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Abstract

An electrolyte in fuel cells requires not only high ionic conductivity, but also high transport numbers

of ionic conduction. Although Y-doped BaZrOs is regarded to be the most promising candidate as

the electrolyte in protonic ceramic fuel cells (PCFCs), significant hole conduction generates in wet

oxygen at high temperatures. With the aim to increase the transport number of ionic conduction, in

this work, Sr and Ca were introduced to partially substitute Ba in BaZrogY02035. The results

revealed that a single cubic perovskite phase was obtained for Bag.gsCagosZrosYo0203-5 and Bas-

xSrxZrogYo.203-5 (x =0.05, 0.10, 0.15, 0.20 or 0.40). However, replacing Ba with Sr resulted in almost

no increase of the transport number of ionic conduction in wet oxygen atmosphere, but drastic decrease

in proton conductivity at all replacement levels. In addition, Bao.gsCao.05Zro.sY0.2035 shows no

meaningful change in the transport number of ionic conduction, compared with BaZrogY0.203.s.

Incorporating Ca or Sr into the Ba-site of BaZrosY0.203-5 appears to impart no positive influence on

electrochemical properties.  These interesting results also indicate that the hole conductivity

decreases with the decrease of proton conductivity, and will aid to consider the hole conduction

mechanism. BaHfOsz doped with 10 and 20 mol% Y was also prepared. A bimodal microstructure

was observed for BaHfo.9Y0.103-5, whereas BaHfo.8Y0.203-5 shows uniform grain size after sintering at

1600 °C for 24 h.  The transport numbers of ionic conduction and bulk conductivity in such Y-doped

BaHfO3 samples are close to those of BaZrOs doped with the same amount of Y.
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1. Introduction

Nowadays, protonic ceramic fuel cells (PCFCs) which use proton conductive oxides as electrolytes
are attracting increasing attention, due to their availability to operate at intermediate temperature
around 600 °C, and no dilution of fuels by byproducts of water. Referring to the candidate for
electrolytes of PCFCs, Y-doped BaZrO3 (BZY), especially BaZrosYo0203-5 (BZY20), is currently
regarded as the most promising one, since it shows high proton conductivity in wet atmosphere [1-4]
and significant chemical stability against CO [1, 5]. Although the ionic (mainly protonic) transport
number (tion) of BZY is almost unity in wet reducing atmosphere, it deviates obviously from unity by
exposing to wet oxidizing atmosphere at the temperature higher than 500 °C, due to the generation of
hole conduction [6, 7]. Since the hole conduction results in the formation of leakage current in the
electrolyte during the operation, and thereby reduces the performance of PCFCs [8], it’s extremely
important to suppress the hole conduction in the wet oxidizing atmosphere.

A recent study from our group [7] reported that BaZro.9Y0.103-5 exhibited tion around 0.24 at 700 °C in
wet oxygen (pHZO = 0.05 atm). At the same temperature, interestingly, Bao, et al. reported tion Of
CaZro.95Y0.0503-5 close to unity [9], and Pérez-Coll, et al. reported tion Of SrZro9Yo.103-5 higher than 0.8
in wet oxidizing atmosphere [10], indicating the possibility to increase tion 0f BZY by substituting Ba
partially with Sror Ca. In addition, BaZrOz and BaHfO3 were generally supposed to have analogous
properties, since Hf and Zr belong to the same group in periodic table, and the radii of six-coordinated

tetravalent Hf and Zr cations to occupy the B-site of perovskite-type structure (ABO3) are very close;



that is, 0.71 and 0.72 A, respectively. [11] But, as far as we know, there is no detailed study on the
transport properties of Y-doped BaHfOs. In this work, we report the preparation and transport

properties of Ba1xSrxZro.sY0.203-5, BaixCaxZrosYo.203-5, and BaHfOs doped with 10 or 20 mol% Y.

