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A Coupled Experimental/Numerical Approach for Tuning High-performing SOFC-Cathode

In this paper, a coupled experimental and numerical approach is used to assess the influence of electrode micro/nano-structure and composition on electrochemical performance. First, the areaspecific resistance (ASR chem ) of 100 vol. % La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) and 60:40 vol. % LSCF:CGO (Ce 0.9 Gd 0.1 O 2-δ ) composite cathode operating at intermediate temperature range (550-650 ˚C) was investigated by impedance spectroscopy. Despite positive expectations based on the literature, the composite in this work showed ASR chem values almost twice as high as those of the pure LSCF cathode. It is believed that the beneficial effect of the addition of CGO on the bulk transport is lost by a drastic reduction of the specific surface area. Next, a 3D finite element method (FEM) cube model is implemented to study the influence of the CGO addition and to relate microstructural modifications to the ASR chem . The model successfully calculates the performance of randomly-distributed constituent phases.

Introduction

Solid oxide fuel cell (SOFC) technology offers a promising choice for a clean, efficient and cost effective power generation. Lowering the operation temperature down to 500-700 °C brings several interesting positive effects. It allows a broader set of materials to be used. It reduces stability and chemical compatibility issues of the interconnect and cell materials. Finally it results in less degradation of the cell and helps in faster start-up (1). All these advantages lead to efficiencies in cost and attainable power. However, the electrochemical kinetics of SOFC components are relatively slow at low operating temperatures (2). Attention has been particularly given to the oxygen reduction reaction (ORR) mechanisms in the cathode since it causes one of the major voltage losses within the cell. La x Sr 1-x Co y Fe 1-y O 3-δ (LSCF) based perovskites have been extensively studied over the past three decades not only for their remarkable mixed ionic and electronic conductivity but also for their high oxygen diffusion and surface exchange coefficients (3)(4)(5). The ionic conductivity of LSCF falls in a great extent at temperatures lower than 600 °C, thus restraining the ORRs near the electrode/electrolyte interface (6). Several studies have highlighted the benefit of composite structures where the effective ionic conductivity of the cathode can be enhanced by adding an ionically conducting second phase, such as (CeO 2 ) 1-x (Gd 2 O 3 ) x into LSCF (7)(8)(9)(10)(11).

Several deposition techniques have been employed to produce cathodes with high porosity and large specific surface in order to reduce polarization losses. Electrostatic spray deposition (ESD) stands out as a promising low cost and parameter-controlled technique (12)(13)(14). The grain size, porosity, surface area and film thickness can be tailored to obtain desired films. LSCF films with a large variety of microstructures ranging from dense to highly porous can be obtained by ESD (15). A nano-crystalline and nano-porous columnar-type microstructure is expected to be beneficial to reduce polarization losses thanks to its large active inner surface area. Notably, micro/nanostructure-performance relationships are evidenced by the so called ALS (Adler, Lane and Steele) 1D continuum model (5). Assuming a macrohomogeneous morphology, these authors derived a simple analytical expression to relate the area specific resistance, ASR chem , to microstructural parameters for mixed ionic-electronic conductors. However, composite cathodes and/or inhomogeneous microstructural features are not taken into account in the model.

In this paper, high-performing 100 vol. % La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) and 60:40 vol. % LSCF:CGO (Ce 0.9 Gd 0.1 O 2-δ ) composite cathodes were deposited by ESD and screen-printing (SP). To assess and quantify the effect of ionically conducting CGO phase in LSCF, 3D Finite Element Method (3D FEM) simulations (16)(17)(18) were performed. Thanks to this model, the changes in the nano-scale architecture of the electrode during processing or long-term operation can be simulated. The films were characterized by Scanning Electron Microscopy (SEM). The electrochemical properties were measured by Electrochemical Impedance Spectroscopy (EIS).

