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Abstract 

Cobaltite-based double perovskite oxides with high electrocatalytic activity and 

conductivity have been developed as high-performance cathode alternatives for solid 

oxide fuel cells (SOFCs). However, the use of cobaltite-based double perovskites on 

Y2O3 stabilized ZrO2 (YSZ)-based SOFCs requires the application of a doped ceria 

barrier layer. This is due to their poor chemical and physical compatibility with YSZ 

electrolyte during high-temperature sintering and fabrication process. Here we report 

a viable approach of in operando assemble double perovskites such as 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) on YSZ electrolyte and thus effectively form an 

electrode/electrolyte interface without high temperature processing. The 

electrochemical performance of the in situ assembled PBSCF cathode is comparable 

to that of the cathode prepared by the conventional method. A single cell with an in 

situ assembled PBSCF-GDC (Gd-doped ceria) cathode achieved a peak power density 

(PPD) of 1.37 W cm-2 at 750 °C and exhibited a high stability at 500 mA cm-2 and 

750 °C for 100 h. Surface and cross-sectional microstructure analysis offer solid 

evidence that the PBSCF-GDC cathode/YSZ electrolyte interface was formed by 

electrochemical polarization. This work offers new opportunities to effectively and 

effortlessly use high-performance double perovskite cathodes in commercial SOFCs. 
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1 Introduction 

Solid oxide fuel cells (SOFCs) are great prospects for efficient and 

environmentally friendly energy conversion. Although their high operating 

temperature contributes to a high reaction rate, it also accelerates the degradations of 

both the cell and stack components. In this context, increasing efforts have been 

devoted to reducing the operating temperature to intermediate temperatures 

(500~800 °C). It has been found that the high cathodic overpotential loss becomes the 

key factor which undermines the performances of the SOFCs operating at reduced 

temperatures.1-3 Thus, in order to improve the kinetics of the oxygen reduction 

reaction of SOFCs, considerable efforts have been made in the development of new 

cathodic materials with high activity and stability. 

Recently, single-phase cobaltite-based perovskite materials, such as 

LnBaCo2O5+δ (Ln=Y, Gd, Sm, Nd, Pr) have been the subject of growing research 

activity for the ORR. Typically, they show a cation-ordered structure with alternating 

Ln-O and Ba-O layers.4-6 Through proper ion substitution on both A and B sites, their 

physicochemical properties, such as electrical conductivities, electrochemical 

performances and redox stability could be effectively improved. For instance, 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) 7-9 showed the best electrochemical performance 

with very low area specific resistance (ASR) for oxygen reduction reaction (ORR), 

~0.33 Ω cm2 at 500 °C and ~0.056 Ω cm2 at 600 °C. A Ni-GDC|GDC|PBSCF-GDC 

test cell demonstrated peak power density of ~2.16 W cm-2 at 600 °C and stable 

power output at 550 °C for 150 h under a cell voltage of 0.6 V. Unfortunately, the 
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practical application of these promising double perovskite materials is restrained due 

to their poor physicochemical compatibility with the state-of-art yttria-stabilized 

zirconia (YSZ) electrolyte. Double perovskites readily react with YSZ electrolyte 

during the high temperature sintering and fabrication process. In addition, the thermal 

expansion coefficients are vastly different from that of YSZ. Generated thermal stress 

at high temperatures may lead to detachment of cathode layer. A GDC buffer layer is 

generally adopted to prevent interactions between cathode and YSZ electrolyte layers, 

notwithstanding the TEC mismatch issue remains. The doped ceria buffer layer needs 

to be dense and pinhole-free and requires the careful control of the microstructure of 

the barrier layer and additional fabrication and sintering steps. In the case of 

metal-supported SOFCs cathodes cannot be sintered in an oxidizing atmosphere at 

above 1000 °C due to the deformation of the metal-support as a result of oxidation at 

high temperatures.10-13 Thus, in order to use cobaltite-based cathodes such as 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and SmBa0.5Sr0.5Co2O5+δ (SBSC) double perovskites 

on a ferritic stainless steel (STS430) supported full cell, GDC buffer layer was used 

without pre-sintering to prevent possible chemical reactions between YSZ electrolyte 

and cathode materials cathode layer.10, 11 However, surface segregated Sr could 

migrate through the porous ceria barrier layer, forming insulating phase at the 

interface.  

