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Abstract 

To lower operating temperatures of solid oxide fuel cells (SOFCs), the development of ion-conducting 

oxides with high conductivity and durability is desired. In this work, we investigated Zr-substituted 

“Ba3Y4O9” as an ionic conductor at intermediate temperatures and found that the Zr substitution for Y 

dramatically improves the phase stability in humidified atmospheres at 300-800 °C. The total electrical 

conductivity of 20 mol% Zr-substituted Ba3Y4O9 is about 1 mS/cm at 700 °C in dry H2 and O2 

atmospheres and the contribution of electronic conduction (both hole and electron) is relatively small 

compared with Y-doped BaZrO3 (BZY) and Gd-doped CeO2 (GDC) which are typical intermediate-

temperature ionic conductors. Besides, in the Zr-substituted “Ba3Y4O9” samples, we observed that 

BaO-rich amorphous phase coexists with the main phase whose composition is estimated to be 

Ba:(Y+Zr) ~ 2:3. Therefore, the main conducting phase might be Ba-deficient Ba3Y4O9. The 

mechanism of the ionic conduction and the improvement of chemical stability has not been revealed 

yet due to the lack of crystallographic information about the Ba-deficient phase. While we are now 

working on further investigation, we promptly report the characteristic of the new compound. 
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1 Introduction 

Ionic conducting oxides at intermediate temperatures (400-700 °C) are under active development to 

lower the operating temperatures of solid oxide fuel cells (SOFCs) and extend choices for structural 

materials1,2. The promising candidates include oxide-ion conductors such as Gd-doped CeO2 (GDC)3,4 

and La0.9Sr0.1Ga0.8Mg0.2O3- (LSGM)5,6 and proton conductors such as Y-doped BaZrO3 (BZY) and 

BaCeO3 (BCY)7–10, but they have some problems in terms of chemical stabilities or electron/hole 

conductions10–13. The electron/hole conductions in reducing/oxidizing atmospheres result in the 

occurrence of the internal current leakage in electrolytes in SOFCs and reduce the energy efficiency14,15. 

Therefore, the further development of pure ionic conductors at intermediate temperatures is still 

important for the realization of intermediate-temperature solid oxide fuel cells (IT-SOFCs) with high 

efficiency and durability.  

Recently, we found that the zirconium (Zr) can substitute for yttrium (Y) in Ba3Y4O9 up to 47 mol% 

at 1600 °C16, promising the generation of some defects which may influence the conductivity behavior. 

According to literature, Ba3Y4O9 has a hexagonal perovskite-related structure with lattice parameters 

a = 6.114 Å, c = 25.21 Å17,18, and has been mainly investigated as phosphor candidates and nitric 
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monoxide (NO) direct decomposition catalysts with the substitution of trivalent cations or transition 

metal ion for Y3+ 19–26. Although other hexagonal perovskite-related oxides containing barium such as 

Ba7Nb4MoO20
27 and Ba5Er2Al2ZrO13

28 are expected as good ionic conductors, Ba3Y4O9 has received 

little attention as an ionic conductor probably because of the chemical instability to water and carbon 

dioxide as well as the non-existence of oxygen vacancy in a unit cell17,29,30. 

In this work, we investigated the influence of Zr substitution for Ba3Y4O9 in chemical stability to water 

and conductivity behavior in dry H2, dry O2, and wet O2 atmospheres at the intermediate temperatures 

by heat-temperature X-ray diffraction (HT-XRD) analysis and A. C. impedance spectroscopy, 

respectively. Besides, phase compositions and formation of secondary phases in the Zr-substituted 

Ba3Y4O9 samples are analyzed by an electron probe microanalyzer (EPMA).  
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2 Experimental 

2.1 Material preparation 

B3Y4-Z0, 10, 20 samples with nominal compositions Ba3(Y4-xZrx)O9+0.5x (x = 0, 0.4, 0.8) were 

prepared by conventional solid state reaction method as described below. BaCO3 (Wako Pure Chemical 

Industries, Ltd., Japan, 99.9 %), Y2O3 (Shin-Etsu Chemical Co., Ltd., Japan, 99.9 %), and ZrO2 (Tosoh 

Corporation, Japan, 97.031 %) powders were used as raw materials and mixed at the desired ratios. 