2. Experimental

2.1. Material preparation

Bai1.xSrxZrosYo.203-5 (x = 0.05, 0.10, 0.15, 0.20, and 0.40), Bai-xCaxZrosYo0.203-s (x = 0.05, 0.10, and
0.20), BaHf1xYxO3-5 (x = 0.1, 0.2) were prepared by conventional solid state reaction method.
CaZrooY0.103-5, SrZro.9Y0.103.5, BaZro.gY0.103.5 and BaZrogY0.203.5 were also prepared for comparison.
Starting materials of BaCOz (Wako Pure Chemical Industries, Ltd., 99%), SrCOs (Wako Pure
Chemical Industries, Ltd., 99.9%), ZrO> (Tosoh Corporation, 97.07%), Y203 (Shin-Etsu Chemical Co.,
Ltd., 97.86%), CaCO3 (Nacalai Tesque Inc., 99.5%) and HfO. (Mitsuwa Chemicals Co., Ltd., 99.9%)
are mixed at desired ratio and ball-milled for 50 h. The mixtures were then placed in aluminum
crucibles and heat-treated at 1000 °C for 10 h. After ball-milling for 24 h, the mixtures were
pelletized under 9.8 MPa and synthesized at 1300 °C for 10 h in aluminum crucibles. The pellets
were subsequently pulverized and ball-milled for 50 h. Then, the samples were combined with a
binder (NCB-166, DIC Corporation, Tokyo, Japan) and pelletized under 392 MPa.  After heating at
600 °C for 8 h to remove the binder, the pellets were covered with sacrificial powder composed of the

as-synthesized powder and 1 wt% BaCOs, and sintered at 1600 °C for 24 h in pure oxygen atmosphere



for most samples. For BaixCaxZrosYo.203s (x = 0.05 and 0.10) and CaZro9Y0.103-5, a shorter
sintering time of 10 h was selected, since the sinterability was greatly improved by adding calcium,
and we found that sintering at 1600 °C for 24 h resulted in the difficulty to separate the pellets from

the sacrificial powder.

2.2. Characterization

Crystal structure was analyzed by X-ray diffraction (XRD) method using Cu Ko radiation with X’Pert-
ProMPD (PANalytical, Almelo, Netherland). Rietveld refinement was performed to determine lattice
constants with a commercial software X’Pert HighScore Plus. Microstructure was observed by field
emission-electron probe microanalysis (FE-EPMA) with JXA-8530F (JEOL, Tokyo, Japan).
Chemical compositions were determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) with SPS3500 (Seiko Instruments Inc., Chiba, Japan).

Pt electrode was deposited onto both surfaces of the pellet-like samples by sputtering. Electrical
conductivity was determined from analyzing A. C. impedance spectroscopy collected in the frequency
range of 10 Hz — 7 MHz using a frequency response analyzer (Solartron S11260, Solartron Analytical,
UK) with an applied A. C. voltage of 100 mV in wet atmosphere (szo = 0.05 atm) of pure or Ar-
diluted Oz or Ho.  The Arrhenius plots were obtained by analyzing the data collected through cooling
the samples gradually at the rate of 0.2 °Cmin* from 700 to 100 °C in wet Hy, after the conductivity

was stabilized at 700 °C. Furthermore, transport number of ionic conduction in wet oxidizing



atmosphere (tion) was estimated by evaluating the dependence of electrical conductivity on partial
pressure of oxygen (poz). Electronic holes (h®) are generated in oxidizing atmosphere following Eq.
(1), inwhich Og and Vg are oxide ions and oxide ion vacancies expressed in Kréger-Vink notation.
Because of an assumption of the relatively small carrier density of hole, relationship of total
conductivity (ototal), ionic conductivity (oion), hole conductivity (on) and Po, can be expressed by (2)

[6, 7]. By fitting the dependence of electrical conductivity on Po,» ONe can obtain the value of oion

and on, leading to the determination of tion following Eq. (3).

2V5 + 0, = 205 + 4h® (1)

i 2

Ototal = Oion + O'h(Poz)4 ( )
O;

tion = = 1 (3)

Oion T Oh (2’902)Z

3. Results

3.1. Phase identification and Microstructure observation

(1) Ba1xSrxZrosYo.203- (x = 0.05, 0.10, 0.15, 0.20, 0.40)

