifice powder were placed on an alumina boat and sintered in a pure oxygen
tmosphere.

.2. Material characterization

Microstructures of the synthesized powders and sintered pellets were observed
y a scanning electron microscope (SEM, Keyence Corporation, VE-7800) and
ransmission electron microscope (TEM) (JEOL, JEM-2010). Compositional anal-
sis was carried out using energy dispersive X-ray microanalysis (EDX) (JEOL,
ED-2300) with a field emission-scanning electron microscope (FE-SEM) (JEOL,
SM-6500F) and ICP-AES. The densities of the sintered pellets were measured
y the Archimedes method using ionic liquid (trimethyl-n-hexylammonium
is((trifluoromethyl)sulfonyl) amide (TMHA-Tf2N)). The lattice parameters of the
intered pellets were determined by XRD analysis of Cu-K� (XRD, PANalyti-
al, X’Pert-ProMPD) and the theoretical density was estimated by the lattice
arameters.

.3. Conductivity measurement

Conductivity was measured by the DC 4-terminal method and the AC 2-terminal
ethod. The sintered bar was used for the DC 4-terminal measurement. Platinum
ire was wound around the bar, and silver paste (Fujikura Kasei) was painted around

he interface between the platinum wire and electrolyte as electrodes. The data were
ollected using a potentiogalvanostat (Solartron SI 1287).
The sintered pellet and bar were used for the AC 2-terminal measurement.
hen the pellet was used for the measurement, silver paste was painted on both

urfaces of the pellet as electrodes after mechanically polishing the surface of the
ellet. Electrodes for the bar were prepared in the same way for the DC 4-terminal
easurement with a minor difference of employing only two 2 terminals in this

ase. The data were collected using a frequency response analyzer (Solartron SI
Fig. 2. XRD patterns before and after heating of powder obtained by the nitrate
freeze-drying method at 400–1100 ◦C for 10 h in air.

1260) in a frequency range of 10 Hz to 7 MHz with applied voltages of 100 mV. An
equivalent circuit model was fitted to the data by Zplot (Scribner Associates Inc.,
NC).

The data of the DC 4-terminal method and the AC 2-terminal method were
collected in argon (Ar) gas with water vapor pressure of 5.2 × 10−2 atm. Before the
start of each experiment, the bar and pellet were held at 700 ◦C for at least 18 h for
hydration, and kept at 600 ◦C for at least 5 h until the impedance spectrum remained
constant for more than 5 h. Conductivity was measured at 80 and 600 ◦C. In the cases
where measurements were carried out at 80 ◦C, the conductivity was measured after
equilibration at 600 ◦C with water vapor pressure of 5.2 × 10−2 atm and cooled to
80 ◦C at a rate of 0.2 ◦C min−1.

3. Results and discussion

3.1. Synthesis conditions

Fig. 2 shows XRD patterns of synthesized powder heated at
400–1100 ◦C for 10 h in air. No peak was detected from zirconia on
powder before heating because freeze-dried zirconyl nitrate was
amorphous. At temperatures above 500 ◦C, barium zirconate phase
was detected, but a small amount of barium carbonate or barium
nitrate was identified. At temperatures above 1000 ◦C, complete
reaction was confirmed. However, the particle size of the yttrium-
doped barium zirconate was larger than that obtained by the solid
state reaction method synthesized at 1300 ◦C for 10 h in air and
ball-milled for 100 h as shown in Fig. 3. The reason for the large
particle size might be related to the formation of liquid phase of
barium nitrate (melting point: 592 ◦C).

To prevent barium nitrate from melting, the powder mixed
by the nitrate freeze-drying method was heated in a vacuum
(∼10−5 atm) in order to accelerate the decomposing reaction of
barium nitrate to barium oxide (BaO). Fig. 4 shows XRD patterns of
powders obtained by the nitrate freeze-drying method and synthe-
sizing at 400–600 ◦C for 10 h in a vacuum. At temperatures higher
than 500 ◦C, only the barium zirconate phase was identified and
the particle size of the yttrium-doped barium zirconate powder
obtained by the nitrate freeze-drying method and synthesizing at
500 ◦C for 10 h in vacuum was much finer than that at 1000 ◦C in air
as shown in Fig. 3. The particle size was found to be about 30 nm as
shown in the photograph of TEM in Fig. 5(a).