The mixtures were put into polyvinyl bottles with 2-propanol and yttria-stabilized zirconia (YSZ) balls 

and were ball-milled for 24 hours. Then, the YSZ balls were removed by a stainless steel sieve, and 

then 2-propanol was removed by vacuum drying. The sample powder was calcined at 1000 C for 10 

hours in ambient air and ball-milled for 24 hours again. After being pressed into disk-shaped pellets of 

19 mm in diameter under 9.8 MPa, the samples were calcined at 1300 C for 10 hours in ambient air. 

The samples were pulverized with a zirconia mortar, ball-milled for 100 hours. The samples were 

pressed into pellets under 420 MPa and sintered at 1600 C for 24 hours in a dry Ar-20 % O2 

atmosphere. To suppress BaO evaporation during the sintering31, the pellets were embedded in 

sacrificial powder which had the same composition as the samples and calcined at 1300 C. 
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2.2 Characterization 

Phases were identified by powder X-ray diffraction (XRD) analysis with an X’Pert-ProMPD with 

CuKα radiation (PANalytical, Netherland). Microstructure observation and compositional analysis 

were performed by an electron probe microanalyzer (EPMA) equipped with a wavelength dispersive 

X-ray spectrometer (WDS) with a JXA-8530F (JEOL, Japan). The apparent density of the pellet-like 

samples was measured by the Archimedes method and the relative density to the theoretical density 

of Ba3Y4O9
17 was calculated. 

The chemical stabilities in humidified O2 were tested by high-temperature powder XRD analysis 

with the same XRD device using an HTK 1200N high-temperature chamber (Anton Paar, Graz, 

Austria). The water vapor pressure was kept at ~0.02 atm by bubbling O2 gas through deionized 

water kept at room temperature. The samples were heated or cooled to the desired temperatures at a 

rate of 20 C/min. 

The electrical conductivities of the B3Y4-Z10 and B3Y4-Z20 samples with sputtered platinum (Pt) 

electrodes were measured in dry O2, dry H2, and humidified O2 atmospheres. The water vapor 

pressure was kept at ~0.02 atm by the same technique for HT-XRD measurement. After kept at 720 
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C for 10 hours in dry O2/H2 atmospheres and 20 hours in humidified O2, the samples were cooled 

down at a rate of 0.2 C/min with collecting A. C. impedance spectra in the frequency range from 10 

Hz to 7 MHz using a frequency response analyzer (Solartron SI 1260, Solartron Analytical, UK) with 

an applied voltage of 100 mV under open-circuit condition.  
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3 Results 

3.1 Composition range of “Ba3Y4O9” 

Fig. 1 shows the powder XRD patterns of the samples after sintering. Although there are minor peaks 

attributed to Y2O3, most of the diffraction peaks belong to Ba3Y4O9. The peak positions change with 

the increase in the Zr content, indicating the change of lattice parameter due to the substitution of Zr4+ 

for Y3+. The peak shift behaviors of B3Y4-Z10 and B3Y4-Z20 samples are similar to those confirmed 

in our previous paper16. As shown in the results of the WDS point analysis in Fig. 2, the chemical 

compositions of the Ba3Y4O9-structured main phases in the B3Y4-Z10 and B3Y4-Z20 samples are 

Ba:(Y+Zr) ~ 2:3, differing from the expected ratio of Ba:(Y+Zr) = 3:4. Therefore the main phase might 

be better described as “Ba-deficient Ba3Y4O9” rather than “Ba3Y4O9” in terms of chemical composition.  