The actual chemical compositions determined by ICP-AES measurements in general agree with the
nominal value, as shown in Table 1. Powder XRD patterns of Sr-substituted BaZrosYo.203-5 after
sintering at 1600 °C for 24 h in O, atmosphere are shown in Fig. 1.  Only peaks belonging to a single
cubic perovskite phase (BaZrOs, JCPDS # 00-006-0399) were observed with the Sr content varying

from 0 to 0.40. Then, the lattice constants were determined by simulating the XRD patterns using a
6



single cubic perovskite (Pm3m) structure model [12, 13] with the Rietveld refinement, and plotted
against the Sr content in Fig. 2. It is clear that the lattice constant decreases almost linearly with the
increasing Sr content, following the Vegard’s law due to the relatively smaller twelve-coordinated
radius of divalent Sr cations (1.44 A) than that of Ba cations (1.61 A) [11]. From the microstructure
shown in Fig. 3, one can see that with the Sr content increasing from 0 to 0.15, the grain size increases

clearly. It was not obvious with Sr content over 0.2 because of a possible transcrystalline crack.

(2) Ba1xCaxZro.sY0.203-5 (x = 0.05, 0.10, 0.20)

Powder XRD patterns of Ca-substituted BaZrogYo203.s are shown in Fig. 4. Only
Bao.osCao.0sZro8Y0.203-5 appears to be a single perovskite phase. The lattice constant is about 4.214
A, slightly smaller than that of BaZrosY020s-s (4.222 A), since the twelve-coordinated radius of
divalent Ca cations (1.34 A) is smaller than that of Ba cations (1.61 A) [11]. The grain size of
Bao.osCaon.05Zr0.8Y0.203-5, as shown in Fig. 3(g), is about 1 um.  However, for the samples with the Ca
content of 0.10 and 0.20, some small peaks belonging to second phase of Y203 appear. There are
also two unknown peaks with negligibly low intensity rise at around 27.1 and 31.9 ° in the XRD pattern
of BaoooCan10ZrosY0203-5. These results indicate that the solid solubility of Ca into the Ba site

should be smaller than 0.1.



(3) BaHf1xYxO3-s (x=0.1 and 0.2)

Referring to Y-doped BaHfOs, as shown in Fig. 5, only diffraction peaks belonging to perovskite

phases (BaHfOs, JCPDS # 00-024-0120) can be confirmed. However, from the insets of Fig. 5, in

which the (211) diffraction peak was shown as an example, one can see that the (211) diffraction peak

of BaHfo.9Y0.103-5 is broad in shape, although the diffraction peak of BaHfosY0.203- is relatively sharp,

and composed of two sub-peaks generated from Cu Kal and Cu Ko2 radiations. Microstructure

shown in Fig. 3(h) and (i) indicates that the grain size of BaHfosY0.20s3-5 is relatively uniform with the

size close to 1 um, but the sample of BaHfooY0.1035 appears to have a bimodal microstructure

composed of large grains and fine grains, similar to the case of BaZrOz doped with 10 mol% rare earth

elements, e. g., Y and Tm [4, 14, 15, 16]. Our recent work revealed that these fine grains and large

grains in such bimodal microstructure both have perovskite structures, but are different in the dopant

content [4, 15]. Therefore, an analog case is supposed for BaHfo.9Y0.103-5 here; that is, the fine and

large grains might have different Y content.

3.2. Electrical conductivity

(1) Ba1-xSrxZrosYo20s-5 (x = 0.05, 0.10, 0.15, 0.20)

The impedance spectra of Bao.soSro.20Zro.8Y0.203-5 collected at 180 and 602 °C in wet Hz atmosphere

are plotted in Fig. 6 for example to shown how the data were analyzed. At low temperature range,

for example, at 180 °C, three semicircles appeared in the spectra, the ones at the high and middle



frequency ranges were determined to be attributed from the bulk (intra-grain) and grain boundary
resistance, respectively, from their specific capacitance with the order of 10° and 10! F [17, 18],
respectively. However, at high temperature range, for example, at 602 °C, only the semicircle of the
grain boundary resistance can be qualitatively determined. In both the two cases, the total resistance,
which is a sum of the bulk and grain boundary resistances, were determined from the intersect of the
semicircles of the grain boundary resistance with the abscissa at the low frequency side. And the
resistances of bulk and grain boundary are determined by reading the value at the valley between
adjacent two semicircles, which is applicable typically at the temperature lower than 400 °C.