Experimental

Film Deposition 100 vol.% LSCF, 60:40 vol.% LSCF:CGO solutions (referred to as 100 LSCF and 60:40 LSCF:CGO, respectively) were deposited on CGO substrates using a vertical ESD setup (19). The substrate holder was mechanically moved in x and y directions with a rate of 1 mm s -1 . The precursor solutions of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ were prepared by dissolving La(NO 3 ) 3 6H 2 O (Prolabo, 99.99%), SrCl 2 6H 2 O (Strem Chemicals, 99%), Co(NO 3 ) 2 .6H 2 O (Sigma-Aldrich, 99.999%) and Fe(NO 3 ) 2 .9H 2 O (Sigma-Aldrich, 99.99%) salts in adequate amounts to obtain the desired stoichiometry. These were mixed in ethanol and butyl carbitol with a 1:2 volume ratio and a total salt concentration of 0.02 mol L -1 . The C 0.9 Gd 0.1 O 2-δ solutions were prepared similarly by dissolving cerium nitrate hexahydrate (Ce(NO 3 ) 3 6H 2 O, Rectapur Prolabo, 99.5 %) and gadolinium nitrate (Gd(NO 3 ) 3 6H 2 O, Aldrich, 99.99 %) in 1:4 volume ratio of ethanol and butyl carbitol with total salt concentration of 0.02 mol. L -1 . The solutions were atomized using a high voltage 5-6 kV maintaining a cone-jet atomization regime for 3 h at a substrate temperature, a nozzle to substrate distance and a flow rate of 300 °C, 15 mm and 1.5 mLh -1 respectively (Table I). These ESD deposition conditions were optimized in order to obtain a columnar type microstructure. After the ESD deposition, the films were sintered at 800°C for 2h in air using heating and cooling rates of 2°C min -1 and 3°C min -1 , respectively.

To maximize the contact area between the electrode surface and the current collectors, La 0.62 Sr 0.38 Co 0.19 Fe 0.8 O 3-δ powder (Marion Tech. d50 = 0.27 μm) was mixed with an organic binder (50 wt. %) (Zschimmer and Schwarz, KD2921). Then, it was screen printed (SP) symmetrically onto ESD deposited films to serve as a current collecting layer (CCL). The films were heated in an oven below 700 ˚C to eliminate the solvents and binders of the ink.

Material Characterization

The microstructures analysis of the deposited films were studied using scanning electron microscopy, with field emission gun, FEG-SEM (ZEISS Ultra 55).

Electrochemical Characterization

Impedance spectroscopy measurements were performed on symmetrical cells. Platinum grids (Heraeus, 3600 meshes.cm -2 ) were used as current collectors. The electrochemical characterization was carried out between 550 and 650 ºC in air at open circuit potential (OCP) using an Autolab frequency response analyzer within the frequency range 0.05 Hz-10 kHz. The amplitude of the measuring signal was set to 20 mV to ensure the linearity of the electrical response. The magnitude of the total polarization resistance, ASR pol , is calculated by subtracting the high frequency intercept of the electrode impedance from the low frequency one in the Nyquist plane. The diagrams are normalized to the electrode area (1.54 cm 2 ) and divided by two to account for the electrodes in both sides of a symmetric cell.

Results and Discussion

Film Microstructure Characterization 100 LSCF and 60:40 LSCF:CGO composite films composed of ESD and SP layers are shown in Figure 1. A 10 µm thick columnar-type ESD layer is topped by a 25-30 µm thick SP layer in both cases. Macro pore channels within the ESD layer are 1-3 µm wide. The distinction between the ESD layer and the SP current collecting layer is easily made due to their different micro-nano/structure (Figure 1c, Fig. 1g). The submicronic particles of LSCF powder used in the SP deposition provide high porosity. Thus, supplying oxygen gas molecules to the ESD layer is rather facile. We can observe penetration of the SP layer into the macro-pore channels up to 2 µm from the electrolyte-electrode interface.