Most recently, we studied thermally and electrochemically induced 

electrode/electrolyte interfaces on pre-sintered and in situ assembled LSM and LSCF 

electrodes on YSZ and GDC electrolytes and found that electrode/electrolyte 
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interfaces can be formed on the in situ assembled cathodes under cathodic 

polarization conditions without the high temperature sintering process.14 Although the 

topography of the electrochemically induced interface is very different from that of 

one formed under the conventional high temperature sintering, their electrocatalytic 

activities for the oxygen reduction reaction are close and comparable. In this study, 

the PBSCF and PBSCF-GDC cathodes were directly applied on anode-supported YSZ 

electrolyte based cells via in situ assembly method. The electrochemically induced 

cathode/YSZ electrolyte interfaces were formed by polarization at 500 mA cm-2 and 

750 °C for 2 h and showed high activity and stability under SOFC operation 

conditions. 

2 Experimental 

2.1 Materials 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) double perovskite was used as cathode 

material. To prepare PBSCF powder, Pr(NO3)3·6H2O (Aldrich Chemistry), Ba(NO3)2 

(Scharlau), Sr(NO3)2 (Chem-Supply), Co(NO3)2·6H2O (Sigma-Aldrich) and 

Fe(NO3)3·9H2O (Sigma-Aldrich) were initially dissolved in distilled water. Ethylene 

glycol and citric acid were added into the solution sequentially as the chelant agents. 

The molar ration of total metal ions, ethylene glycol and citric acid was 1:1.5:3. The 

solution was stirred and heated at 80 °C for 2 h, and then vaporized in an oven at 

150 °C, followed by calcination in air at 1050 °C for 10 h to form layered perovskite 

PBSCF. 

2.2 Cell fabrication 
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The anode-supported full cells (ϕ13 mm×1 mm) were prepared by tape-casting, 

screen printing and co-sintering process. The anode support substrate containing NiO 

(Inco) and 8 mol. % Y2O3 stabilized ZrO2 (8YSZ, Tosoh) at a weight ratio of 57:43 

was obtained by tape-casting. The NiO-YSZ (60:40) functional anode and YSZ 

electrolyte slurry were screen printed on one side of the anode support substrate in 

sequence, before sintered in air at 1390 °C for 3 h. To fabricate the PBSCF on YSZ 

electrolyte layer via conventional method, a GDC (Ce0.9Gd0.1O1.95, AGC Semi 

Chemical CO., Ltd) buffer layer was fabricated on the YSZ electrolyte layer by spin 

coating and sintering at 1300 °C for 10 h. PBSCF cathode layer was then applied to 

the GDC buffer layer, followed by sintering at 950 °C in air for 4 h. In the case of in 

situ assembled PBSCF cathode, the cathode layer was painted directly on the YSZ 

electrolyte layer and dried at 100 °C for 1 h with no additional pre-sintering step at 

high temperatures. In situ assembled PBSCF-GDC (60:40) cathodes were prepared in 

similar way. The cathode area was 0.32 cm2. Pt paste (Sino-Platinum Metals Co., Ltd) 

used as current collector was painted on the anode and cathode of as-prepared cells 

and dried at 100 °C for 1 h. 

2.3 Characterization 

The phase formation of as-prepared cathode powders was identified by X-ray 

diffraction (XRD). A thermal dilatometer (Linseis, L75 Platinum series) was used to 

examine the thermal expansion coefficient (TEC) of dense PBSCF sample in air from 

200 to 900 °C. 

Electrochemical polarization and impedance measurements were conducted by a 
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four probe method using a Zahner electrochemical workstation. Pt mesh and wires 

(Sino-Platinum Metals Co., Ltd) were used as current collector and measuring probes. 

The cells were sealed onto a cell holder (Al2O3 tube) by using a Ceramabond® glass 

sealant (Aremco Product, Inc.) and the NiO-YSZ anode was reduced by passing pure 

H2 while being heated up. The cathodes were sintered in situ during heating up the 

cell to 750 °C, and then polarized at current density of 500 mA cm-2 for 2 h. After 

initial polarization, the electrochemical impedance spectra (EIS) and current 

density-voltage-power density (I-V-P) curves were measured at temperatures ranging 

from 650 to 750 °C. The stability of full cells with in situ assembled PBSCF-GDC 

cathode was evaluated at 750 °C by applying constant current and simultaneously 

keeping tracking of the voltage. Both H2 and air were fed at a constant rate of 100 mL 

min-1 as fuel and oxidant, respectively, for all tests. 