The Arrhenius plots of the electrical conductivity of Sr-substituted BaZrogY0.203-5 are shown in Fig.
7. Itis clear the bulk, grain boundary and total conductivity tend to decrease with the increasing Sr
content, except a slightly higher apparent grain boundary conductivity of Bao.goSro.10Zro0.8Y0.203-5 than
Bao.osSro.0sZr08Y0.203.5.  The results indicate a negative effect by introducing Sr into the Ba-site on
the conductivity in the 20 mol% Y-doped system. Then, activation energy (Ea) and pre-exponential
term (A) of the bulk conduction were evaluated by fitting the Arrhenius plots between 100 and 200 °C
with Eq. (4), where Ky is Boltzmann’s constant and T is temperature.  The results are summarized in

Table 2, showing that the activation energy increases as Sr content increases.

_Ea
Obulk = Aexp (ka) (4)

(2) BaHf1xYxO3-s (x=0.1 and 0.2)



Fig. 8 shows the Arrhenius plots of the conductivity of Y-doped BaHfOs with those of Y-doped BaZrOs
as reference. The bulk conductivity of Y-doped BaHfOs is close to that of Y-doped BaZrOz with the
same Y-doping level. The activation energy and pre-exponential factor were also calculated, and
listed in Table 2. Clearly, the bulk conductivity of BaHfogY0203-5 is higher than that of
BaHfooY01035 One of the reasons is the increase in the oxide ion vacancies (Vy') formed by
replacing tetravalent Hf cations (Hfy;) with trivalent Y cations () following Eq. (5), which benefits
the introduction of charge carriers of protons (OHg) through the hydration reaction (Eqg. (6)). But the
difference in bulk conductivity is more than twice and the activation energy is not equal. These fact
means that samples with bimodal microstructure has lower proton mobility.
Y,05 + 2Hf + OF = 2Y ¢ + 2HfO, + (5)
H,0 + V{ + 0§ = 20Hg (6)
As shown in Fig. 8(b), the apparent grain boundary conductivity of BaHfo.8Y0.203-5 is more than one
order higher than that of BaHfo9Y0103.5. In addition to the influence from defect chemistry
suggested by Eq. (5) and (6), another major factor to the grain bograinundary conductivity is the
difference in microstructure; that is, as aforementioned, BaHfosY0.203-5 has a relatively uniform but a
little smaller grain size than BaZrogY0.20s3-s (Fig. 3(h) and (a)), whereas BaHfo9Y0.103-5 shows a
bimodal microstructure composed of large grains and fine grains(Fig. 3(i)). Fine grains drastically
increase the area of grain boundary, thereby results in a decrease in apparent grain boundary

conductivity.  Since the apparent grain boundary conductivity is much lower than the bulk

10



conductivity, the total conductivity is mainly restricted by the low grain boundary conductivity as

shown in Fig. 8(c). And compared with Y-doped BaZrOs, obviously lower grain boundary and total

conductivities were confirmed in Y-doped BaHfO3 doped with the same amount of Y.

3.3. Transport number of ionic conduction in wet oxygen

(1) 10 mol% Y-doped CaZrOs, SrZrOs and BaZrOs

According to literature [7, 9, 10], Y-doped CaZrOs or SrZrOz seems to show higher transport number

of ionic conduction than Y-doped BaZrOs in wet oxidizing atmosphere. However, these data were

collected on the samples containing different Y content, and the measurements were performed in

atmosphere with different partial pressure of oxygen and water vapor.  So preliminarily, it is necessary

to check whether such conclusion is correct at the same Y-doping level under the same experimental

condition.

The system with 20 mol% Y should be an optimal choice, but SrZrogY0.203-5 is not a single perovskite

phase after sintering at 1600 °C in oxygen for 24 h (Fig. S1(c)). Here, 10 mol% Y-doped CaZrOs3,

SrZrO3 and BaZrOsz, which were of a single phase judged from XRD analysis (Fig. S1), were tested

instead. It is worth to note that BaZrogY0.103-5 shows a bimodal microstructure similar with

BaHf0.9Y0.103.5, whereas CaZro.oY0103-5 and SrZrooYo.1035 have grains with relative uniform size

around 6 and 1 um, respectively, estimated from EPMA second electron images (Fig. S2). The

dependence of total conductivity, which is the sum of the partial conductivities of different charge

11



carriers (protons, oxide ions, holes, etc.) and also possibly dependent on microstructure, on partial
pressure of oxygen were fitted using Eq. (2) (Fig. S3), and the thereby obtained oion and on were used
to determine tion following Eq. (3) with the results listed in Table 3. Notably, the transport number
of ionic conduction does increase in the sequence of BaZro.9Y0.103-5, SrZro.9Y0.103-5 and CaZroeYo.103-
5. For example, the transport number of ionic conduction of BaZrogY0.103-5 is 0.28 at 700 °C, but

increased to 0.67 and 0.85 for SrZro9Y0.103-5 and CaZroeY0.10s-5, respectively.