The SP layer provides a flat surface which is beneficial for a good contact with the Pt grid for the electrochemical measurements. A remarkable change in the nanostructure of ESD films is observed when CGO is added to LSCF, as shown in Fig. 1d and Fig. 1h. The 60:40 LSCF:CGO composite film exhibits rather dense columns compared to the pure LSCF film that presents a large amount of nano-structured porosity within its columns. Comparing the SEM micrographs to literature data of similarly processed LSCF columnar-like microstructures ( 12), the internal pore structure of LSCF in this work seems more pronounced. The importance of the internal nano-structured porosity has been put into evidence by Dieterle et al. in nanocrystalline La 0.6 Sr 0.4 CoO 3-δ (LSC) thin films (20). For a similar grain size (~ 28 ± 10 nm) but larger porosity, a 2.5 fold lower polarization resistance was obtained for a sample calcined at 700 °C in comparison to one calcined at 800 °C for 100 h. An increase of porosity clearly enhances the available active surface area for the electrochemical cathodic reaction. 

Electrochemical Characterization

The impedance diagrams of 100 LSCF and 60:40 LSCF:CGO composite films recorded at 550 ˚C at OCP are presented on a Nyquist plot (Figure 2). The series resistance, including the ohmic resistance of the CGO pellet, has been subtracted for an easy comparison of polarization resistance for investigated electrodes. High frequency inductive effects have been experimentally evidenced at temperatures higher than 500 ˚C. For the investigated temperatures, the electrode reaction mechanism remains nearly unchanged for 100 LSCF and the corresponding composite cathode since the frequency distribution of the electrode impedance is not modified by adding CGO (Figure 2). The experimental diagrams are composed of at least two elementary contributions. These include chemical processes occurring at the cathode, ASR chem , at high frequencies and gas diffusion limitations ASR gas at low frequencies (12). The latter contribution is not thermally activated and is observed as a separate arc only above 550 ˚C (21). It originates from the gas phase diffusion through the pores of the electrode (22,23). The associated capacitance of the first arc for both films (10 -3 ~10 -2 F cm -2 ) implies bulk oxygen transport and surface exchange processes. (12) to 800 ˚C (this study and ref. (13)) clearly leads to an enhancement of the available active surface area for the oxygen reduction reaction. This demonstrates that the porosity content of the LSCF films prepared by ESD can be tailored by adequate annealing temperatures. Based on SEM image analysis (using ImageJ from the top view of Figure 1a, Figure 1e) 10-15 % porosity arising from macro-pore channels was estimated in the ESD layer. In addition, SEM images (Fig. 1c and Fig. 1d) clearly show that pure LSCF columns present a significant amount of inner porosity.

In terms of material choice, the addition of 40 vol. % CGO results in an increase of about two fold in ASR pol in comparison to pure LSCF (Table II), contrary to literature observations. Indeed, improvements by 2 to 10 fold are reported in the literature (7-10) for composite cathodes. In particular, ASR chem of the LSCF:CGO composites were found lower than for pure LSCF between 500 to 700 ˚C. The common point emerging from these studies seems to be the particle sizes of the deposited films being well above the nano-scaled size reported here. Also, no drastic change in microstructure was noticed with the CGO addition. However, the results reported by Beckel et al. (11) are similar to the present ones between 600 and 650 ˚C (Table II). At 650 °C the authors observed a slightly lower ASR value for pure LSCF in comparison to the composite. The investigated LSCF films exhibit slightly larger particles (65 ± 15 nm) compared to the present study. In this work, the addition of CGO to LSCF has suppressed the grain growth of LSCF and thus the LSCF-CGO composite electrode maintained its fine nanostructure with LSCF grain size around 30 nm (Fig. 1h). However, as shown in SEM micrographs (Fig. 1d, Fig. 1h), with the addition of CGO a simultaneous densification occurs. This fine but denser microstructure of the composite appears to be detrimental for the oxygen reduction process due to a lower specific surface area and leads to a larger polarization resistance.

3D Finite Element Model (3D FEM)

As discussed in the previous section, addition of an ionic conducting second phase (CGO) to LSCF, to enhance the electrode performance by extending the active thickness, gives rise to significant changes in the volume-specific surface area, nanoporosity fraction, tortuosity and the particle size. It is of great importance to quantify the influence of these micro/nano-structural properties to achieve fine-tuning of the electrode performance for future SOFC cathodes.

