Improving the efficiency of layered perovskite cathodes by microstructural optimization
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ABSTRACT 
Low temperature Solid Oxide Fuel Cells require the use of cathodes with improved performance. In this sense, the microstructural optimization is fundamental in order to obtain more efficient and stable materials. However, most of the current fabrication techniques involve multiple steps and therefore they are not suitable for industrial applications. This report describes alternative strategies to prepare PrBaCo2O5+ (PBC) cathodes by using a simple and economic spray-pyrolysis deposition (SP) method. Three different electrode configurations have been tested: (i) PBC prepared by spray-pyrolysis on dense CGO pellets, (ii) PBC deposited onto porous CGO backbone layers and (iii) submicrometric PBC powders prepared from freeze-drying precursors and deposited by screen-printing process. The second approach is an alternative to the traditional wet infiltration method with a number of advantages, such as shorter preparation time and simplicity of implementation at industrial scale.
Reduced values of polarization resistance Rp are obtained at 600 ºC, 0.027 cm2 for SP electrodes on porous CGO backbone, in comparison to 0.22 cm2 for submicrometric powder cathodes by screen-printing. Moreover, SP electrodes demonstrate improved stability with stable Rp values at 650 ºC. A Ni-CGO anode-supported cell with SP cathode achieves a remarkable peak power density of 0.95 Wcm-2 at 600 ºC in comparison to 0.6 Wcm-2 for the cell with screen-printed cathode.
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1. Introduction
The lowering of the operating temperature of Solid Oxide Fuel Cells is essential to reduce costs and improve the long-term stability [1-3]. However, the reduction of the operating temperature leads to lower performance, mainly due to an increase of the ohmic and polarization losses associated with the electrolyte and cathode materials, respectively. The ohmic losses may be reduced by using a thin electrolyte layer with fast ionic conductivity, such as Ce0.8Gd0.2O1.9 (CGO) [4]. Hence, the cathode polarization resistance major contribution to the overall performance losses at low temperature [5,6]. 
To reduce the polarization resistance associated with the cathode, two different strategies have been explored; the development of new cathode materials with high mixed ionic-electronic conductivity; and the optimization of the electrode microstructure at a nanoscale level. 
Several cathode materials with high mixed ionic and electronic conductivity have been identified in last few years, such as Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) and LnBaCo2O5+ (Ln=Gd, Sm, Pr, etc.) layered perovskites [7-12]. BSCF cathode exhibits the highest surface exchange and oxygen diffusion reported so far. However, at low temperature this material suffers a slow decomposition, leading to a Ba-rich hexagonal phase and performance degradation [13]. In contrast, LnBaCo2O5+ layered perovskites show performances comparable to BSCF and higher values of electronic conductivity, up to 103 Scm-1 for PrBaCo2O5+ (PBC) [14,15]. The main advantage of PBC with respect to BSCF is the phase stability, since phase segregations have not been reported after long-term annealing experiments. 
On the other hand, the triple phase boundary (TPB) of SOFC cathodes, at which oxygen gas, ionic and electronic conducting phases are simultaneously in contact, serve as the predominant site for the electrochemical reactions. Hence, the performance of conventional cathodes may be enhanced by extending the TPB length [16]. In this sense, various fabrication techniques have been investigated in order to obtain nanostructured materials with high surface area, including nanoparticles by precursor routes [17-19], nanofibers [20-22] and mesoporous/macroporous electrodes by templating methods [23-25]. However, high sintering temperatures are usually needed to obtain an adequate adhesion between the cathode and the electrolyte, resulting in some cases in collapse of the microstructure and/or grain growth with the consequent loss of performance. 
The surface modification though wet infiltration is an alternative to obtain nanostructures electrodes at low sintering temperature [26-29]. In this method, a concentrated cation solution, containing the metal salt precursors is impregnated into a porous backbone, previously deposited on the dense electrolyte. After successive infiltration and thermal treatments, a coating layer of the cathode material is formed on the backbone surface. However, when the backbone is an ionic conductor, high impregnation loadings are necessary to achieve sufficient conductivity and reduced electrode polarization. Hence, the impregnation is not a time-effective method for producing electrodes at large scale. 
	Spray-pyrolysis deposition is another simple and low cost method to obtain nanostructured electrode layers over large areas. It has been widely used to obtain different electrodes, such as La1-xSrxMnO3- [30-31], La0.6Sr0.4Co1-yFeyO3- [32,33] Sm0.5Sr0.5O3- [34] and La2NiO4+ [35,36]. The polarization resistances are significantly reduced compared to conventional cathodes; however, to the best of our knowledge the performance of these electrodes in real SOFCs has been not reported.
A simple and novel approach, based on the spray-pyrolysis (SP) deposition onto a porous electrolyte backbone, has been recently proposed by our research group to prepare La0.8Sr0.2MnO3- and La0.6Sr0.4Co1-yFeyO3- cathodes [37,38]. At low deposition temperature and low flow rate, the precursors penetrate and decompose in-situ into de porous backbone, forming a coating layer with high TPB length and improved performance. This method, unlike the infiltration one, is easily scalable and permits a homogenous deposition of the cathode over large areas in shorter time.
In this work, PrBaCo2O5+ cathodes are prepared for first time by spray-pyrolysis on dense CGO substrates and porous CGO layers in a single deposition step. The structure, microstructure, electrochemical properties and fuel cell performance of these nanostructured electrodes are investigated. The results are also compared with submicrometric powder cathodes obtained via freeze-drying method (FD) and deposited by screen-printing at higher temperatures.