The particle size of the yttrium-doped barium zirconate powder
obtained by the solid state reaction method at 1300 ◦C for 10 h in
air followed by ball-milling for 100 h was about 40 nm as shown in

the photograph of TEM in Fig. 5(b). Thus, the slightly finer particle
of the yttrium-doped barium zirconate powder could be obtained
by the nitrate freeze-drying method and synthesis at 500 ◦C for 10 h
in a vacuum.
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ig. 3. SEM image of yttrium-doped barium zirconate powders obtained by the nitr
0 h in vacuum with (c) yttrium-doped barium zirconate powder obtained by solid

.2. Sintering behavior
Fig. 6 shows cross-sectional SEM images and results of com-
osition analysis by EDX of BaZr0.85Y0.15O3−ı bars sintered for 4,
4 and 100 h using powders synthesized at 500 ◦C for 10 h in vac-

ig. 4. XRD patterns of powders obtained by the nitrate freeze-drying method and
ynthesis at 400–600 ◦C for 10 h in vacuum.
eeze-drying method and synthesis (a) at 1000 ◦C for 10 h in air and (b) at 500 ◦C for
reaction method at 1300 ◦C for 10 h in air and ball-milling for 100 h.

uum, and the average grain size is summarized in Table 1. We
obtained large and homogeneous grains in a shorter time by the
nitrate freeze-drying method. In comparison, when we used pow-
ders by solid state reaction method at 1300 ◦C, a sintering time
of 100 h was required to obtain large and homogeneous grains as
shown in Fig. 6. Thus, the sintering behavior between the nitrate
freeze drying method and the solid state reaction method was
quite different. However, there is not a big difference of parti-
cle sizes between the powders synthesized by the two different
methods. We consider that there is a phase separation of yttrium-
doped barium zirconate in the powder synthesized by the solid
state reaction method because a phase separation of quite small
amount of yttrium doped barium zirconate and a new phase called
BZ(II) [36] phase was reported at lower temperature than 1600 ◦C
[35]. On the other hand, we assume that there is no phase sep-
aration in the powder synthesized at 500 ◦C in vacuum from the
powder mixed by the nitrate freeze-drying method, because the
synthesis at low temperatures suppresses the phase separation
kinetically.
3.3. Conductivity measurement

3.3.1. Interpretation of impedance spectra
Fig. 7 shows AC 2-terminal impedance spectrum of

BaZr0.85Y0.15O3−ı bars sintered for 24 h from powders synthesized
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Fig. 5. TEM image of BaZr0.85Y0.15O3−ı powders (a) obtained by the nitrate freeze-
drying method and synthesis at 500 ◦C for 10 h in vacuum and (b) obtained
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y solid state reaction method at 1300 ◦C for 10 h in air and ball-milling for
00 h.

y the nitrate freeze-drying method at 600 ◦C in wet argon,
nd three arcs (Arc 1, Arc 2 and Arc 3) were observed. In order
o determine the arcs due to the electrolyte, resistivity of the
aZr0.85Y0.15O3−ı was measured by DC 4-terminal method in wet
rgon. The time-dependant change of voltage between the two
nner terminals was measured by the DC 4-terminal measurement
n the BaZr0.85Y0.15O3−ı with applied DC current of 10 �A in

et argon as shown in Fig. 8. The voltage increased with time,
hich might be affected by polarization at the outer electrodes.

hus, the voltage before the start of polarization was evalu-
ted for electrolyte resistivity calculation. The current–voltage

haracteristics of the BaZr0.85Y0.15O3−ı at 600 ◦C in wet argon
re shown in Fig. 9. From the figure, the resistivity of the
aZr0.85Y0.15O3−ı at 600 ◦C in wet argon was determined to be
5.0 � cm. Compared to Fig. 7, 65.0 � cm corresponds to the
ompounds 509 (2011) 3872–3879 3875

value of the right edge of Arc 3. Therefore, we can say that Arc 1
and Arc 2 come from electrodes and that Arc 3 comes from the
electrolyte.

According to the past report [7], another arc due to bulk should
exist at a higher frequency region of Arc 3, but it was not clear even
at low temperature as seen in Fig. 10(a). The reason for the unclear
arc is considered to be that the capacitance of the arc at the left
side of Arc 3 was too small (less than 10−13 F) to determine the
resistance and capacitance accurately with the frequency response
analyzer we used. Therefore, we changed L/S of sample to increase
the capacitance by the use of sample which has a shape of pellet.
Fig. 10(b) shows the impedance spectrum of the BaZr0.85Y0.15O3−ı

in the pellet form at 80 ◦C in wet argon. In the figure, a new arc
(Arc 4) was observed clearly at the left side of Arc 3 and the capac-
itance of Arc 4 was 5.9 × 10−11 F. The dielectric constant of Arc 4
was calculated from

C = S

L
εε0 (1)

where L is the sample length, S is the sample cross sectional area, ε
is dielectric constant, and ε0 is dielectric constant of vacuum. The
calculated dielectric constant of Arc 4 was 60. This value agrees
with the dielectric constant of bulk reported by Kreuer using single
crystal [7]. Thus, this result also supports that Arc 4 comes from
bulk.