Besides, the coexistence of BaO-rich phases with the main phases is confirmed in all samples. ‡ From 

the results of XRD, the BaO-rich phases are probably amorphous, indicating the formation of liquid 

phases during the sintering.⁋ It is noted that the sacrifice powder stuck to the pellet of the B3Y4-Z0 

sample after sintering, reinforcing the hypothesis. Therefore, Ba3Y4O9 is not a single-phase 

composition but a mixture of two or more phases. However, in accordance with the reported literature, 
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we still call the mixture “Ba3Y4O9” in this report until completing more detailed investigations. 

 

‡ Footnote: From the WDS spectra, the existence of SiO2 was confirmed in the BaO-rich phases and 

the concentration was about 5 mass%. Because the average concentrations of SiO2 in the samples after 

heat-treatment at 1300 °C were about 1 mass%, the contamination of SiO2 might occur in the synthesis  

process with Al2O3 crucible (0.1 wt% SiO2). Now we are working on the sample preparation without 

SiO2 contamination. 

 

⁋ Footnote: From the microstructure observation as shown in Fig. S1 in supplemental information, 

the morphology of the B3Y4-Z0 sample also suggests the existence of the liquid phase. 

 

  



11 

 

 

 

Fig. 1 The powder XRD patterns of (a) B3Y4-Z0, (b) B3Y4-Z10, and (c) B3Y4-Z20 samples at 

room temperature in an ambient atmosphere. All samples were sintered at 1600 C for 24 hours 

in dry Ar-20 % O2. 
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Fig. 2 Compositions of the polished cross-section of (a) B3Y4-Z0, (b) B3Y4-Z10, and (c) B3Y4-

Z20 pellets as analyzed by EPMA-WDS. All samples were sintered at 1600 C for 24 hours in 

dry Ar-20 % O2. It is noted that the existence of SiO2 in the BaO-rich phase was confirmed from 

the WDS spectra. 
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3.2 Chemical stability in humidified atmospheres 

The results of high-temperature powder XRD analysis for the B3Y4-Z(0, 10, 20) samples are shown 

in Fig. 3, indicating that the chemical stability of the Ba3Y4O9–structured main phase in a humidified 

atmosphere is dramatically improved by the substitution of Zr for Y. As shown in Fig. 3 (a), in 

humidified atmospheres, Ba3Y4O9 without the Zr substitution decompose to Ba(OH)2 and Y2O3 at 300 

C during heating and then the diffraction peaks attributed to Ba(OH)2 disappear at 400-500 C. It 

suggests the melting of Ba(OH)2 phase, being in good agreement with the melting point of Ba(OH)2 

(~400 C) in the previous report32. After the heat-treatment up to 800 C in a humidified atmosphere, 

several decomposed phases are confirmed in the B3Y4-Z0 sample. On the other hand, as shown in Fig. 

3 (b) and (c), the crystallized “Ba3Y4O9” phase still remained through the heat-treatment in humidified 

atmospheres in the B3Y4-Z10 and B3Y4-Z20 samples. These results suggest that the substitution of 

Zr for Y prevents the Ba3Y4O9-structured main phase from decomposition. Interestingly, there is less 

change in the diffraction pattern of the 20 % substituted sample than 10 %, indicating that the chemical 

stability of Zr-substituted Ba3Y4O9–structured main phase in a humidified atmosphere enhances with 

the Zr content. 
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Fig. 3 High-temperature powder XRD patterns of (a) B3Y4-Z0, (b) B3Y4-Z10, and (c) B3Y4-

Z20 samples in humidified O2 atmospheres. The heating/cooling rate is 20 C/min and the 

partial water pressure in humidified O2 gas is kept at ~0.02 atm by bubbling in deionized water 

kept at room temperature. The phase identification from diffraction peaks was performed by 

comparing them with reference patterns in the ICDD database (BaO (PDF#01-071-3780), Y2O3 

