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Abstract

Y-doped BaZrOs shows high protonic conductivity in intermediate temperature, and has promising
perspective to be applied as an electrolyte in electrochemical devices, including fuel cells and
electrolysis cells. In this work, with the aim to determine the optimal composition of BZY for such
electrochemical application, a thorough investigation on BaZrOs doped with 10 — 25 mol% Y with an
interval of 1 mol% was performed, and the microstructure, phase behavior and transport properties
were studied. The results revealed that after sintering at 1600 °C for 24 h, a bimodal microstructure
was confirmed for BaZr1xYxOzs (x = 0.10 — 0.15), whereas BaZri1xYxOs (x = 0.16 — 0.25) shows
quite uniform grain size. Further investigation on BZY10, BZY15 and BZY?20 by sintering at
different time shows that uniform grain size around 2 and 6 um were obtained for BZY 15 and BZY 20,
respectively, but BZY 10 still has a bimodal microstructure, even after sintering at 1600 °C for 200 h.
Then through a systematic evaluation on the transport properties, we found that when the Y content is
above 0.15, total conductivity over 0.01 Scm™ is achieved even at 500 °C.  And the transport number
of ionic conduction in wet oxygen increases with the Y content increasing from 0.10 to 0.20, but does
not further increase when the Y content is higher than 0.20. Notably, both Ba-deficiency and Ba-
excess decrease the transport numbers of ionic conduction in wet oxygen. In conclusion, Y content

around 0.20 with strictly controlled Ba stoichiometry seems to be the optimal composition.



1. Introduction

Fuel cells can convert the chemical energy in fossils, such as hydrogen, into electricity directly and
efficiently. If they are operated reversely, namely, as electrolysis cells, hydrogen can be produced
by electrolyzing water.  Fuel cells and electrolysis cells are therefore expected to play important roles
in the blueprint to establish a sustainable and green society by utilizing hydrogen as the medium for
energy storage, transport and production. To some extent, the most important component in these
electrochemical devices is the electrolyte, whose properties almost determine the operation conditions
and strategy to implement or develop other components. In the case of using oxide ion conductive
oxides as the electrolyte, e.g., Y-stabilized ZrO; (YSZ), operation temperature above 800 °C is needed
to generate sufficient oxide ion conductivity. Such high operation temperature results in tough
challenges on material compatibility and uncertainty on long-term stability for cell operation.

Proton conductive oxides, firstly discovered by Iwahara, et al.[1, 2], provide a solution to lower the
operation temperature to intermediate temperature range (400 — 700 °C), since the conduction of
protons shows relatively low activation energy [3-6]. And currently, Y-doped BaZrOs; (BZY)
receives the most interest, due to its high proton conductivity (> 0.01 Scm™ at 450 °C for BaZrosY0.20s-
s [7, 8]) and significant chemical stability against carbon dioxide and water vapor [9, 10]. Potential
to implement the BZY electrolyte into fuel cells [11-14] and electrolysis cells [15, 16] has been verified
on bottom cells in a lab scale. However, reviewing the literature, these BZY electrolyte is almost

limited to three compositions; BaZroeY0.1035 (BZY10) [15, 17], BaZro.ssY0.1503-5 (BZY15) [14, 18]



and BaZrogY0.2035 (BZY20) [11-13, 16, 19-22]. And until now, which composition is the best one

still remains as an open question.  Fabbri, et al., investigated the samples doped with 20, 30, 40 and

50 mol% Y, and found that increasing the Y content from 20 mol% to 30 — 50 mol% did not help in

increasing the proton conductivity [23]. A recent work in our group [8] screening the

electroconductive properties of BaZrOs doped with 10, 15, 20 and 25 mol% Y, and found that 20 mol%

Y imparted BaZrOz with relatively higher conductivity. If only focusing on the electrical

conductivity, the Y doping level of 20 mol% appears to be good, but notably, the interval of Y content

(5 [8] and 10 mol% [23]) in these previous research is still too large, and information on other

compositions, especially those adjacent to the 20 mol% Y doped one, is lack, but no doubt of great

importance.

Application as the electrolyte requires not only high electrical conductivity, but also high transport

number of ionic conduction (tion). Although Y-doped BaZrOz shows pure ionic conduction (mainly

proton) in wet hydrogen, significant contribution of hole conduction rises by exposing to wet oxygen.

[24, 25] However, the reported values of tion discrete obviously even for the samples with the same

nominal composition. For example, tion for BaZro.9Y0.1035 and BaZrogYo.2035 at 600 °C varied in

the ranges of 0.38 — 0.67 [24, 26, 27, 28] and 0.4 — 0.52 [24, 25], respectively. The reason for such

large discrepancy needs to be clarified. Furthermore, whether the transport properties of BZY can be

tuned, for example, by simply changing the Y content, is an interesting topic needs to be discussed.