However, it was difficult to obtain the value of grain
boundary resistance (Arc 3) at 600 ◦C in wet argon using a
pellet as shown in Fig. 11. Thus, determination of the grain
boundary resistance at higher temperatures requires the con-
ductivity measurement in bar form or the change of electrode
material.

3.3.2. Dependence of grain size on conductivity
Impedance spectra of BaZr0.85Y0.15O3−ı for various sintering

times and synthesizing methods were measured at 80 ◦C for pel-
lets and 600 ◦C for bars in wet argon, and the results are shown
in Fig. 12(a) and (b), respectively. The arc at the highest fre-
quency region at 80 ◦C corresponds to bulk and that at 600 ◦C is
due to grain boundary, and the bulk conductivities and inverse
of grain boundary resistances at 80 ◦C and total conductivities
at 600 ◦C are summarized in Table 1. From Fig. 12(a), there is
not a large difference in bulk resistances. As for grain boundary
resistance of the bar sintered from powder of the nitrate freeze-
drying method combing with heating at 500 ◦C for 10 h in vacuum,
the grain boundary resistance decreased by changing the sinter-
ing time from 4 h to 24 h as shown in Fig. 12(b). This might be
because of the increase of grain size from 0.52 �m in the bar sin-
tered for 4 h to 0.92 �m for 24 h. However, the grain boundary
resistance of the bar sintered for 100 h increased though larger
grains (1.06 �m) were obtained, which implies that factors other
than grain boundary affects the grain boundary resistance. On
the other hand, as shown in Table 1, the grain boundary resis-
tance at 80 ◦C had different trend from that at 600 ◦C. This might
be because it is difficult to separate the arc due to grain bound-
ary low temperature such as 80 ◦C owing to the overlap with
the arcs due to grain boundary and electrode at low frequency
region.

The inverse of grain boundary resistance, 1/Rg.b., depends on
specific grain boundary conductivity, �

◦
g.b.

, and effective grain
boundary thickness, g, in addition to grain size, G, as shown
in [41]
S Rg.b.
= bulk

Cg.b.
�g.b. =

g
�g.b. (2)

where Cbulk and Cg.b. are capacitances of bulk and grain bound-
ary, respectively. The value, Cbulk/Cg.b., which are evaluated from
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Fig. 6. Cross-sectional SEM image of BaZr0.85Y0.15O3−ı bars sintered for 4, 24 and 100 h at 1600 ◦C from powders obtained by using the nitrate freeze-drying method and
synthesis at 500 ◦C for 10 h in vacuum and by solid state reaction method at 1300 ◦C for 10 h in air.
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mpedance spectra at 80 ◦C, and effective grain boundary thick-
esses are calculated from grain sizes. These values are listed in
able 1. The effective grain boundary thicknesses were the same
rder as reported values [17,31,41] and almost constant for any
ynthesis and sintering conditions in this study. This suggests that
he specific grain boundary conductivity changed with samples. We
ypothesized two reasons of reduction of specific grain boundary
onductivity as follows:

1) Impurity phases precipitated at grain-boundaries. Sodium
and silicon were confirmed by qualitative analysis by
ICP-AES.

2) Barium oxide preferentially vaporized at grain-boundaries
during sintering because barium oxide has a signifi-
cantly high vapor pressure at the sintering temperature,

1600 ◦C.

The reason (2) might be related to the report that barium loss in
0% yttrium-doped barium zirconate and gadolinium-doped bar-

um cerate leads to the decrease of the bulk and total conductivity,
respectively [18,42]. Actually, yttria phase was additionally iden-
tified in the samples sintered for 100 h from both powders of the
nitrate freeze-drying and solid state reaction method by XRD. The
precipitation of yttria phase is due to the barium loss in the samples
as we reported previously [21]. Also, we made a barium deficient
sample (Ba0.95Zr0.85Y0.15O3−ı) and confirmed the increase of grain
boundary resistance as seen in Fig. 13. In Fig. 13, both pellets are
sintered for 24 h using powder synthesized at 500 ◦C for 10 h in vac-
uum from the powder mixed by the nitrate freeze-drying method.