2. Experimental
2.1. Materials preparation.

Ce0.8Gd0.2O1.9 (CGO) pellets, used as electrolyte, were prepared from commercial powders supplied by Rhodia (surface area = 10 m2/g). These powders were uniaxially pressed into discs of 10 and 1 mm of diameter and thickness, respectively, and then sintered at 1400 ºC for 4h. Some of these pellets were screen-printed symmetrically on both faces with a slurry containing 50 wt.% of CGO powder and 50 wt.% of Decoflux (Zschimmer & Schwarz) as binder material. A porous backbone layer was obtained after sintering at 1100 ºC for 1 h. 
Nanocrystalline powders of PrBaCo2O5- were prepared by a freeze-drying precursor method. The starting reagents were: Pr(NO3)3·6H2O (99.9%), Ba(NO3)2 (99.999%), Co(NO3)3·6H2O (99%); and ethylenediaminetetraacetic acid (EDTA) as complexing agent, all of them supplied by Sigma-Aldrich. The nitrates were dissolved in water and an EDTA solution was added in a 1:1 ligand:metal molar ratio. The concentration and pH of the solution were 0.1 mol L-1 and 8 respectively. The solution was frozen in liquid nitrogen and then dehydrated in a Scanvac Coolsafe freeze-dryer for 2 days. The dried precursors were calcined at 900 ºC for 4 h to achieve the desired single-phase material. These powders were deposited by screen-printing on as-prepared CGO pellets and sintered at 1000 ºC for 2 h.
For the spray-pyrolysis technique, an aqueous nitrate with cation concentration 12.5 mmol L-1 an EDTA 3 mmol L-1 was prepared. It has to be commented that EDTA is needed to obtain the desired compound with layered perovskite structure. Samples prepared without EDTA resulted in a mixture of phases, identified as BaCoO3 and PrCoO3. 
The spray deposition was made through a circular shadow mask placed symmetrically on both faces of the CGO pellets without and with porous backbone layers. The spray-pyrolysis setup is described in details elsewhere [33]. The CGO substrates were heated on an aluminium plate at 300 ºC and moved continuously thought the spray-nozzle. The solutions were atomized with compressed air at 2 bars. The rest of experimental parameters: nozzle-substrate distance, solution flow rate and deposition time were fixed at 25 cm, 20 mLh-1 and 60 min, respectively. After the deposition, the electrodes were heated in atmospheric air at 900 ºC for 1 h to achieve crystallization.
For simplicity reasons, the different cathodes prepared by the freeze-drying method and spray-pyrolysis on as-prepared electrolyte surface and porous CGO backbones will be hereafter labelled as FD, SP and SP-CGO, respectively.