In this work, a systematic screening on the composition of BZY doped with Y content varying from
10 to 25 mol% with the interval of 1 at% was performed. In addition to the careful evaluation of the
electrical conductivity and transport numbers of ionic conduction, change in phase behavior and
microstructure with the composition and condition for heat-treatment was also investigated. Based
on all the information collected, it is allowed to give answer to the question, what is the best

composition of BZY for application as an electrolyte in fuel cells and electrolysis cells.

2. Experimental

2.1 Material Preparation

The BaZrixYxO3-5, and BaZrosMo203s (M = In, Ho, Er, Tm, Yb) samples were prepared by a
conventional solid state reaction method. Starting materials of BaCOgz, ZrOz, Y203, In203, H020s3,
Er,0s, Tm203, and Yb,O3 were mixed at the desired ratio, and ball-milled for 24 h. After being
pelletized under 9.8 MPa, the samples were heat-treated at 1000 °C for 10 h.  Then, the samples were
pulverized and ball-milled for 10 h, and pelletized under 9.8 MPa again, with a subsequent heat-
treatment at 1300 °C for 10 h for synthesizing. The samples were pulverized and ball-milled for 100
h again, and pressed at 392 MPa into pellets with thickness and diameter around 1 mm and 11 mm,
respectively. Finally, the resulting pellets were buried in sacrificial powder which is mixture of the
as-synthesized powder and 1 wt% BaCOs, and subjected to sintering at 1500, 1550 or 1600 °C in

artificial oxygen atmosphere.  The heating rate was 4.17 °Cmin’* from room temperature to 1000 °C,



and 3.33 °Cmin* from 1000 to the target temperature for sintering. The samples of BaZr1«YxOs-s (X
=0.10, 0.15 and 0.20) were quenched at room temperature in ambient atmosphere after the sintering
performed at 1600 °C to see the phase behavior at 1600 °C, whereas the other samples were furnace

cooled to the room temperature.

2.2 Characterization

Chemical compositions were determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) with SPS4000 (Seiko Instruments Inc., Chiba, Japan).  The samples were dissolved in
0.1 mol/L nitric acid solution kept at around 80 °C with several droplets of concentrated hydrochloric
acid. Microstructures were observed by electron probe microanalyzer (EPMA) with JXA-8530F
(JEOL, Tokyo, Japan). Powder X-ray diffraction (XRD) measurements were performed using Cu
Ka radiation with X’Pert PRO MPD or Cu Koz monochromatic radiation with X’Pert PRO Alpha-1
(PANalytical, Almelo, Netherland). Rietveld refinement was carried out utilizing a commercial
software X’Pert HighScore Plus to determine lattice constants. Relative density of the as-sintered
pellet-like samples was estimated with Archimedes method.

Conductivity measurements of the pellet-like samples with sputtered platinum (Pt) electrodes were
performed in wet atmospheres of hydrogen, oxygen or those diluted with argon.  The partial pressure
of water vapor in the wet atmosphere was 0.05 atm obtained by bubbling the gas through deionized

water kept at 33 °C.  All the samples were fixed in alumina rings with zirconia cement (S-301, Asahi



Chemical Co., Ltd., Osaka, Japan) to improve the mechanical strength. Pt plates wiped with silver
mesh were used as current collector. Pt wire was used to lead the current to a frequency response
analyzer (Solartron SI 1260, Solartron Analytical, Farnborough, UK). The impedance spectra were
collected in the frequency range from 10 Hz to 7 MHz with applied voltage of 100 mV. For
completing the Arrhenius plots, the impedance spectra were collected every 50 min by cooling from
700 to 100 °C at 0.2 °Cmin™. For evaluating the transport numbers of ionic conduction, another
sample was used to collect the impedance spectra at only three specific temperatures of 500, 600 and
700 °C, with relaxation time around 10 h and 1 h for changing temperature and atmosphere,
respectively. A commercial software ZView (Scribner Associates, Inc., USA) was used to analyze
the impedance spectra. The semicircles belonging to bulk and grain boundary resistance were
determined by their specific capacitance of 10"** and 10° F, respectively, and also a continuous change
of the profile of the spectra with the change in temperature (Fig. S1). The resistances of bulk and
grain boundary are determined by reading the value at the valley between adjacent two semicircles.
And the total resistance was determined by reading the value at the valley between the grain boundary

and electrode.

3. Results
3.1 Microstructure Observation and Phase Identification

(1) BaZrixYx03-5 (x = 0 — 0.25) sintered at 1600 °C for 24 h



The EPMA second electron (EPMA-SE) images of the microstructure of BaZrOs doped with various
amount of Y after sintering at 1600 °C in oxygen for 24 h are shown in Fig. 1.  For the samples with
the Y content between 0.10 and 0.13, a clear bimodal microstructure, which is a mixture of large grains
(typically larger than 1 um) and fine grains (typically around the order of 100 nm), was observed.
The samples with the Y content of 0.14 and 0.15 also show a bimodal microstructure, but the ratio of
the large grains greatly increases. With the Y content increasing to 0.16 - 0.25, the grain size turned
to be uniform, and appears to increase with the increasing Y content.