First, the proposed 3D FEM model will be validated in comparison to the wellestablished ALS 1D model (5) which assumes a macrohomogeneous geometry and a pure MIEC material. Next, this 3D FEM model will be implemented for the case of an inhomogeneous columnar microstructure to calculate the ASR chem of pure LSCF and LSCF:CGO composite.

A previously described 3D FEM model implemented for homogeneously distributed MIEC cubes on CGO electrolyte system (16,17), is adopted. To extend the approach to a composite system, a fraction of the cubes is assigned to CGO in the cathodic compartment. The model includes the following processes as illustrated in Figure 3: 1. Surface exchange process at the surface of LSCF in defined boundaries, 2. Bulk diffusion of reduced oxygen ions within the LSCF lattice, 3. Charge transfer at the LSCF(electrode)/CGO(electrolyte) and LSCF(electrode)/CGO(electrode) interfaces, 4. Ionic conduction in CGO (electrode and electrolyte). COMSOL Multiphysics FEM software was used to solve the two coupled partial differential equations governing bulk O 2-diffusion within LSCF and CGO ionic conduction. A number of assumptions were made in the model. Each individual MIEC particle is assumed to have very high electronic conductivity. Thus, only the ionic current transport contributes to the total resistance. Moreover, any interfacial resistance between the current collector/electrode and counter electrode is neglected and the polarization resistance at the counter electrode is assumed to be zero. As a result, the applied voltage distributes entirely across the electrode and causes a flux of oxide ions through the electrolyte. In addition, the partial pressure of oxygen gas is assumed to be uniform everywhere. These assumptions imply that the behavior of each geometry is representative of the electrode as a whole. Finally, a DC voltage (100 mV) between the current collector and the reversible counter electrode on the other side is applied under steady state conditions and the polarization resistance of the cathode is calculated.

3D FEM Model Verification by 1D ALS Model. The ALS model is based on semiinfinite porous cathodes which uses volume-averaged geometrical parameters and linear irreversible thermodynamics in reaction rates. An analytical expression for the cathode performance, ASR chem , is given (Eq. 1) and requires some information of the real geometrical parameters that can be obtained for example from synchrotron tomography (24,25) or FIB/SEM techniques (26,27).

ASR chem = RT 4F 2 ( √ τ (1-ε)aD o k o C o 2 ) [1]
where R is the ideal gas constant (J K -1 mol -1 ), F the Faraday's constant (C mol -1 ) and T temperature (K), the solid phase tortuosity, ε the open porosity and a the surface area per unit volume (cm -1 ), D o the oxygen self-diffusion coefficient (cm 2 s -1 ), k o the oxygen surface exchange coefficient (cm s -1 ) and c o the concentration of oxygen (mol cm -3 ). In this work, a model geometry consisting of randomly distributed cubes of pure MIEC (LSCF) and pore phase on top of the dense electrolyte (CGO) have been generated as depicted in Figure 4. Each cube represents one particle or a void (porosity). The total geometry of the cathode consists of 10 × 10 × 25 cubes in which the length of a cube edge is 400 nm. The required geometrical parameters for Eq.1 are computed on 10 numerically generated cubes with 30 % porosity. The averaged values obtained are 1.3 for tortuosity and 2.98 μm -1 for the specific surface area. The comparison of ASR chem calculated by these two models can be found in Table IV. The results are in good agreement and thus validating the 3D FEM model. ). Taking into account the particle size ratio observed in the SEM images, a twice as high cube size (400 nm, LSCF) is selected for the pure LSCF (200 nm, composite). An of 30 % internal porosity for pure LSCF and a completely dense composite are used.