The microstructure of the cell with the composite cathode was examined by 

scanning electron microscope (SEM, Neon 40EsB) after polarization treatment. The 

topography at the cathode/electrolyte interface before and after polarization 

treatments was investigated using atomic force microscopy (AFM, Bruker’s 

Dimension FastScan) with tapping mode and time-of-flight secondary ion mass 

spectrometry (TOF-SIMS, Lyra FIB-SEM). To investigate the cathode/electrolyte 

interface, the cathode layer was removed by immersing in HCl solution and ultrasonic 

bath for 15 min. Then the samples were left in the HCl for 24 h before cleaned 

thoroughly with distilled water. 

3 Results and discussion 
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3.1 Phase and morphology characterization 

Fig. 1 shows XRD and TEC results of synthesized PBSCF. The XRD pattern of 

as-prepared PBSCF powder is shown in Fig. 1a. The pattern shows only peaks 

associated with double perovskite structure without any evidence of the existence of 

any other impurities, according to JCPDS cards 00-053-0131 of PrBaCo2O5.68. This 

indicates that the as-synthesized PBSCF powder is pure double perovskite phase. The 

thermal expansion curve of PBSCF is not exactly linearly dependent on temperature, 

with an inflection occurring on the slope around 650 °C (Fig. 1b). The TEC value is 

15.2×10-6 K-1 from 200 to 650 °C, and it increases to 31.5×10-6 K-1 at temperatures 

ranging from 650 to 900 °C. The reported TEC values are in the range of 10.3 to 

10.7×10-6 K-1 for YSZ electrolyte.15-17 The TEC value of PBSCF is much higher than 

that of the YSZ electrolyte. Nevertheless, the thermal mismatch between the YSZ 

electrolyte and double perovskite electrode could be accommodated by the loose and 

non-rigid microstructure of the in situ assembled electrode due to the absence of the 

high temperature sintering process. 

3.2 Performance with in situ assembled pristine and composite cathodes 

It is essential to compare performance difference of two full cells with PBSCF 

cathodes prepared by in situ assembling method and conventional method, 

respectively. Fig. 2a shows the polarization performance of cell with in situ assembled 

PBSCF cathode measured at 750 °C with H2 as fuel and air as oxidant. The initial 

peak power density (PPD) is 0.48 W cm-2. After a polarization current density of 500 

mA cm-2 was applied to the cell for 2 h, the PPD is 0.54 W cm-2 at 750 °C, an 12.5% 
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increase as compared to that before polarization treatment. The results indicate that 

the polarization current passage improves the performance of the cells with in situ 

assembled PBSCF cathode. The promotion effect of polarization treatment on the cell 

performance is also confirmed by the impedance responses, as shown in Fig. 3b. The 

initial overall cell polarization and ohmic resistances (Rp and RΩ) are 0.95 and 0.25 Ω 

cm2, respectively, and decrease to 0.65 and 0.23 Ω cm2 after polarization. In the case 

of the cell with pre-sintered PBSCF cathode, the PPD is 0.62 W cm-2 under the same 

conditions (Fig. 3a), slightly higher than that of the cell with in situ assembled PBSCF 

cathode. The cell with pre-sintered PBSCF cathode has similar ohmic resistance with 

that of the cell with in situ assembled PBSCF cathode, while its higher performance 

results from its lower Rp, 0.44 Ω cm2. The close polarization performance of cells 

with in situ assembled and pre-sintered PBSCF cathodes indicates the feasibility of 

the in situ assembly method in the development of cobaltite-based double perovskite 

cathodes on YSZ electrolyte cells. As the Rp is strongly related to contact between 

PBSCF particles and the interfaces, optimization of the cathodic current treatment 

could further reduce Rp. 