(2) Ba1xSrxZro.gY0.203-s (x = 0.05, 0.10, 0.15, 0.20, 0.40)

The dependence of total conductivity of Sr-substituted BaZrogY0.203-5 on partial pressure of oxygen
was also fitted, as shown in Fig. 9, to determine the transport number of ionic conduction, which was
summarized in Table 3 and also plotted in Fig. 10 with the total conductivity. One can see that the
transport number of ionic conduction does not obviously increase with the increasing Sr content.
Substituting Ba with 40 mol% Sr just results in the transport number elevating from 0.39
(BaZrosY0.2035) to 0.41 (BaoeSroaZrosYo20s35).  However, the total conductivity decreases
drastically with the increasing Sr content. When the Sr content is not larger than 0.1, the total
conductivity is higher than 0.01 Scm™, meeting the requirements on ionic conductivity for the
application as an electrolyte [19]. However, when the Sr content is increased to 0.15 and even larger,

the total conductivity decreased below 0.01 Scm™.

12



(3) Ba1xCaxZrogYo.2035 (x = 0.05) and BaHf1.xYxO35 (x = 0.1 and 0.2)

The transport number of ionic conduction in Bao.esCao.05Zr0.8Y0.203-5, the only sample of the single

phase obtained for the Ca-substituted BaZro.sY0.203-5 Series in this work, and Y-doped BaHfO3 were

also measured and listed in Table 3. Similarly, substituting Ba with such small amount of Ca does

not results in any meaningful change in the transport numbers.  And the transport numbers of Y-doped

BaHfOs are very close to those of the Y-doped BaZrO:s.

4. Discussion

A previous work of Bucko, et al. [20] reported an electrochemical study on Bai-xSrxZro.9Y0.103-5 with

the Sr content varying from 0.03 to 0.1, and they found that substituting Ba with Sr enhanced the

proton conduction. The Y content in their work is 0.1, and BaZrogY01035 has a bimodal

microstructure, which means that the total conductivity was predominated by the very low grain

boundary conductivity [13, 14]. But, by introducing Sr into the Ba-site, the sinterability of

BaZrooY0.103.5s was improved, resulting in reduction of the area of grain boundary. So, it might be

the increase in grain boundary conductivity which directly elevates the total conductivity in such Bas-

xSrxZrooYo1035 system. In this work, as shown in Fig. 3, the grain size of BaZrogY 02035 IS

uniformly around 2 um, and substituting Ba with Sr with the amount up to 0.15 even increases the

grain size. However, the bulk and apparent grain boundary conductivities both tend to decrease with

the increasing Sr content.  Such results indicate that although adding Sr with certain amount

13



beneficially improves the sinterability, Sr appears to have negative impact on the proton conduction.

Doped with the same level of Y, CaZrOs and SrZrOsz show higher transport number of ionic conduction

than BaZrOsz. However, substituting Ba with Ca or Sr shows no meaningful effect on increasing the

transport number of ionic conduction in BaZrosYo.20s-5 but a large drop in proton conductivity was

confirmed. The approximately fixed transport number of Ba1-xSrxZro.9Yo0.1035 with the examined

compositional range up to x = 0.4 indicates that the hole conductivity also decreases with the decrease

of proton conductivity. However, the end member of Y-doped SrZrOz has the different and large

transport number of ionic conduction.  Explanation to this fact is difficult but one of the reasons might

be due to crystal structure. The crystal structures of Y-doped BaZrOs and Y-doped SrZrOs are cubic

and orthorhombic, respectively. Orthorhombic structure might be particularly unfavorable for hole

conduction than hole conduction. It would be very interesting to study transport properties at the

same composition with different virtual crystal structures by first principle calculation.