From powder XRD patterns (Fig. S2), only diffraction peaks belonging to perovskite-type phases were
confirmed. A single cubic perovskite-type structure (Pm3m) model [29, 30] was then used to
calculate the lattice constant. It should be noted here that since for some compositions (e.g.,
BaZrogY0.103.5), more than one perovskite-type phases possibly co-exist after sintering at 1600 °C for
24 h, which will be described in the following section, the lattice constants thereby estimated using a
single perovskite-type structure model reflect an average influence from all the co-existed perovskite
phases. As shown in Fig. 2, in which our previously reported data on the system doped with small
amount of Y below 0.05 [8, 31, 32] were also plotted, one can see that the lattice constants increase
almost linearly with the increasing Y content, obeying the Vegard’s law, since the radius of six-

coordinated trivalent Y cations (0.900 A [33]) is larger than that of tetravalent Zr cations (0.72 A [33]).

(2) BaZrixYx03-5 (x = 0.10, 0.15, 0.20) sintered at 1600 °C for different time



With regard to the formation of the bimodal microstructure, possible reasons include insufficient time

for sintering, or the nature of such composition (e.g., out of the compositional area for a single

perovskite-type phase). Here, we selected three representative compositions of BaZroeYo0.103-5

(BZY10), BaZro.ssY01503-5 (BZY15) and BaZrogY0.20s3-5 (BZY20) for further investigation. The

samples were quenched in ambient atmosphere from 1400 °C or 1500 °C on heating up, or after holding

at 1600 °C for 0 — 200 h.

The images of the microstructure of the samples at each step during the sintering process are given in

the Electronic Supplementary Information (EIS), and those of holding at 1600 °C for 4, 24, 100 and

200 h are picked out for example to show in Fig. 3. It is clear that for the BZY10 samples, the

bimodal microstructure is kept even after heating at 1600 °C for 200 h. But it is noted that some

grains grew with keeping bimodal microstructure.  Although the microstructure of BZY15 appears

to be bimodal after heating at 1600 °C for 4 h (Fig. 3(e)), the amount of the fine grains reduced

obviously with the increasing heating time. After heating at 1600 °C for longer than 40 h, quite

uniform grain size was observed, in agreement with the previous report in our group [34]. Extending

the heating time to 200 h results in the grain size increasing to around 2 um (Fig. 3(h)). The case of

the BZY 20 samples is similar, but even after heating at 1600 °C for 4 h, quite uniform grain size around

1 um (Fig. 3(i)) was obtained. The grains further grow with the increasing heating time, and have

the size around 2, 4 and 6 um after keeping at 1600 °C for 24, 100 and 200 h.

XRD analysis with the monochromatic Cu Kal radiation provides information on phase behaviour, as



shown in Fig. 4. The change in the shape of the (112) diffraction peak of BZY20 agrees with our
previous reports [35]; that is, the lattice constant of the low temperature phase at 1300 °C is smaller
than that of the high temperature phase at 1600 °C, and by heating the as-synthesized (1300 °C) BZY20
samples to 1600 °C, the low temperature phase entirely transformed to the high temperature phase.
The behaviour of change in the peak shape of BZY15 is analogue to that of the BZY20. But, after
heating the BZY 15 and BZY 20 samples at 1600 °C for 100 or 200 h, a small bump appears at the high
angle side of the main peak, possibly due to the partial loss of BaO after annealing at 1600 °C for too
long time, even these samples were buried in sacrificial powder.

The change in the shape of the (112) diffraction peak is different for the BZY10 samples. One can
see that the peak shape is still quite broad and obviously asymmetric after heating at 1600 °C for 24 h,
40 h and 70 h. Such asymmetric appearance was most likely kept even after heating for 200 h,
indicating that these BZY 10 samples are possibly composed of at least two perovskite-type phases
with different lattice constants.  But clearly, by extending the sintering time, the intensity of the peak
at the low angle side increases, and the intensity of the peak at the high angle side decreases, indicating
that the perovskite-type phases with the larger lattice constant turns to predominate by heating at 1600
°C for sufficiently long time. Here, we simply assume the co-existence of two cubic perovskite-type
phases, and the lattice constants are estimated through Rietveld refinement to be in the ranges of 4.196
—4.203 A and 4.206 — 4.211 A, respectively, for the two phases. And the values are very close to
those of the a (4.196 — 4.199 A) and B (4.205 A) phases reported by Azad, et al [36]. The change in

10



lattice constants of the perovskite phases, and relative density of BZY10, BZY15 and BZY 20 with the

proceeding of the sintering process is shown in Fig. 5 and S5, respectively.

(3) BaZrixYx03-5 (x = 0.20 — 0.25) sintered at 1500, 1550 and 1600 °C for 24 h

Since as shown in Fig. 1, the grain size of BaixYxZrOzs (x = 0.20 — 0.25) is around 2 pm after sintering
at 1600 °C for 24 h, we want to see whether good sinterability can also be acquired at lower temperature
of 1500 and 1550 °C.  As shown in Fig. 6, after sintering at 1500 °C, the grain size is not uniform and
there are a lot of pores in the sample. However, the grains grow to the size around 1 um, after
sintering at 1550 °C for 24 h.  And the relative density of the samples sintered at 1500 °C is below
93.5%, but increases over 95.5% after sintering at 1550 °C (Fig. S7). These results indicate that

BaZri1xYxO35 (x = 0.20 — 0.25) also show good sinterability after sintering even at 1550 °C for 24 h.