2.2. Materials characterization. 
The structure of the electrodes, deposited by either screen printing or spray-pyrolysis on CGO pellets, was investigated by X-ray powder diffraction (XRD) with a PANalytical Empyrean equipped with the X´Celerator detector and CuKα1,2 radiation. The phase identification and analysis were performed with X'Pert HighScore Plus and GSAS suite software [39,40].
The morphology of the electrodes was observed by Field Emission SEM (FEI, Helios Nanolab 650) equipped with energy dispersive X-ray spectroscopy (EDX).
The polarization resistance of the cathode in symmetrical cells was investigated by impedance spectroscopy. A frequency response analyzer (Solartron 1260 FRA) was used at open circuit voltage in the frequency range 0.01-106 Hz with an AC amplitude of 25 mV. Pt meshes were used as current collectors. The measurements were performed in static air (350-650 ºC) and after annealing at 650 ºC for 600 h to evaluate the stability of the electrodes. The impedance spectra were also acquired as a function of the oxygen partial pressures to identify the different processes involved in the polarization resistance. For this purpose, an electrochemical cell, equipped with an oxygen sensor and a pump, was used. The data were analyzed by equivalent circuit models using the ZView software (Scribner Associates). 

2.3. Single fuel tests
	NiO-CGO/CGO/PBC cells were fabricated to evaluate the performance of the electrodes under real operating conditions. The NiO-CGO composite anode, with a ratio NiO:CGO of 60:40 wt.%, was prepared by mixing nanoscale CGO powders (fuelcellmaterials, surface area > 100 m2g) with a solution of Ni(NO3)2 6H2O. The mixture was heated with continuous stirring until complete water evaporation, followed by firing at 800 ºC to decompose the nickel nitrate into NiO. These powders were mixed with a 15 vol.% of grassy carbon microspheres (5 m of diameter), compacted in a die of 13 mm of diameter and pre-sintered at 1000 ºC for 1 h to form the anode substrate with a thickness of 0.5 mm. The CGO electrolyte (Rhodia) was screen-printed on the anode and sintered at 1400 ºC for 2 h. For the sake of comparison, two cells with FD and SP-CGO cathodes were fabricated and tested under identical conditions. The FD cathode was deposited by screen-printing and sintered at 1000 ºC for 2 h, whereas SP-CGO cathode was deposited on previously fixed CGO-backbone as described above. For both cells, the area of the cathodes was limited to 0.25 cm2. 
The cell was mounted on an alumina tube and the anode side was sealed with a ceramic paste (Ceramabond 668, Aremco). The current-voltage and impedance plots of the single cells were performed using a Bio-Logic VSP potentiostat/galvanostat/FRA at operating temperatures between 450 and 650 °C. Static air and humidified H2 (3 vol.% water) were used as oxidant and fuel, respectively. 


3. Results and discussion
3.1. Structural analysis
Fig. 1 compares the XRD patterns of PBC cathodes obtained by freeze-drying (FD) and spray-pyrolysis (SP). The FD powder samples are single compounds after sintering at 900 ºC with an average crystal size of 40 nm, estimated by the Scherrer´s equation. Nevertheless, a sintering temperature of 1000 ºC in needed to ensure a good adherence with the electrolyte. At this temperature, the XRD pattern shows the characteristic peak splitting of a layered perovskite structure with an average crystal size of 90 nm (Fig. 1a). The XRD data were analyzed by the Rietveld method using the structural models previously proposed in the literature [41,42]. The best fitting results are obtained in the orthorhombic Pmmm space group with agreement factors of Rwp=4.4% and RF=7.5% (supplementary material, Table S1). Rietveld refinements in other space groups, such as tetragonal (s.g. P4/mmm), resulted in much worse agreement factors, Rwp= 6.51% and RF=18.93%. 
The SP-CGO sample, calcined at 900 ºC for 1 h, shows the presence of two different phases ascribed to the PBC cathode and the CGO substrate, without appreciable secondary phases. The broadening of the XRD peaks for PBC indicates the presence of the nano-sized crystals. The Rietveld analysis is carried out in the space groups Pmmm and  for PBC and CGO, respectively. A good fitting is obtained as can be observed in Fig. 1b. The agreement factors are: Rwp= 2.81%, RFCGO=5.33% and RFPBC=2.60%. In addition, the refinement in tetragonal P4/mmm space group leads to higher agreement factors: Rwp= 3.38%, RFCGO=7.97% and RFPBC=13.13%. Hence, these results suggest that PBC crystallizes in an orthorhombic symmetry under the synthetic conditions used in the present work. On the other hand, the crystal size for PBC cathode prepared by SP is about 20 nm, much lower than that obtained for FD powders at the same firing temperature 40 nm. This is due to a series of factors, such as shorter preparation time, reducing processing steps, and also the influence of backbone, which limits the cation diffusion, and consequently, the grain growth.  
The unit cell parameters are given as supplementary material in Table S1. Samples prepared by FD and SP at 900 ºC show similar values. In contrast, the FD sample calcined at 1000 ºC exhibits somewhat larger unit cell volume, which is ascribed to the different oxidation states of cobalt and lattice oxygen content with the heat treatment, in accordance with previous reports [42].