5. Conclusion

In this work, Ca and Sr were introduced into BaZrogY0.203-5 to partially substitute Ba. A single cubic

perovskite phase was obtained for Bao.gsCao.05Zr0.8Y0.203-5 and BaixSrxZrosYo.203.5 (x = 0.05, 0.10,

0.15, 0.20 or 0.40). Electrochemical analysis results revealed that substituting Ba with Sr resulted in

almost no increase of the transport number of ionic conduction in wet oxygen atmosphere with the

increasing Sr content.  Furthermore, the proton conductivity in wet hydrogen atmosphere decreased

14



apparently with the increasing Sr.  Similarly, no meaningful change in the transport number of ionic

conduction was observed in Bao.gssCao.0sZr08Y 02035 compared with BaZrogYo0203.5. Therefore, it

can be concluded that incorporating Ca or Sr into the Ba-site of BaZrogY0.203-5 imparts no positive

influence on electrochemical properties for the application as an electrolyte. BaHfO3s doped with 10

and 20 mol% Y was also prepared. A bimodal microstructure was observed for BaHfo9Y0.1035,

whereas BaHfogY0.2035 shows uniform grain size after sintering at 1600 °C for 24 h. The transport

numbers of ionic conduction and bulk conductivity in such Y-doped BaHfO3 samples are close to those

of BaZrOz doped with the same amount of .
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Fig. 1 Powder XRD patterns of Bai-xSrxZrosYo203-5 (x = 0.05, 0.10, 0.15, 0.20, and 0.40) and

BaZrosYo02035. The samples were sintered at 1600 °C in oxygen for 24 h.
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Fig.2 Lattice constant of Ba1xSrxZrosYo.2035 (x =0, 0.05, 0.10, 0.15, 0.20, and 0.40). The samples

were sintered at 1600 °C in oxygen for 24 h.
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(a) Bazvrp.aYm 203-5 b) Bao.gssrn nszro sYo.zos-a (C) Bao.eosr0.1ozrn.aYo.203-a

(i)

Fig. 3 EPMA second electron images of (a) BaZrogYo0203s5, (b) BaoesSro.osZrosYo.2035, (C)

Bao.9oSro.10ZrosY0203-5,  (d)  BaossSroisZrosYo20s5,  (€)  BaogoSro20ZrosYo20s3.5,  (f)

Bao.60Sr0.40Zr0.8Y0.203-5, () Bao.osCao.0sZrogY0.203-5, (h) BaHfo.9Y0.103-5 and (i) BaHfo.8Y02035. All

the samples were sintered at 1600 °C in oxygen for 24 h, except Bag.9sCao.05Zr0.8Y0.203-5 which was

sintered at 1600 °C in oxygen for 10 h.
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Powder XRD patterns of Ba, ,Ca Zr,,Y,,0,;
Sintered at 1600 °C in O, for 24 h (x =0.20)
or10h (x=0.05,0.10)
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Fig. 4 Powder XRD patterns of Bai-xCaxZrosY0.203-5 (x = 0.05, 0.10, and 0.20) and BaZro.8Y0.203-s.
The samples were sintered at 1600 °C in oxygen for 10 or 24 h. There are two unknown but very

small peaks at the around 27.1 and 31.9 ° in the XRD pattern of Bao.9Cao.1Zro.8Y0.203-s.
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Fig. 5 Powder XRD patterns of BaHfo.9Y0.103-5 and BaHfo.8Y0.203.5, which were sintered at 1600 °C

in oxygen for 24 h. The (211) diffraction peaks are magnified in insets to show the shape of peaks.

23
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Fig. 6 Nyquist plots of of Bao.goSro.20Zre.s8Y0.203-5 collected at (a) 180.4 °C and (b) 602.2 °C in Hz —

5% H>O atmosphere. The identification of bulk and grain boundary (GB) were judged from their

specific capacitance around 10°** and 10°° F, respectively.
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Fig. 7 Arrhenius plots of (a) bulk, (b) grain boundary, and (c) total conductivity of Bai.xSrxZro.sY0.203-5 (x = 0.05, 0.10, 0.15, 0.20, and 0.40) and

BaZrogY0.203.5 in Hz - 5% H20 atmosphere.
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Fig. 8 Arrhenius plots of (a) bulk, (b) grain boundary, and (c) total conductivity of BaHf1xYxOz-s (x = 0.1 and 0.2) and BaZr1xYxOs.s (x = 0.1

and 0.2) in H2 - 5% H>0 atmosphere.  All the samples were sintered at 1600 °C in oxygen for 24 h.
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Fig. 9 Dependence of the total electrical conductivity on partial pressure of oxygen measured for