Figure 3 shows the electrochemical performance of the cell with an in situ 

assembled PBSCF-GDC composite cathode. The initial peak power density before 

polarization treatment is 1.11 W cm-2 (Fig. 3a), much higher than that of the cell with 

the in situ assembled pristine PBSCF cathode. After polarization treatment at 500 mA 

cm-2 and 750 °C for 2 h, the peak power density increases to 1.37 W cm-2. The 

increase in power output is 23.4%, also higher than 12.5% performance improvement 
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experienced by the cell with pristine PBSCF cathode. The power density is 0.88 and 

0.49 W cm-2 at 700 and 650 °C, respectively. The impedance behavior is similar to the 

polarization performance. Similar to the cell with pristine PBSCF cathode, both RΩ 

and Rp of the cell with PBSCF-GDC composite cathode decrease after the 

polarization treatment (Fig. 4b). The RΩ decreased from 0.24 to 0.20 Ω cm2 whilst the 

Rp decreased from 0.52 to 0.32 Ω cm2 at 750 °C. The decrease in polarization 

resistance, Rp, is 38.5%, much higher than that of the cell with PBSCF cathode, 

consistent with the significant improvement of the performance. The significant 

reduction in both RΩ and Rp shows that cathodic polarization current not only 

improves the physical contact between the cathode and YSZ electrolyte interface, but 

also the contact between PBSCF and GDC particles within the composite cathode. 

The Rp is 0.58 and 0.89 Ω cm2 at 700 and 650 °C, respectively. 

The stability of the SOFCs is an important factor in the evaluation of the 

electrochemical activity of the electrodes. Fig. 4a shows the stability test of the cells 

with in situ assembled PBSCF-GDC composite cathode under a constant current 

density of 500 mA cm-2 at 750 °C. The voltage initially increases from 0.87 to 0.92 V, 

and stays around 0.92 V for 70 h, showing rather stable performance. However, the 

cell voltage decreases slightly to 0.88 V with further polarization. The RΩ remains 

approximately the same value before and after the 100 h test, as shown in Fig. 4b. The 

Rp is 0.30 Ω cm2 after tested for 50 h, very close to the initial value 0.32 Ω cm2 of the 

cell before the test, and it increases slightly to 0.42 Ω cm2 at the end of the test. The 

increase in polarization resistance is mainly on the low frequencies. The impedance 
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responses of the cells can be characterized by a small depressed high-frequency arc 

and a large low-frequency arc, as normally observed for conventional anode 

supported SOFCs.18, 19 The high-frequency region is normally dominated by cathode 

process while the low-frequency region can be mainly contributed to anode 

process.20-22 An equivalent circuit with two RQ (R is electrode polarization resistance 

and Q is the constant phase element) elements in series was used for the EIS analysis 

and the fitting data are shown in Fig. 4b. The polarization resistance values of both 

high- and low-frequency arc slightly increase after the long-term polarization, as 

shown in Fig. 4c. As the low frequency of the cell is primarily related to the 

impedance of the anode of the cell, the small degradation of the cell with in situ 

assembled PBSCF-GDC cathode is also caused by the deterioration of the Ni-YSZ 

anode.  

3.3 Microstructure and AFM analysis of the interface 

Fig. 5 shows the SEM micrographs of the cross-sections of the cell with in situ 

assembled PBSCF-GDC composite cathode after tested at 500 mA cm-2 and 750 °C 

for 100 h. The thickness of composite cathode is ~20 μm and the thickness of the YSZ 

electrolyte layer is 6.5 μm. The PBSCF-GDC cathode is well adhered to YSZ 

electrolyte layer, and the composite cathode is characterized by a mixture of large and 

small particles (Fig. 5b). The morphology and microstructural change at the 

cathode/electrolyte interfaces before and after the durability test were investigated by 

AFM, and the results are shown in Fig. 6. The freshly prepared YSZ surface is clean 

with clear grains and boundaries (Fig. 6a). After polarization at 500 mA cm-2 and 
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750 °C for 100 h, there are large number of contact marks formed on the YSZ 

electrolyte surface in contact with the in situ assembled PBSCF-GDC composite 

cathode (Fig. 6b-c). The size of the contact marks is in the range of 0.1-1 μm. The 

contact marks are randomly distributed on the surface of YSZ electrolyte, indicating 

the formation of such formed contact marks is the result of the polarization under 

SOFC operation conditions. The height profiles along selected three contact marks are 

given in Fig. 6e. For an individual particle (green line), the difference in height 

between the highest and lowest points is 24 nm, much lower than its width of 170 nm, 

which implies the formation of electrode/electrolyte interface. Some small particles 

aggregate to form islands. The thickness of the islands marked by red and blue lines is 

80 and 180 nm, respectively. 