3.2 Transport number in wet oxygen

(1) Nominally stoichiometric BaZrixYxOz-s (x = 0 — 0.25)

In this work, the transport number of ionic conduction (ticn) in Wet oxygen (szO = 0.05 atm) was
estimated by evaluating the dependence of electrical conductivity on partial pressure of oxygen (poz)
following Eq. (1), since electronic holes (h*) are generated in oxidizing atmosphere as given in Eq. (2)
[24, 25] and the hole concertation is assumed to be negligibly smaller than ionic defects. Here, ototal,

11



oion and on are the total, ionic and hole conductivities in wet oxygen, respectively, and 0§ and Vg
are oxide ions and oxide ion vacancies expressed in Krdger-Vink notation, respectively. Using oion
and on obtained by fitting the experimental data with Eq. (1), one can calculate tion in wet oxygen with
Eq. (3). An example of the fitting of ciotar OFf BaZro.gY0.203-5 against Po, is shown in Fig. 7. The
impedance spectra shift towards low real resistance side (an example at 600 °C is shown in the inset
of Fig. 7), therefore otta iNcreases, with the increasing Po," indicating enhancement in on with

increasing Po,: [24, 25]

1

Ototal = Oion + Oh (POZ)Z (l)

2V5 + 0, = 205 + 4h* 2
G;

tion = = 1 (3)

Oion T Oh (POZ)Z

Fig. 8 shows tion for nominally stoichiometric samples of BaZrOs doped with various amount of Y.
For the samples prepared by the first batch, in general, tion tends to increase with the Y content
increasing from 0.10 to 0.20 or 0.21. However, further increasing the Y content to 0.25 does not
improve tion.  Especially, tion 0f BaZro.77Y0.2303-5 (BZY23) drops abnormally compared with the value
of the adjacent compositions. To verify the reproducibility, two new batches of samples with the Y
content between 0.21 and 0.24 were prepared and measured. However, quite obvious discrepancy
was confirmed, for example, the values of tion 0f BZY23 prepared in the 1%, 2" and 3™ batches were

about 0.72, 0.79 and 0.77 at 600 °C, respectively.

12



(2) Off-stoichiometry in Ba content

With the aim to clarify the reason for the discrepancy in tion, We firstly measured the average
composition of all the samples by ICP-AES measurements, as shown in Table 1. One can see that
the Y and Zr contents coincide well with the nominal values, but the Ba content deviates from the
stoichiometric value of unity in most cases. For example, the Ba content determined for BZY23 of
the 1%, 2" and 3" batches are 0.96, 1.03 and 1.03, respectively. Since the evaporation of BaO
becomes severe at 1600 °C, [37] even all the samples were buried in the sacrificial powder during
sintering, a precise control on the Ba content with good reproducibility among different batches might
be still difficult.

Next, 20 mol% Y-doped BaZrOs with deliberately introduced Ba-deficiency (Bao.osZro.80Y0.2003-5 and
Bao.9sZr0.s0Y0.2003-5) Was prepared as the 4" batch.  The transport numbers of ionic conduction in wet
O are shown in Fig. 9 with the comparison of nominally stoichiometric BZY20. It is clear that with
the increasing Ba deficiency, tion decreases obviously. Then, tion Of the samples with the Y content
between 0.20 and 0.25 at 600 °C was picked out, and plotted against the actual Ba content determined
by ICP-AES (Table 1), as shown in Fig. 10. Here, Ba-excessive BZY20 with the nominal
composition of Ba1.02Zro.80Y0.2003-5 Was also prepared and measured.  Quite apparently, from Fig. 10,
one can see that tion increases with the composition approaching the stoichiometric value (namely, Ba
content of unity) from the Ba-deficient and Ba-excessive region. These results clearly indicate a
negative impact on the transport number of ionic conduction in wet oxygen from deviation of Ba

13



content from unity, and therefore it is very important to keep the stoichiometric composition to

suppress the enhancement of hole conduction. The microstructures and conductivity of the samples

of BZY20 with different Ba content studied in this work are shown in Electronic Supplementary

Information.

(3) BaZrosMo203-5 (M =Y, In, Ho, Er, Tm or Yb)

In our previous work, we measured the transport numbers of different charge carriers in BaZrOs doped

with various type of dopants, including In, Ho, Er, Tm or Yb, by the electromotive force method. [24]

However, compensation on electrode polarization is needed since significant hole conduction

generated in wet oxygen atmosphere, and this introduced quite large error.  Here, we re-measured the

transport number of ionic conduction in wet O through a more reliable method by evaluating the

dependence of total conductivity with the partial pressure of oxygen. As shown in Fig. 11,

BaZrosY0.203.5 shows higher tion than the samples containing any other dopant.  There is possibility

that such difference in tion might be partially due to the deviation of Ba content from unity, for example,

as given in Table 1, the actual Ba content of the In, Tm and Yb-doped samples are 1.03, 1.02 and 1.04,

respectively. However, for the Ho and Er-doped samples, their actual Ba content are 1.00 and 0.99,

respectively, comparable with that of BZY?20 (Ba content is 0.99). And clearly, tion of the Ho and Er-

doped samples is lower than that of BZY20. Therefore, Y is apparently better than In, Ho, Er, Tm or

Yb to achieve higher tion in BaZrOs.