Ba1-xSrxZrosYo.203-5 (x = 0.05, 0.10, 0.15, 0.20, and 0.40) and BaZrosY0.203-5 at (a) 700 °C, (b) 600 °C

and (c) 500 °C. All the samples were sintered at 1600 °C in oxygen for 24 h.
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Fig. 10 Total electrical conductivity in wet Hz (H2 - 5% H20) and ionic transport number in wet O>

(02-5%H>0) measured at 500, 600 and 700 °C for Bai-xSrxZrosYo.203-s (x = 0, 0.05, 0.10, 0.15, 0.20,

and 0.40).
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Table 1 Total compositions determined by ICP-AES of the samples prepared in this work.

Nominal composition Composition determined by ICP-AES
SrZrosY01035 Sr1.02Zr0.90Y0.1003-5
CaZrogY0103-s Ca1.04Zr0.90Y0.1003-5
SrZrosY01035 Sr1.02Zr0.90Y0.1003-5
BaZro9Y0.10s-s Ba1.00Zr0.90Y0.1003-5
BaZrosY0203-5 Ba1.01Zr0.80Y0.2003-5

Ba0.95Sr0.05Zr0.8Y0.203-5 Ba0.96Sr0.05Zr0.80Y 0.2003-5
Ba0.90Sr0.10Zr0.8Y0.203-5 Ba0.935r0.10210.80Y 0.2003-5
Bao.s5Sr0.152r0.8Y0.203-5 Bao.8sSro.152r0.80Y 0.2003-5
Ba0.80Sr0.20210.8Y0.203-5 Ba0.815r0.20210.80Y 0.2003-5
Bao.60Sr0.40Zr0.8Y0.203-5 Ba0.60Sr0.39Zr0.80Y 0.2003-5
Bao.95Ca0.0sZr0.8Y0.203-5 Bao.9sCa0.05Zr0.79Y0.2103-5
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Table 2 Activation energy (Ea) and pre-exponential term (A) of bulk conduction of BaZr1xYxOzs (X =

0.1, 0.2), BaixSrxZrogYo2035 (x = 0, 0.05, 0.10, 0.15, and 0.20), and BaHf1xYxO35 (x = 0.1, 0.2)

measured in wet Hz (Hz - 5% H20). The data collected below 200 °C were used in fitting.

Composition Ea/eV A/Scm? K
BaZrosY0103- 0.383 2.40 x 10°
BaZrogY 02035 0.488 7.27 x 10*
Ba0.95Sr0.05Zr08Y0203-5 0.492 4.90 x 10*
Bao.90Sr0.10Zr08Y0.203-5 0.525 6.46 x 10*
Bao.85Sr0.152r08Y0203-5 0.544 5.59 x 10*
Bao.80Sr0.20Zr08Y0.203-5 0.575 5.22 x 10*
BaZrogHf01035 0.421 4.30 x 10*
BaZrosHfo203.5 0.483 4.78 x 10°
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Table 3 Transport number of ionic conduction (tion) in the samples prepared in this work in wet O

(02 - 5% H0) at 500, 600 and 700 °C. The samples were finally sintered at 1600 °C in oxygen.

Nominal Composition tion in wet O Nominal Composition tion in wet O
500°C 600°C 700°C 500°C 600°C 700°C
BaZrosY 01035 0.89 0.60 0.28 BaZrosY 02035 0.94 0.70 0.39
SrZrosYo1035 1.02 0.90 0.67  BaogsSroosZrosYo20ss  0.95 0.69 0.39
CaZrogY 01035 0.98 0.80 0.85 Bao.goSro10ZrosY 02035 0.96 0.70 0.39

BagosCagosZrosYo203-5 0.90 0.62 0.34 BaogsSro.15ZrosYo203-5 0.93 0.70 0.39
BaHfo,gYo,los.s 0.88 0.60 0.34 BaogoSro20ZrosY 02035 0.94 0.69 0.38

BaHfo_gYo,QO},s 0.98 0.69 0.33 Bao_eoSI’o_4oZI’o_3Yo,203.,5 0.96 0.71 0.42
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