The composition and distribution of elements on the YSZ electrolyte surface of 

the cells after the stability test were investigated by the TOF-SIMS technique and the 

results are shown in Figure 7. A 10×10 μm scan area was analyzed with the depth of 

160 nm (indicated in the Fig.7a). There are large number of particles embedded in 

YSZ grains forming good contact between the YSZ electrolyte layer and the cathode 

layer, consistent with the AFM result in Fig. 6. The element mapping of Zr, Ce, Ba 

and Sr at the depth of 50 nm are shown in Fig. 7b. Strong signal of Zr is detected on 

the whole area, while Ce element is also detected on the YSZ electrolyte surface. 

However, the signals of Ba and Sr are extremely weak as compared to that of Ce, 

which implies that most of those remained particles on the YSZ surface are GDC 

particles from the cathode layer. The results indicate that cathodic polarization current 
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could be beneficial for the interfacial contact between GDC and YSZ electrolyte.  

The in situ assembly of PBSCF electrode on YSZ electrolyte and the formation 

of electrode/electrolyte interface under the influence of cathodic polarization are 

schematically shown in Fig.8. In this in situ assembly route, the cathode powder is 

directly applied on barrier-layer-free YSZ electrolyte, followed by in situ assembling 

under operation conditions. The current passage works as a driving force for the 

contact and interface between the PBSCF and GDC particles, forming passages for 

ionic and electronic transfer (Fig.8c). More importantly, the interfaces between the 

YSZ electrolyte and the cathode can be formed electrochemically in situ under SOFC 

operation conditions (Fig. 8d). ?? 

4 Conclusions 

In this study, in situ assembling method was used to apply PBSCF double 

perovskite cathode material directly to Ni-YSZ anode supported YSZ electrolyte 

based SOFCs. After polarization treatment at 500 mA cm-2 and 750 °C for 2 h, 

electrochemical performance of the cells was remarkably improved. Cathodic 

polarization reduced the cell ohmic resistance, indicating the formation of 

electrochemically induced interface. This is confirmed by the AFM examination of 

the YSZ electrolyte surface in contact with the in situ assembled PBSCF-GDC 

cathodes. In the case of the cell with in situ assembled PBSCF-GDC composite 

cathode, the maximum power density was 1.37 W cm-2 at 750 °C. And it shows quite 

high stability under polarization conditions of 500 mAcm-2 and 750 °C for 100 h. The 
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TOF-SIM analysis reveals that large number of GDC particles were embedded in YSZ 

grains forming good contact between the electrolyte and cathode layers after 

polarization. The above results demonstrate that the in situ assembly method is an 

effective approach to directly apply cobaltite-based double perovskite cathodes to 

YSZ electrolyte based SOFCs. 
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Figure captions: 

1. (a) The XRD pattern of as-prepared PBSCF calcined in air at 1050 °C for 10 h 

and (b) thermal expansion curve of PBSCF collected in air at temperatures 

ranging from 200 to 900 °C. 

2. (a) Polarization performance and (b) open circuit EIS of the cell with in situ 

assembled PBSCF cathode, measured at 750 °C before and after polarization 

at 500 mA cm-2 for 2 h. The performance of a full cell prepared by 

conventional method with a GDC buffer layer is illustrated for comparison. 

3. (a) Polarization performance and (b) open circuit EIS of the cell with in situ 

assembled PBSCF-GDC composite cathode, measured at temperatures ranging 

from 650 to 750 °C after polarization at 500 mA cm-2 and 750 °C for 2 h. The 

initial performance at 750 °C before polarization treatment was also recorded 

for comparison. 

4. (a) Performance stability of the cell with PBSCF-GDC composite cathode at 

500 mA cm-2 and 750 °C; and (b) open circuit impedance curves and (c) 

corresponding fitting data of the cell. 

5. SEM micrographs of cross sections of (a) the full cell and (b) PBSCF-GDC 

composite cathode after the stability test. 

6. AFM micrographs of (a) a blank YSZ electrolyte surface for comparison and 

(b-c) YSZ electrolyte surface in contact with in situ assembled PBSCF-GDC 

composite cathode after the cell stability test. (d) Height image of the area 

shown in (c). (e) The height profile along the line indicated in (d). 
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7. (a) SEM images of the YSZ electrolyte surface in contact with in situ 

assembled PBSCF-GDC composite cathode after the cell stability test. (b) 

TOF-SIMS element representations from a 10×10 μm scan area indicated in (a) 

at the depth of 50 nm. 

8. Scheme of the in situ assembly process. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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