14



3.3 Conductivity in wet hydrogen

(1) BaZrixYxO3-5 (x = 0.10, 0.15 and 0.20) sintered at 1600 °C for various time

Fig. 12 shows the bulk conductivities measured in wet H» (szO = 0.05 atm) for the BZY10 and
BZY15 samples sintered by heating at 1600 °C for different time. The bulk conductivity of BZY10
sintered at 1600 °C for 24 h in this work is close to our previous report on the sample prepared with
the same condition [8]. However, when the time for sintering was extended to 40 h, a dramatic
decrease in the bulk conductivity of BZY10 occurred, and the bulk conductivity kept stable with the
sintering time further increased to 70 and 100 h.  In contrary, the bulk conductivities for BZY15 are
very close though sintering time at 1600 °C varies from 4 to 100 h. Such results indicate that the
intra-grain properties are stabilized for BZY'15 after sintering for relatively short time (4 h), but is still
changing for BZY10 between sintering for 24 and 40 h. This change is very interesting but it is
difficult to explain at present stage.

Since the grains of BZY15 and BZY 20 grow obviously with the increasing time for sintering (Fig. 3),
it is interesting to see how such the change in microstructure influences the electrical conductivities.
We therefore measured the conductivities of the samples sintered for 4, 24 and 100 h.  Although the
bulk conductivities only change slightly with different sintering time, as expected, the grain boundary
conductivities, and therefore the total conductivities, increase with extending the sintering time (Figs.

S9 and S10).

15



(2) Nominally stoichiometric BaZrixYxOz-s (x = 0 — 0.25)

The total conductivities of BaZrOs doped with different amount of Y collected at 500, 600 and 700 °C
in wet H are shown in Fig. 13.  One can see that for the samples containing Y content between 0.15
and 0.25, the total conductivities exceed 0.01 Scm™ even at 500 °C. In this work, the total
conductivity of BaZrogsY0.1503-5 (BZY15) is higher than that reported in our previous work due to the
relatively smaller ratio of the fine grains.  And the difference in conductivities is quite small among
the samples with different composition, when the Y content was higher than around 0.18. The
Arrhenius plots of the bulk, grain boundary and total conductivities of all these samples are given in
the Electronic Supplementary Information with the activation energy and pre-exponential factors for

information.

4. Discussion

4.1 Correlation between conductivity and fabrication route of BZY10

With the time for sintering at 1600 °C increasing from 24 h to 40 — 100 h, the amount of the perovskite
phase with larger lattice constant (4.206 — 4.211 A) increases, and the bulk conductivity decreases
obviously. By comparing the bulk conductivities of BZY10 and BZY 15 heat-treated at 1600 °C for
the same time between 40 — 100 h, one can see that the bulk conductivity of BZY 15 is about one order
of magnitude higher than that of BZY10. Since the protons (OHg) are introduced through hydration
reaction (Eq. (4)) with the participant of oxide ion vacancies, whose composition is determined by the

16



Y content (Eq. (5)), the concentration of charge carriers of protons in BZY 15 is nearly 1.5 times higher
than that of BZY10 [4]. So, there should be some other reason for such large difference in the bulk
conductivity between BZY10 and BZY15. We considered the possibility that it might be easier for
BZY10 to lose BaO during sintering at 1600 °C, since the relative density of BZY 10 is obviously lower
than that of BZY15 or BZY20 (Fig. S6). By ICP-AES measurements, we found that with the
sintering time extended to higher than 40 h, there is some Ba-deficiency, typically about 0.2 — 0.3 at
40 h, as shown in Table S2. However, the Ba-deficiency in BZY10 does not differ from that in
BZY15 and BZY20. And such small amount of Ba-deficiency only decreases the bulk conductivity
slightly [24, 38].
H,0 + Vg + 0§ = 20Hg (4)
2715 +Y,03 + 05 = 2Zr0, + 2Y5, + V5 (5)
A similar phenomenon was also observed by Asad, et al. on the BZY 10 system [36], but they suggested
that it was the phase with large lattice constant ( phase) which showed higher proton conductivity.
Such conclusion is contrary to our observation in this work, since we found that by sintering at 1600
°C for longer time, the peak intensity of the phase with large lattice constant increased, but the bulk
conductivity decreased. A summarization of the reported bulk conductivity of BZY10 is given in
Fig. S16 and Table S1. Comparison with the data reported by Azad, et al. [36] is difficult, since the
relative density of their samples scatters greatly (65 — 94%). But, one can see that the bulk
conductivity of BZY 10 sintered at 1600 °C for 24 h in this work is close to that reported by Bohn, et

17



al (sintered at 1715 °C for 30 h) [39], whereas the value of BZY10 after sintered for longer time is

close to that reported by Kjglseth, et al (sintered at 1650 °C for 1 h) [40].  Since information is limited,

it is not easy to explain the conductivity difference of BZY 10 between this work and literatures. We

consider that with sintering temperature and time the properties of powder of BZY 10 before sintering,

e.g., particle size, phases, uniformity of distribution of elements, should be took into account.

