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Two BaZr0.7Pr0.1Y0.2O3-δ (BZPY) layers were used to sandwich a 
BaCe0.8Y0.2O3-δ (BCY) layer to produce a tri-layer electrolyte 
consisting of BZPY/BCY/BZPY. The BZPY layers significantly 
improved the chemical stability of the BCY electrolyte layer, 
which was not stable when tested alone, suggesting that the BZPY 
layer effectively protected the BCY layer from CO2 reaction, 
which is the major problem of BCY-based materials. A fuel cell 
with this sandwiched electrolyte supported on a Ni-based 
composite anode showed a reasonable cell performance, reaching 
185 mW cm-2 at 700 oC, in spite of the relatively large electrolyte 
thickness (about 65 µm). 
  
 

Introduction 
 
Solid oxide fuel cells (SOFCs) have attracted considerable attention all around the world 
due to their high efficiency and eco-friendly way for energy conversion (1). However, the 
traditional SOFCs using yttria-stabilized zirconia (YSZ) as the electrolyte have to be 
operated at high temperatures (such as 1000 oC) causing many issues that prevent their 
practical deployment. Therefore, it is required to reduce the working temperature of 
SOFCs to the intermediate range (500-700 oC). For this aim, proton-conducting oxides 
are suitable electrolyte candidates due to their high conductivity and low activation 
energy (2). In addition, unlike SOFCs with oxygen-ion electrolytes producing the water 
at the anode side, the proton-conducting SOFCs generate water at the cathode side 
without diluting the fuels (3, 4).  
 

During the past three decades, although several oxides have been found to show 
some proton conductivity (5-7), most of the researches in the proton-conducting oxide 
community are focused on the doped BaCeO3 and doped BaZrO3 materials due to their 
high conductivity (8). Y is the mostly used dopant in the BaCeO3-BaZrO3 system because 
Y-doped samples show superior conductivity than that measured for other dopants. It is 
generally regarded that Y-doped BaCeO3 (BCY) shows the largest ionic conductivity 
among proton-conducting oxides (9), and therefore several works use BCY as the 
electrolyte in proton-conducting SOFCs to effectively improve the cell performance (10, 
11). However, the poor chemical stability of BCY makes this material unsuitable for 
practical applications. In contrast, Y-doped BaZrO3 (BZY) possesses excellent chemical 
stability and high bulk conductivity, showing a great potential for practical applications 
(2). But the high grain boundary resistance of BZY decreases its total conductivity and 
hinders its application in SOFCs (4); this problem is made worse by the rather poor 
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sinterability of BZY, which makes the BZY processing a challenge, especially for the 
preparation of BZY electrolyte films (12).  

 
The conventional way of solving this problem is to seek a compromise between 

conductivity and chemical stability by substituting a certain amount of Ce in BCY by Zr 
(9, 13). This strategy can improve the BCY chemical stability of, but at the cost of 
reducing the conductivity. Fabbri et al (14) proposed an alternative method to protect 
BCY electrolyte pellets against CO2, with only a slight loss in total conductivity. Instead 
of changing the composition for the whole pellet, a dense BZY film was deposited on a 
BCY pellet, successfully protecting it, by pulsed laser deposition (PLD) to avoid the 
problem of BZY poor sinterability. Nevertheless, PLD is a technique that allows 
preparation of small-scale samples. 

 
In this study, BaZr0.7Pr0.1Y0.2O3-δ (BZPY), which has been demonstrated to show 

good chemical stability, high conductivity, and good sinterability (15), was used as the 
protective layer for BCY. Both sides of the chemically unstable BCY were protected with 
BZPY. The stability of this tri-layer electrolyte configuration was discussed with respect 
to the single-layer BCY electrolyte configuration. The SOFC with the tri-layer electrolyte 
film was fabricated by uniaxial co-pressing and tested, showing a promising fuel cell 
performance.  
  
 

Experimental Procedure 
 

BaZr0.7Pr0.1Y0.2O3-δ (BZPY) and BaCe0.8Y0.2O3-δ (BCY) powders were prepared by a 
combustion method, according to the procedure reported in a previous paper (15). The 
anode supported tri-layer electrolyte was prepared by a co-pressing method. The BZPY 
powder was well mixed with NiO in a 40:60 weight ratio to prepare the anode powder. 
To provide a sufficient porosity in the anode, 20 wt.% corn flour was added as pore 
former. The anode green substrates were prepared by pressing the anode powder at 100 
MPa into disks 13 mm in diameter and 0.8 mm thick. The BZPY powder was co-pressed 
at 150 MPa on the NiO-BZPY, followed by the addition of BCY powder and co-pressed 
at 200 MPa, and finally another BZPY powder layer was co-pressed at 250 MPa, forming 
the green tri-layer electrolyte on the anode substrate. The green samples were co-fired at 
1400 oC for 6 h. The same procedure was used to prepare NiO-BCY supported BCY 
films, by co-pressing at 100 and 150 MPa, respectively, and co-firing at 1400 oC for 6 h.  