3.2. Microstructure of the electrodes
Fig. 2 shows the cross-section SEM images of the different electrodes at two different magnifications. The electrode prepared from FD powders, deposited by screen-printing and sintered at 1000 ºC for 2h, has a thickness of about 10 m and high porosity (Fig. 2a). Image at high magnification reveals that the electrode is well sintered and formed by aggregates of particles of approximately 300 nm of diameter (Fig. 2b). 
The cathode deposited by spray-pyrolysis at 300 ºC on as-prepared CGO substrates, and calcined at 900 ºC for 1 h, exhibits a good adhesion to the substrate with a thickness of 5 m (Fig. 2c). A porous microstructure is observed, which guarantees efficient gas transport (Fig. 2b). The porosity of this cathode is a consequence of the low deposition temperature and residual organic materials, which is eliminated after the thermal treatment at 900 ºC. More importantly, the grain size is lower than 50 nm compared to the same electrode prepared by FD method 300 nm. An image of the electrode surface is given as supplementary material in Fig. S2. This shows a porous and cracked layer formed by particles of approximately 50 nm of diameter.
The morphology of PBC cathodes deposited on CGO backbone layer is shown in Fig. 2e. A double layer electrode is observed, the inner layer is a porous CGO backbone of 10 m of thickness, which is coated with PBC nanoparticles of approximately 50 nm of diameter. This electrode layer near the electrolyte/electrode interface provides extended TPB sites for the oxygen reduction reactions. A second superficial layer of PBC particles is also observed on the electrode surface due to the excess of material accumulated on the backbone during the spray-pyrolysis process. This layer with a thickness of about 1 m is porous and exhibits high electrical conductivity, confirmed by conductivity measurements by four probe method, i.e. 5 Scm-1 at room temperature. Thus, the superficial layer acts mainly as a current collector and is partially responsible for the better electrochemical properties of this novel electrode architecture, when compared to cathodes prepared by wet infiltration method. On the other hand, EDX analysis, performed in different points of cathode layer, confirms that the cation composition is similar to the nominal stoichiometry with an accuracy of 2%.  

 

It is worth noting that the thickness of the PBC-coating and superficial layer might be tailored by varying the deposition temperature and time. For short deposition times, discrete catalyst particles are formed on the backbone, whereas longer deposition time results in a continuous coating layer. In addition, the thickness and porosity of the superficial layer also decreases with increasing of sintering temperature due to a faster evaporation rate of the solvents [38]. 

3.3. Electrochemical characterization
Representative impedance spectra for the different cathodes are shown in Fig. 3a. The spectra were acquired in symmetrical cells under open circuit voltage at 600 ºC in air. Note that the electrolyte resistance was subtracted for better comparison of the electrode response. 
The data are analyzed using the equivalent circuit model displayed in the inset of Fig. 3a, where Rs and L are a serial resistance and an inductance ascribed to the electrolyte resistance and the experimental setup, respectively. The electrode response is composed of two or three different processes, depending on the fabrication method and the measurement temperature, located at low (LF), medium (MF) and high frequency (HF). Each one of these processes was simulated by a (RQ) element, where R is a resistance in parallel with a constant-phase-element Q (inset Fig. 3a).  
Figures 3b compares the overall polarization resistance as a function of the temperature. Submicrometric electrodes prepared by FD exhibit rather low values of Rp about 0.22 cm2 at 600 ºC. These values are drastically reduced for nanostructured electrodes obtained by spray-pyrolysis, e.g. 0.082 and 0.027 cm2 for SP and SP-CGO, respectively. Thus, the polarization resistance of SP-CGO is reduced by almost one order of magnitude compared to FD sample. It should also be commented that these values of Rp are lower than those reported previously in the literature. For example, PBC-infiltrated Ce0.8Sm0.2O1.9 (29 wt.% PBC) exhibits a polarization resistance of 0.08 cm2, almost three times superior to that obtained for SP-CGO in the present work [43]. Rp values reported in the literature for PBC and related cathode materials are given as supplementary material in Table S2. This performance improvement is mainly attributed to the optimized bilayer design of the electrode; the inner layer increases the PBC/CGO interfaces for the oxygen reduction reactions; whereas the top layer with high superficial conductivity acts as a current collector, providing a homogeneous current distribution within the PBC-CGO composite electrode. 
The values of activation energy for Rp decrease slightly for the electrodes deposited by spray-pyrolysis, i.e. 1.15 eV for FD and 1.05 for SP-CGO (Fig. 3b). These values are also similar to those previously reported [11].