Anyhow, from the results obtained in this work, the phase relationship for the composition of

BaZro.90Y0.1003-5 appears to be complicated, compared with other ones, such as BaZrogsY0.1503-5 and

BaZrosoY0.20035. A careful handling on the preparation of BZY10 is essential due to its sensitivity

of electrical conductivity on the fabrication route and history for heat-treatment.

4.2 Influence of deviation of Ba content from stoichiometry on transport properties

In our previous study, we reported the transport numbers of various charge carriers, including protons,

oxide ions, and holes, in BaZrogY02035 with different Ba content by electromotive force

measurements [24]. However, since the hole conduction is enhanced in the wet oxygen atmosphere,

compensation on electrode polarization was performed. [41, 42] But unfortunately, such

compensation introduced quite large error, and the difference on the transport number of ionic

conduction in wet oxygen turns to be negligibly small among the samples with different Ba content.

[24] Such conclusion was proved to be incorrect in this work by using a much more reliable method.
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Both Ba-deficiency and Ba-excess deteriorate the contribution of ionic conduction in BZY with Y
content varying from 0.20 — 0.25. When Ba-deficiency was introduced, both the bulk and grain
boundary conductivities decreased. The reduction of grain boundary conductivity was explained by
smaller grain sizes, and that of the bulk conductivity was explained by the decrease of yttrium contents
in barium zirconate phases and plausibly formation of stacking faults [24, 38, 43]. The hole
conductivities in wet O, at 600 °C in this study were calculated to be 0.0069, 0.0041 and 0.0015 Scm"
! for BZY20 with nominal Ba content of 1, 0.98 and 0.95, respectively. Since the hole conductivity
also decreased, we can therefore conclude that the ionic conductivity decreases more than that of holes.
Excessive Ba content in the nominal composition also results in decrease in tion. However, since the
formation of vacancies in Zr/Y site is energetically unfavorable, the excessive Ba will accommodate
at grain boundary. The properties of grain boundary were thereby changed, which is considered to
be main reason for the decreased tion. ~And it is worth to note here that such samples of
Ba1.02ZrosY0.203-5 broke into powder after exposure to ambient atmosphere for one week, due to the

formation of BaCOs.

4.3 BZY composition for electrolyte application in fuel cells or electrolysis cells

As the electrolyte in fuel cells and electrolysis cells, ionic conductivity above 0.01 Scm™ is necessary
[44], from Fig. 12, when the Y content is higher than 0.15, such requirement on conductivity can be
meeted even at 500 °C.  Meanwhile, sufficiently high transport number of ionic conduction is another

essential criterion. In general, transport number of ionic conduction around 0.9 does not influence
19



the performance of fuel cells greatly, but it significantly lowers the performance of the electrolysis

cells. [45] So, the electrolysis cells ask for the electrolyte material with much higher transport

numbers of ionic conduction. If the cells are operated at 500 °C, tion in wet O is typically higher than

0.9, and even approaching unity, regardless of the Y content. However, if the cells need to be

operated at 600 °C, or even higher temperature for small overpotential of electrode reactions, Y content

should be around 0.20 to achieve higher tion and conductivity. In addition, compared with other

composition, the BZY samples with the Y content higher than 0.18 shows relatively better sinterability.

Although compatibility between thermal and chemical expansion effect is another important aspect,

based on the measurements and analysis performed in this work, the best Y content is around 0.20 for

BZY with strictly controlled stoichiometric in Ba content.

5. Conclusions

In this work, a thorough investigation on BaZrOsz doped with 10 — 25 mol% Y with an interval of 1

mol% was performed. After sintering at 1600 °C for 24 h, a bimodal microstructure was confirmed

for BaZri1xYxOs-s (x = 0.10 — 0.15), whereas BaZr1xYxOs-s (x = 0.16 — 0.25) shows quite uniform grain

size. BZY10, BZY15 and BZY20 were selected and subjected to sintering at different time.