 
Both the tri-layer electrolyte films and the BCY films were treated in pure flowing 

CO2 atmosphere at 700 oC for 3 h, to evaluate their chemical stability. The CO2 flowing 
rate was set at 250 mL min-1. After the treatment, the samples were analyzed by X-ray 
diffraction (XRD). The morphology of the samples was observed using a scanning 
electron microscope (SEM, Hitachi S-4800), equipped with an energy dispersive X-ray 
spectroscope (EDS) to determine the elemental distribution in the electrolyte membranes. 

 
A cathode slurry made of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and BZPY in a 50:50 

weight ratio was printed on the top surface of the electrolyte and then fired at 1000°C for 
3 h to form a porous cathode. For fuel cell tests, humidified hydrogen (∼ 3% H2O) was 
fed to the anode chamber at a flow rate of 25 mL min-1, while the cathode was exposed to 
atmospheric air. The performance of the fuel cell was measured at different temperatures 
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using a multichannel potentiostat (VMP3 Bio-Logic Co.). Electrochemical impedance 
spectroscopy (EIS) measurements were performed under open circuit voltage ranging the 
frequency from 0.1 Hz to 1 MHz.  

 
 

Results and Discussion 
 
Morphology of the tri-layer electrolyte 

 
Figure 1 shows a schematic together with a typical SEM micrograph of the fabricated 

tri-layer electrolyte, consisting of two BZPY layers of about 8 µm sandwiching a thicker 
BCY layer of about 50 µm. The BCY electrolyte shows good conductivity, but is 
recognized as chemically unstable. In order to protect the BCY electrolyte against the 
attack of acid gases (such as CO2) and make it free from gas contact, two relatively thin 
layers of chemically stable BZPY were deposited on both anode and cathode sides of the 
BCY electrolyte. Therefore, the BZPY protective layers are exposed to anode and 
cathode atmosphere during the SOFC operation. BZPY has been demonstrated to show 
very good chemical stability, together with excellent proton conductivity.  

 
 

      
 
Figure 1.  Schematic of the tri-layer electrolyte (left) and a typical SEM micrograph of 
the fabricated tri-layer electrolyte (right). 

 
 
 
Stability of the tri-layer electrolyte 

 
Figure 2 shows the XRD patterns of the surface of the BCY electrolyte and the 

surface of the tri-layer electrolyte before and after exposure to CO2 at 700 oC. We can see 
that the BCY electrolyte decomposed completely after the treatment in CO2 environment 
with the formation of BaCO3 and CeO2, while the tri-layer electrolyte remained 
unchanged. This finding suggests that the BCY electrolyte cannot resist the attack of CO2 
and the deposition of chemically stable BZPY layers can effectively protect the whole 
electrolyte layer against CO2.  

ECS Transactions, 57 (1) 1037-1044 (2013)

1039
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 109.171.137.210Downloaded on 2015-05-19 to IP 

http://ecsdl.org/site/terms_use


 

 

        

 
Figure 2.  XRD patterns for BCY electrolyte film (a) and tri-layer electrolyte film (b) 
before and after exposure to pure CO2 at 700 oC for 3 h.  

 
 
Figure 3 shows the SEM micrographs of the surface of the BCY electrolyte and tri-

layer electrolyte after exposure to CO2. The surface of the BCY electrolyte film was 
damaged by the CO2 during the treatment at 700 oC, whereas no obvious damage 
occurred for the tri-layer electrolyte film in the same environment. The morphology 
comparison of the two electrolyte films after treatment agrees with the results obtained 
with the XRD study, indicating that the tri-layer electrolyte structure is chemically stable, 
having a great potential for practical applications.      

 

     
 

Figure 3.  SEM micrographs of the surface of the BCY electrolyte film (a) and the tri-
layer electrolyte film (b) after the treatment in CO2 atmosphere.  

 
Owing to the reciprocal solubility of Ce and Zr in the perovskite lattice, diffusion of 

Zr from the BZPY to the BCY layers may be expected, leading to a Zr concentration 
decrease in the BZPY protective layers, thereby resulting in a decrease in the chemical 
stability of the whole tri-layer electrolyte. Figure 4 shows the SEM-EDS line scan in the 
cross-section of the tri-layer electrolyte, indicating indeed that the Zr concentration 
decreased from the BZPY layers to BCY layer. The Zr diffusion in the BCY layer, 
however, does not appear to be significant and the Zr content in the BZPY layers is 
sufficiently large to protect the whole electrolyte structure, as demonstrated in the 
chemical stability tests. 
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Figure 4.  SEM-EDS analysis in line-scan mode for Zr element in the cross-section of the 
tri-layer electrolyte. 
 