(PDF#00-041-1105), Ba(OH)2 (PDF#00-044-0585), BaO2 (PDF#03-065-6619), Ba3Y4O9 

(PDF#04-012-0214), Ba4Y2O7 (PDF#00-037-0992), and BaY2O4 (PDF#01-082-2319)). B3Y4, 

B4Y2, and BY2 in this figure indicate the compounds Ba3Y4O9, Ba4Y2O7, and BaY2O4, 

respectively. 
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3.3 Conductivity behavior in dry/humidified atmospheres 

The conductivities of the B3Y4-Z10 and B3Y4-Z20 samples in various atmospheres are compared in 

Fig. 4. For the B3Y4-Z10 sample, the conductivities in dry H2 and humidified O2 atmospheres have 

local maximum values at around 400 C whereas that in dry O2 atmosphere decreases with a decrease 

in temperature monotonically as shown in Fig. 4 (a). In contrast, for the B3Y4-Z20 sample, the 

conductivities in any atmospheres monotonically decrease with a decrease in temperature as shown in 

Fig. 4 (b). The conductivities of the B3Y4-Z20 sample derive from the Ba3Y4O9-structured main phase 

because the decomposition is not confirmed in the B3Y4-Z20 sample from the HT-XRD measurement 

(Fig. 3 (c)). Thus the increase in the conductivities of the B3Y4-Z10 sample in 400-500 C in dry H2 

and humidified O2 atmospheres probably derives from the decomposed amorphous phase detected in 

the WDS analysis. Although dry H2 gas contains water hardly, water may be generated from the 

reduction of oxide layers on materials in the measurement equipment.  

The little difference in the conductivity of the B3Y4-Z20 sample in dry H2/dry O2/humidified O2 

atmospheres suggests that the dominant conducting species are oxide ions†. Over 500 C, the 

conductivity of the B3Y4-Z20 sample in a dry O2 atmosphere is slightly higher than that in a dry H2 
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atmosphere, indicating the occurrence of the hole conduction. The transport number of hole (𝑡ℎ•) is 

estimated by (σ (in dry O2) − σ (in dry H2)) / σ (in dry O2)) and is 0.23 at 700 C, 0.21 at 600 C, and 

0.08 at 500 C. The total conductivity of the sample in the dry H2 atmosphere is about 1 mS/cm at 

~700 C, indicating that Ba-deficient Ba3Y4O9 with Zr substitution is a good ionic conductor at 

intermediate temperatures.  

 

† Footnote: Because the conductivity in a humidified O2 atmosphere was measured after the 

measurement in a dry O2 atmosphere, the difference in conductivities between dry and humidified O2 

atmospheres probably corresponding to time degradation.  
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Fig. 4 Arrhenius plots of total conductivities of (a) the B3Y4-Z10 and (b) B3Y4-Z20 samples in 

various atmospheres. All samples were sintered at 1600 C for 24 hours in dry Ar-20 % O2. The 

conductivities were evaluated from A. C. impedance spectra collected with a 100 mV applied 

voltage under open-circuit condition. The samples were cooled down at a rate of 0.2 C/min and 

the partial water pressure in humidified O2 is kept at ~0.02 atm by bubbling in deionized water 

kept at room temperature. 
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4 Discussion 

In terms of the chemical stability to water and the relatively high conductivity with a low contribution 

of holes, Ba-deficient Ba3Y4O9 with Zr substitution is a good ionic conductor at the intermediate 

temperatures. For the application of electrolytes in IT-SOFCs, the chemical stability to water is 

required due to exposure to humidified atmospheres. Because Ba3Y4O9 is considered as an 

unpromising candidate for an ionic conductor due to the chemical instability to water17,29, the 

improvement of the chemical stability by Zr substitution for Y is an interesting finding in this work. 