Although uniform grain size around 2 and 6 um were obtained for BZY 15 and BZY 20, respectively,

the bimodal microstructure maintained for BZY10 after sintering at 1600 °C for even 200 h. In

addition, the bulk conductivity of BZY 10 decreases by nearly one order when the sintering time was

20



extended from 24 to 40 h. These results indicate that the status of BZY 10 is quite sensitive to the
history of heat-treatment, calling for special attention when BZY10 is handled. A systematic
evaluation on the transport properties was then performed. When the Y content is above 0.15, total
conductivity over 0.01 Scm™ is achieved even at 500 °C. And the transport number of ionic
conduction in wet oxygen increases with the Y content increasing from 0.10 to 0.20, but does not
further increase when the Y content is higher than 0.20. And notably, both Ba-deficiency and Ba-
excess, deviating from the stoichiometric value of unity, result in decrease in the transport numbers of
ionic conduction in wet oxygen. Based on all the information collected in this work, Y content
around 0.20 seems to be the optimal composition for BZY to be applied as an electrolyte in fuel cells

or electrolysis cells.
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Second electron images of BaZr, Y, O, (x=0.10 - 0.25) sintering at 1600 °C in oxygen for 24 h
2 Fayx=013] '
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Fig. 1 EPMA second electron images of fractured cross-section area of as-sintered BaZrOs doped

with various amount of Y.  All the samples were sintered at 1600 °C in oxygen for 24 h, and furnace

cooled to room temperature, except for BaZrogY0.203-5s which was quenched in the ambient atmosphere.
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Fig.2 Lattice constants of the as-sintered BaZrOs doped with various amount of Y.  All the samples

were sintered at 1600 °C in oxygen for 24 h.
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Fig. 3 EPMA second electron images of BaZrooYo01035, BaZrossYo15035 and BaZrosY0.203-5
sintered at 1600 °C for 4, 24, 100 or 200 h.  All the samples were subsequently quenched in ambient

atmosphere.

27



as-synthesized
1300°C,10h

1400°C,0h
(heating up)

1500°C,0h

(heating up)

1600°C,0h

1600°C, 2 h

1600°C,4h

1600°C,8 h

1600°C, 24 h

1600°C, 40 h

1600°C, 70 h

1600°C,100h

1600°C,200h

(112) diffraction peak measured by monochromatic Cu Ka, XRD

BaZr,,Y,.0.,, BaZr,,Y,..0., Bazr,,Y,,0,.,
LN B2 BN aNy
NG LN LN

] ] N
N L] e

SN AN |

s o | LA 2

g N A\ /\

N N A
a i BA
AN A\ /\
/\ \ /\
A\ S Al

52.6 53.0 535

54.0 52.5

53.0 53.5 54.0525 563.0 53.5 54.C
26/ degree

Fig. 4 Change in shape of (112) diffraction peaks collected with monochromatic Cu Kal radiation

of BaZrooY0.103-5, BaZro.ssY0.1503-5 and BaZro.gY0.203.5 during the heat-treatment for sintering at 1600

°C. The samples were heated up at 4.17 °Cmin™! from room temperature to 1000 °C, and 3.33 °Cmin-

! from 1000 to 1600 °C.  After holding at 1600 °C for up to 200 h, all the samples were quenched in

ambient atmosphere.

28



Time elapsed for keeping at 1600°C / h
0 20 40 60 80 100 120 140 160 180 200

4.25 T T T T T T T T 1800
[ m—— YY)
4.24 -(;:) Lattice 1400
N constants ]
ot : A BZY10
< 4234 41200 O
= io VvV BZY15 _ =
e Heele o) O BZY20 2
® : o O o 1000 5
c 1 -
§ 4227 ©
(&) 1 )
: 4 800
S .ﬁv v Y VvV V v 3
= AN 2
® 4214 AL 4600
i A A A
: A R A A 1400
4.20 A -
419 | 1 1 1 1 L 1 L 1 L 1 L 1 L 1 O

0 20 40 60 80 100 120 140 160 180 200 220
Total time elapsed for heat-treatement/ h

Fig. 5 Change of lattice constants of perovskite phases in BaZro.9Y0.103-5 (BZY10), BaZro.s5Y0.1503-
5 (BZY15) and BaZrogY0.2035 (BZY20) with proceeding of the sintering process. The samples were
heated up at 4.17 °Cmin’* from room temperature to 1000 °C, and 3.33 °Cmin* from 1000 to 1600 °C,

and held at 1600 °C for up to 200 h.  All the samples were quenched in ambient atmosphere.
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Fig. 6 EPMA second electron images of fracture cross-section area of BaZri1xYxOzs (x = 0.20, 0.21, 0.22, 0.23, 0.24 and 0.25) sintered at 1500

or 1550 °C in oxygen for 24.  All the samples were furnace cooled to room temperature.