 
Fuel cell performance 

 
Figure 5 shows the I-V curves (Fig. 5a) and power output (Fig. 5b) of the fuel cell 

with tri-layer electrolyte measured at 600 and 700 oC. Power density outputs of 68 and 
185 mW cm-2 were obtained at 600 and 700 °C, respectively. The fuel cell performance is 
larger than that reported for BaZrO3-based fuel cells in several papers (16-18), suggesting 
that the tri-layer electrolyte structure can retain the high chemical stability of BaZrO3 
based materials with the utilization of BZPY protective layer, and reduce the influence of 
the highly resistive grain boundaries in the Zr-based electrolyte by using highly 
conductive BCY as the electrolyte core. Although this fuel cell is relatively smaller than 
that of the BCY-based fuel cells with similar electrolyte thickness, which are reported to 
reach around 300 mW cm-2 at 700 °C (19, 20), the noticeable improvement in chemical 
stability makes the tri-layer electrolyte structure interesting for practical applications.  

 

    
 
Figure 5.  Electrochemical performance: (a) I-V curves and (b) power density curves for 
the single cell with a tri-layer electrolyte film measured at 600 and 700 oC.  
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Figure 6 shows a typical EIS plot of the cell, measured at 700 °C. The intercept with 

the real axis at high frequency represents the ohmic resistance of the cell (Rohmic), which 
includes the electrolyte and lead wire resistances. The low frequency intercept 
corresponds to the total resistance of the cell. Therefore, the difference between the high 
frequency and low frequency intercepts with the real axis represents the total interfacial 
polarization resistance (Rp) of the cell. The Rohmic of the cell was 0.63 Ω cm2 at 700 °C, 
while the Rp value was 0.27 Ω cm2 at 700 °C. If we assume that the Rohmic mostly came 
from the electrolyte contribution, the conductivity of this tri-layer electrolyte was 
calculated to be 1.04×10-2 S cm-1 at 700 oC. This film conductivity value is significantly 
larger than that for BaZrO3-based electrolyte polycrystalline films, which is normally in 
the order of 10-3 S cm-1 at 700 oC (21), and it is even comparable with that of the 
BaCeO3-based electrolyte (19) but with improved chemical stability. The relatively small 
thickness and good conductivity for the BZPY material in this tri-layer structure can 
reduce the contribution of the BaZrO3-based layer to the total electrolyte resistance, thus 
making electrolyte film more conductive than the only BaZrO3-based electrolyte film, but 
still maintaining good chemical stability.  

 
Figure 6.  Complex-impedance plane plot of the single cell measured at 700 °C in open 
circuit voltage condition.  

 
Although the tri-layer electrolyte showed both high conductivity and good chemical 

stability, the Rp value of is 0.27 Ω cm2 at 700 °C found in this work is larger than that 
reported in the literature for proton-conducting SOFCs. One reason for this relatively 
large polarization resistance is the use of LSCF as the cathode material for proton 
conducting BZPY, which has limited reaction area. Fabbri et al (22) demonstrated that 
the cathode reaction sites can be effectively extended by using proton-electron mixed 
conductors. BaZr0.5Pr0.3Y0.2O3-δ-LSCF composite cathode shows a very small polarization 
resistance of 0.011 Ω cm2 at 700 °C (22), significantly smaller than the Rp value reported 
in this work. This result suggests that using high-performance cathode materials can 

ECS Transactions, 57 (1) 1037-1044 (2013)

1042
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 109.171.137.210Downloaded on 2015-05-19 to IP 

http://ecsdl.org/site/terms_use


 

 

further enhance the fuel cell performance. In addition, reducing the electrolyte thickness, 
about 65 µm, would further reduce the cell ohmic resistance and improve performance.  

 
 

Conclusions 
 

A tri-layer electrolyte structure was successfully prepared for proton-conducting 
SOFCs. Two chemically stable BZPY protective layers were fabricated on both anode 
and cathode sides of a chemically unstable BCY electrolyte, allowing good chemical 
stability in a pure CO2 atmosphere to the whole electrolyte. The anode-supported fuel cell 
with this tri-layer electrolyte showed a peak power density of 185 mW cm-2 at 700 °C. 
This fuel cell performance was large compared with other proton-conducting SOFCs with 
chemically stable electrolytes. The EIS study revealed that the the tri-layer film 
conductivity was even comparable with that of BaCeO3-based electrolyte films, but with 
much better chemical stability. The large electrode polarization resistance and the 
relatively large electrolyte thickness limited the overall fuel cell performance. These 
results suggested that the application of high-performance electrode materials together 
with a further reduction of the electrolyte thickness could further enhance the fuel cell 
performance.  
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