Besides, the ionic conductivity of the B3Y4-Z20 sample is remarkable and its total conductivity of 1 

mS/cm at 700 C is comparative to protonic conductors for IT-SOFCs such as Sr-doped LaP3O9
33, 

La6.63W1.17O13.43
34, and La2(Nb0.3Y0.7)2O7-δ

35. In addition, the transport number of holes at the 

temperature in an oxidizing atmosphere is 0.23, which is much smaller than typical ionic conductors 

such as BZY (the transport number of hole is 0.77 in an oxidizing atmosphere)11 and GDC (the 

transport number of electron is ~1 in a reducing atmosphere)4. Therefore, although more improvement 

in the conductivity is needed, Ba-deficient Ba3Y4O9 has promising characteristics for the application 

of electrolytes in IT-SOFCs. 
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In the meanwhile, for understanding the mechanism of how Zr substitution in Ba-deficient Ba3Y4O9 

affects the chemical stability to water and ionic conduction, there is a strong need to reveal the actual 

crystal structure of Ba-deficient Ba3Y4O9. Recently, Fang et al. reported that co-doping of scandium 

and cupper into Ba3Y4O9 improves phase stability under NO, O2, and H2O co-existence condition and 

proposed that smaller ionic size of Sc3+ (Ⅵ) (0.730 Å) than Y3+ (Ⅵ) (0.892 Å) may stabilize the crystal 

structure geometrically19. However, we need to determine the crystallographic structure and 

composition. It allows the first principle calculation and reveals the conduction mechanism in the 

atomic scale. We are now working on further investigation. 
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5 Conclusions 

In this work, the influence of Zr substitution for Y in “Ba3Y4O9” on the chemical stability and the 

conductivity behavior were investigated. From EPMA-WDS analysis, we observed that BaO-rich 

amorphous phase coexists with the main phase with the chemical composition of Ba:(Y+Zr) ~ 4:6 in 

the Zr-substituted Ba3Y4O9 samples, indicating that Ba3Y4O9 is not a single-phase composition but a 

mixture of two or more phases. The main phase might be better described as Ba-deficient Ba3Y4O9 in 

terms of chemical compositions. The chemical stability to water vapor at intermediate temperature 

(300-800 C) improves by the increase in Zr content in the compounds and the decomposition of the 

crystallized main phase does not occur in the “20 % Zr-substituted Ba3Y4O9” sample. Besides, the total 

conductivity of the “20 % Zr-substituted Ba3Y4O9” sample is about 1 mS/cm in dry H2/O2 at 700 C 

and the contributions of electron/hole conduction (transport number of holes ~ 0.23 at 700 C in 

oxidizing atmospheres) are much smaller than BZY and GDC. Because the Ba-deficient Ba3Y4O9 main 

phase in the sample is considered to be dominant in the conductivity, it is a good ionic conductor at 

the intermediate temperatures. In the meanwhile, the crystallographic information of Ba-deficient 

Ba3Y4O9 is needed to reveal the mechanism of the ionic conduction and the improvement of chemical 
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stability by the Zr substitution. Therefore we are now working on further investigation.  
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Supplemental information 

The microstructure of Zr-substituted Ba3Y4O9 

Fig. S1 shows the secondary electron images of cross-section and relative densities of the samples after 

the sintering. Dense pellets of the B3Y4-Z10 and B3Y4-Z20 samples were obtained whereas a pellet 

with pores was obtained in the B3Y4-Z0 sample. The grain sizes are several micrometers in the 

samples and the size of closed pores in the B3Y4-Z0 sample is 10-50 μm. When the Zr content 

increases, the boundaries between grains are observed clearly and the relative density becomes high. 

The morphology of the microstructure of the B3Y4-Z0 sample suggests the existence of the liquid 

phase. 
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Fig. S5 The secondary electron images of the cross-section of (a) B3Y4-Z0, (b) B3Y4-Z10, and 

(c) B3Y4-Z20 pellets. All samples were sintered at 1600 C for 24 hours in dry Ar-20 % O2. The 

apparent density of the samples was measured by the Archimedes method and the relative 

density to the theoretical density of Ba3Y4O9 was calculated. 