30



BaZr,,Y,.0,.; PH,0= 0.05 atm
-10 T T T i r—
01} € wet O Wet\Hz °? i
= . 2 ° o ]
£ & , Lo [e00°c
(@) 0.08 - -5 _Ru?m Qo |
@ > Riotar g 2 & 700 OC
< 0.06f £ | % Tor| * ous® R o
= N N wetAr-10%0,
E 0.05} 0 R“".a' 1_> | \ ] \ ] \ @
S 0.04} 20 25 30 35 40 45 50
-g Zreal / Qcm (."': AA
o 0.03} PaYo . N— e .
© P > o S —————— 600°C
S A
|2 0.02f i e O P =
500°C
0.01 l 1 L 1 1 1 1
-30 -25 -20 -15 -10 -5 0

log(po,/ atm)

Fig. 7 Dependence of total conductivity of nominally stoichiometric BaZrogY0203.5 on partial
pressure of oxygen at 500, 600 and 700 °C. The impedance spectra at 600 °C in wet Ha, Ar — 10%
02, and O are given in the inset to show how the total resistance were determined. The sample was
sintered at 1600 °C in oxygen for 24 h and quenched to room temperature. The partial pressure of
water vapor in the atmosphere for collecting the impedance spectra was 0.05 atm. The composition

of the sample was determined to be Bao.99Zro.80Y0.2003-s by ICP-AES measurement.
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Fig. 8 Transport numbers of ionic conduction in wet O (p =0.05 atm) In the nominally

Hzo

stoichiometric BaZrO3z doped with various amount of Y. Additional batches of samples of BaZr:-

xYxOs5 (x = 0.21, 0.22 0.23, 0.24) were prepared and tested to check the reproducibility.
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samples of Bao.9sZro.8Y0.203-5 and Bao.osZro.sY0.203-5 in wet O (p =0.05atm)- All the samples
Hzo

were finally heat-treated at 1600 °C in oxygen for 24 h. The Ba-deficient samples were furnace

cooled to room temperature, whereas the stoichiometric sample was quenched in ambient atmosphere.
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Fig. 11 Transport numbers of ionic conduction in nominally stoichiometric BaZrosMo2035 (M =Y,

In, Ho, Er, Tm and Yb) in wet O (p = 0.05 atm)-

1600 °C in oxygen for 24 h.

Hzo

All the samples were finally heat-treated at

All samples were furnace cooled to room temperature, except

BaZrosY0.203.5 which was quenched in ambient atmosphere.
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Fig. 12  Arrhenius plots of bulk conductivity in wet H» (p =0.05 atm) of (a) BaZrooY0103-, and
Hzo
(b) BaZrogsY0.15035 heat-treated at 1600 °C for various time for sintering. All the samples were

finally quenched in ambient atmosphere.
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Table 1 Actual composition of stoichiometric BaZr1xYxOs-s of three batches, Ba-deficient
or excessive BaZro.gY0.20s-5, and BaZro.sMo.2035 (M = In, Ho, Er, Tm, Yb) determined by ICP-

AES measurements.

Batch Nominal Actual Composition Batch Nominal Composition  Actual Composition

No. Composition No.

1 BaZro.90Y0.1003-5 Ba1.00Zr0.90Y0.1003-5 1 BaZros2Y 018035 Bao.gsZro.52Y0.1803-5
BaZrosY 011035 Ba1.03Zro.89Y0.1103-5 BaZro.s1Y01903-5 Ba1.01Zr0.81Y0.1903-5
BaZrossY0.1203-5 Ba1.03Zro.88Y0.1203-5 BaZro.s0Y0.2003-5 Bao.99Zr0.80Y0.2003-5
BaZros7Y 013035 Ba1.0sZr0.87Y0.1303-5 BaZro79Y 021035 Bao.99Zr0.79Y0.2103-5
BaZrossY0.1403-5 Ba1.06Zr0.86 Y 0.1403-5 BaZro7Y 022035 Bao.97Zr0.78Y 0.2203-5
BaZrossY0.1503-5 Ba1.03Zro.85Y0.1503-5 BaZro77Y 023035 Bao.96Zr0.77Y0.2303-5
BaZros:Y0.1603-5 Ba1.00Zro.84Y0.1603-5 BaZro.76Y 024035 Bao.99Zr0.76 Y 0.2403-5
BaZros3Y 017035 Ba1.0sZro.83Y0.1703-5 BaZro75Y 025035 Bao.99Zr0.75Y 0.2503-5

2 BaZro79Y 021035 Ba1.00Zr0.79Y0.2103-5 2 BaZro.77Y 023035 Ba1.03Zr0.77Y0.2303-5
BaZro7sY 022035 Ba1.00Zr0.78Y 0.2203-5 BaZro.76Y 024035 Ba1.01Zr0.76 Y 0.2403-5

3 BaZro7sY 022035 Ba1.03Zr0.78Y 0.2203-5 3 BaZro.77Y 023035 Ba1.03Zr0.77Y0.2303-5

4 Bao.gsZros0Y0.2003-5  Bao2Zro.79Y0.2103-5 4 Ba1.02Zr0.80Y0.2003-5 Ba1.03Zr0.80Y0.2003-5
Bao.9sZros0Y0.2003-5  Baog7Zro.s0Y0.2003-5

S BaZro.s0lNo.2003-5 Bai.03Zr0.811N0.1903-5 5 Ba1.02Zr0.79TMo 21035 Ba1.02Zr0.79TMo 21035
BaZro.s0H00.2003-5 Bai.00Zr0.80H00.2003-5 Bai.04Zr0.78Yb0.2203-5 Bai.04Zr0.78Yb0.2203-5
BaZro.g0Er0.2003-5 Bao.99Zr0.80Er0.2003-5
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