In order to obtain further insights on the different rate-determining steps of the oxygen reduction reactions for the SP-CGO sample, the resistance associated at each response was studied as a function of the oxygen partial pressure (pO2) and temperature [44]. The impedance spectra at low temperature (T<600 ºC) contains two different processes in the pO2 range studied (10-3 – 1 atm) (Fig. S2). The high frequency contribution (HF) has a low capacitance value of about 0.1 mFcm-2 and the resistance is nearly independent on the pO2, suggesting that this process is associated with the oxygen ion incorporation from TPB to the electrolyte (). The MF process has a larger capacitance  10 mFcm-2 and shows an oxygen partial pressure dependence of (pO2)-0.5 and therefore may be assigned to molecular oxygen dissociation adsorption (O2,ads2Oads).
The impedance spectra acquired at higher temperatures (T>650 ºC) show a third process at low frequency, which becomes more important as the oxygen partial pressure decreases (Fig. S3). This process exhibits a high capacitance of 0.4 Fcm-2 and presents a strong dependence with the oxygen partial pressure (pO2)-1, characteristic of the diffusion of oxygen molecules into the electrode pores. The activation energy for this process, calculated from the temperature dependence of RLF, is about 0.15 eV close to those previously reported 0.18 eV [43]. These results are similar to those reported for PBC electrodes obtained by conventional solid state reaction [14,46], however, up to four different processes were identified for PBC cathodes prepared by wet-infiltration, which is possibly related to the different preparation conditions and the resulting microstructure [43,45].
The variation of the polarization resistance over time at an annealing temperature of 650 ºC is shown in Fig. 3. The FD electrode shows a significant degradation for the first 200 h, i.e. Rp increases from 0.10 to 0.13 cm2 (inset Fig. 3). After that, the polarization resistance increases more slowly and linearly with a degradation rate of 65 cm2 h-1. In contrast, the SP-CGO electrode shows nearly independent values of Rp over times with a degradation rate of only 2 cm2 h-1. 
The analysis of the different electrode contributions for the FD sample reveals that the MF process, ascribed to molecular oxygen dissociation, shows a larger degradation over time (Fig. S3). This process is intimately related to the electrode surface composition, thus, phase segregation, such as Ba-rich phases, might be responsible for the performance degradation, as previously observed for LSCF cathodes [46]. 
It is also observed that the serial resistance of the symmetrical cells increases about 0.6% for FD sample, while decreases 1 % for SP-CGO. This behaviour for SP-CGO is explained by an enhancement of the superficial conductivity, due to coarsening of the superficial electrode layer over time, as previously observed for different cathodes prepared by spray-pyrolysis [38]. It is also worth noting that reactivity between layered perovskites and CGO was found by XRD studies at 900 ºC with the visible formation of reaction products at 1000 ºC [47]. In addition, the higher the sintering temperature, the lower the cathode efficiency [45]. Thus, lower sintering temperature and shorter preparation time avoid an excessive cation interdiffusion between the CGO electrolyte and PBC cathode, improving the efficiency and long-term stability of the electrodes. 
It is also important to highlight that the infiltrated electrodes are usually synthesized at temperatures as low as 600 °C, resulting in a significant performance degradation due to particle coarsening at the operating temperature [48]. However, the SP electrodes in this work are already prepared at high temperature, 900 ºC, and therefore the coarsening effects are mitigated at low operating temperatures.
Fig. 5 compares the current-voltage and power density curves for PBC/CGO/NiO-CGO cells with both FD and SP-CGO cathodes. The open circuit voltage (OCV) is clearly lower than the Nernst potential due to partial reduction of Ce4+ to Ce3+ in the CGO electrolyte. This leads to an increase of n-type electronic conductivity and current leakage through the electrolyte with increasing temperature, reducing the OCV. However, the OCV values, obtained in this work, are comparable with previous data, indicating a good sealing of the cell and gas-tight electrolyte [49].
The cell with FD cathode generates peak power densities of 0.60, 0.45 and 0.12 W cm-2 at 600, 550 and 450 ºC, respectively. In comparison, the cell with SP-CGO cathode achieves maximum power densities of 0.95, 0.68 and 0.25 W cm-2 at 600, 550 and 450 ºC, respectively, under the same operating conditions. Assuming that the resistance of the anode support/electrolyte layer is the same for both cells, since they were fabricated in the same batch, the better efficiency of SP-CGO cathode is therefore responsible for the improvement of the power density of second cell.  The cell performance with SP-CGO cathode is among the highest reported in the literature for PBC (Table S2, supplementary material).
The impedance spectra confirm that both cells exhibit similar ohmic resistance, which is mainly associated with the electrolyte (Fig. S4). For instance, ohmic resistance values of 0.059 and 0.062 cm2 are obtained for cells with FD and SP-CGO cathodes, respectively, at 600 ºC. As expected, the values of overall polarization resistance were lower for the cell with SP-CGO cathodes, e.g. 0.25 and 0.13 cm2 for FD and SP-CGO cells, respectively.
A short stability test for two days did not show any evidence of degradation for the SP-CGO cell. After that the microstructure of the cell was observed by SEM (supplementary material Fig. S5). The electrolyte shows low porosity and thickness of 10 m; and both cathode and anode present adequate porosity and good adherence with the electrolyte. The anode is formed by fine particles with a diameter inferior to 0.5 m and consequently high interfacial contact between CGO/Ni particles, which also explains the high performance of the cells. Nevertheless, further performance improvement might be obtained by optimizing the anode microstructure, e.g. reducing the sintering temperature of the anode-electrolyte supported cell and the use of graded porous electrodes. Moreover, the proposed electrode preparation method might be used with different cathode and anode materials for SOFCs. 