We also investigated the reproducibility of grain boundary
resistances in the bar sintered for 24 h from powders syn-
thesized by the nitrate freeze-drying method. Three individual
batches of BaZr0.85Y0.15O3−ı (batch—1, 2 and 3) powder were
synthesized by the nitrate freeze-drying method, and sintered
for 24 h. Fig. 12(c) shows the impedance spectra at 600 ◦C in

wet argon and there is great variability in the grain bound-
ary resistance among batches. Considering this result, we think
that both factors and other unexpected reason might con-
tribute to the unclear behavior of specific grain boundary
conductivity.
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Table 1
Relative density, grain size, total conductivity at 600 ◦C, bulk conductivity at 80 ◦C, inverse of grain boundary resistance at 80 ◦C, the ratio of electric capacity of bulk to grain boundary, and effective grain boundary thickness of
BaZr0.85Y0.15O3−ı .

Synthesizing method Sintering
hour (h)

Relative
density (%)

Grain size
(�m)

�bulk at
80 ◦Ca

(S cm−1)

L
S

1
Rg.b.

at 80 ◦Ca (S cm−1) �total at 600 ◦Cb (S cm−1) Cbulk/Cg.b. Effective grain
boundary
thicknessc (nm)

Nitrate freeze-drying 4 85.0 0.51 2.1 × 10−5 1.3 × 10−7 9.8 × 10−3 2.4 × 10−2 12
Nitrate freeze-drying 24 97.4 0.92 2.2 × 10−5 2.9 × 10−7 1.5 × 10−2 1.3 × 10−2 12
Nitrate freeze-drying 100 99.0 1.06 2.6 × 10−5 6.5 × 10−7 9.3 × 10−3 1.1 × 10−2 12
Solid state reaction 100 100 1.00 2.2 × 10−5 4.8 × 10−7 1.1 × 10−2 1.3 × 10−2 13

a The values are obtained in the form of the pellet.
b The values are obtained in the form of the bar.
c Grain boundary thickness is calculated from Eq. (2).
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Fig. 10. Effect of different shape of samples on AC 2-terminal impedance spec-
trum in Ar–5.2% H2O (a) using a bar of BaZr0.85Y0.15O3−ı and (b) using a
pellet of BaZr0.85Y0.15O3−ı at 80 ◦C. BaZr0.85Y0.15O3−ı was sintered for 24 h from
powders obtained by using the nitrate freeze-drying method and synthesis at
500 ◦C for 10 h.

Fig. 11. AC 2-terminal impedance spectrum at 600 ◦C in Ar–5.2% H2O
using a pellet of BaZr0.85Y0.15O3−ı sintered for 24 h from powders obtained
by using the nitrate freeze-drying method and synthesis at 500 ◦C for
10 h.

Fig. 12. AC 2-terminal impedance spectra in Ar–5.2% H2O of BaZr0.85Y0.15O3−ı at
(a) 80 ◦C using pellets, (b) 600 ◦C using bars and (c) comparison of AC 2-terminal
impedance spectra of three batches of BaZr0.85Y0.15O3−ı sintered for 24 h at 1600 ◦C
from powders obtained by using the nitrate freeze-drying method and synthesis at
500 ◦C for 10 h. The sintering time and synthesis method are indicated in the figure.
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[39] M.M. Bucko, J. Obłakowski, J. Eur. Ceram. Soc. 27 (2007) 3625–3628.
ig. 13. AC 2-terminal impedance spectra in Ar–5.2% H2O of Ba0.95Zr0.85Y0.15O3−ı

nd BaZr0.85Y0.15O3−ı pellets sintered for 24 h from powder synthesized at 500 ◦C
or 10 h in vacuum from the powder mixed by the nitrate freeze-drying method at
00 ◦C.

. Conclusions

The results obtained in this work can be summarized as follows:

1) Fine 15% yttrium-doped barium zirconate powder was obtained
by synthesizing at 500 ◦C in vacuum from powder mixed by the
nitrate freeze-drying method. Vacuum heating was essential to
obtain fine powder.

2) Large and homogeneous grains of 15% yttrium-doped barium
zirconate are obtained using such fine powders and short sin-
tering time.

3) Grain boundary resistance of the 15% yttrium-doped bar-
ium zirconate was not improved although larger grains were
obtained. Specific grain boundary conductivity might vary with
samples. Also, the reproducibility using different batches of
powder was poor in the measurement of grain boundary resis-
tance.
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