CONCLUSIONS 
PrBaCo2O5+ (PBC) layered perovskite cathode has been prepared by three different methods: (i) freeze-drying precursors, followed by sintering at high temperature; (ii) spray-pyrolysis on CGO electrolyte and (iii) spray-pyrolysis on CGO backbone layer. The third method is an alternative to the conventional wet infiltration method with several advantages, including shorter preparation time in only one step, homogenous deposition over large area and simplicity of implementation at industrial scale as a continuous process. A bilayer cathode has been obtained; composed by a superficial layer of PBC particles, which acts mainly as a current collector. In contrast, the inner layer is a CGO backbone coated with PBC nanoparticles, providing extended TPB sites for the electrochemical reactions. A Ni-CGO anode supported cell with such novel microstructural design demonstrated excellent performance, achieving a peak power density of 0.95 Wcm-2 at 600 ºC, a substantial improvement compared to a conventional cell fabricated by the screen-printing of PBC powders,  about 0.6 Wcm-2. The stability of the SP-CGO electrodes was tested at 650 ºC for more than 600 h in air and open circuit voltage and a low degradation rate of 2 cm-2 h-1 was observed, further demonstrating the applicability of these cathodes at operating temperatures lower than 650 ºC.  
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Figure captions
Fig. 1. X-ray diffraction patterns of PrBaCo2O5+ (a) FD powder sample at 1000 ºC and (b) SP-CGO at 900 ºC.
Fig. 2.  SEM image at different magnification: (a)-(b) PBC powders samples prepared by freeze-drying and screen-printing process; (c)-(d) PBC deposited by spray pyrolysis on as-prepared CGO; and (e)-(f) PBC deposited by spray pyrolysis on porous CGO-backbone.
[bookmark: _GoBack]Fig. 3. (a) Impedance spectra of the PBC electrodes with different microstructural design at measured temperature of 600 ºC. The inset figure shows the equivalent circuit model used to fit the data. (b) Temperature dependence of the electrode polarization resistance. The data extracted from the literature for PBC powders [14] and PBC-infiltrated CGO [43] cathodes are also included for comparison purpose. 
Fig. 4. Variation of the electrode polarization resistance over time for FD and SP-CGO cathodes. The inset figures show some representative impedance spectra at different times.
Fig. 5. Current-voltage and power density curves of PBC/CGO/NiO-CGO cells with (a) FD and (b) SP-CGO cathodes.
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