Table V shows the results of the 3D FEM simulations for 100 LSCF and 60:40 LSCF:CGO for a given microstructural property. ASR chem of the composite is slightly higher than pure LSCF at 650 ˚C revealing that the composite may not be beneficial at high temperatures due to the micro/nano-structural evolution related to CGO addition (loss of the nano-porosity within the columns). However, in contradiction with our experimental observations, the model shows superior performance for the composite at temperatures lower than 600 ˚C. Still, the correct trend is captured: as in the experiment, the ASR chem increases slower for the composite as the operation temperature decreases. The observed overestimation of ASR chem for pure LSCF sample may be related to the selection of the pore size (400 nm in model) leading to an underestimation of the specific surface area. Some controversy exists in the literature regarding the temperature regime at which the composite would actually be beneficial. Esquirol et al. experimentally observed a significant advantage of composite only below 500 ˚C (6). On the contrary, Søgaard et al. showed that the composite should be beneficial already at 600 ˚C in their 1D micro-scale model (16). The preliminary modelling results in this work reveal the composite superiority already at 600 ˚C regardless of the porosity. Nevertheless, the first obtained pilot results are promising and form the basis for further evaluation. A model of the electrode performance taking into account more detailed information on its geometry such as pore phase distribution/connectivity and active specific surface area is in progress. Besides, diffusion of oxygen gas through the pores will be added. We believe that this is an important parameter to distinguish the porosity related electrode performance.

Conclusions

The effect of micro/nano-structural changes on the cathode performance in terms of ASR chem has been studied. A functional layer of pure LSCF and 60:40 LSCF:CGO composite were deposited by ESD, followed by a current collecting layer of LSCF by SP technique. The addition of CGO resulted in the densification of the ESD film with smaller particle sizes. Electrochemical impedance measurements revealed exceptionally low ASR values of 0.02 and 0.06 Ω cm 2 for pure LSCF at 650 and 600 ˚C, respectively. In contrast with the results reported in the literature, values almost twice as high were measured for the composite at these temperatures. Since existing 1D models cannot be applied on an inhomogeneous microstructure or a composite cathode, we have considered 3D FEM modelling. In order to simulate and compare the effect of the geometry on the electrode performance of pure and composite cathodes, a previously established 3D cubic particle model is adapted to model columnar microstructures. The validity of the 3D FEM model is ensured by comparing ASR chem of a macrohomogeneous LSCF cathode with the analytical solution of 1D ALS model. Numerical calculations of ASR depending on the microstructural parameters, chemical composition and temperature have been conducted on a columnar microstructure including 15 vol. % macro-pore channels. Despite the lack of real microstructural parameters, the model predicted close values for both films at 650 ˚C. This model is adaptable to any type of cathode geometry. Implementing real geometrical parameters including gas diffusion within the columns is planned.

Figure 1 .

 1 Figure 1. 100 LSCF film: a) top view of ESD film before SP deposition, (b-c) crosssectional views of double-layered films(ESD+SP) and d) zoom of the ESD film crosssection; 60:40 LSCF:CGO composite film: e) top view of ESD film before SP deposition, (f-g) cross-sectional views of double-layered films(ESD+SP) and h) zoom of the ESD film cross-section.

Figure 2 .

 2 Figure 2. Nyquist plots of electrode impedances recorded at OCP and at 550˚C.Table II summarizes the temperature dependence of the total polarization resistance (ASR pol = ASR chem + ASR gas ) of pure LSCF and the LSCF:CGO composite. Exceptionally low ASR pol values of 0.02 and 0.06 Ω cm 2 were measured for pure LSCF at 650 and 600 ˚C, respectively. To the best of our knowledge, these are amongst the lowest reported values for LSCF in 6428 composition measured in OCP conditions(12,13). Given the fact that the electrode has a profound influence on the electrochemical performance (2), it is worth to compare the electrodes processed and deposited in the same way. The total polarization resistance of LSCF double layer electrodes (ESD+SP) reported by Hsu et al. (13) is 0.05 Ω cm 2 and that of Marinha et al. (12) is 0.126 Ω cm 2 at 600 ˚C. The results in this study are closer to Hsu et al.'s values and almost twice lower than the ones reported by Marinha et al. A decrease of sintering temperature from 900 ˚C(12) to 800 ˚C (this study and ref.(13)) clearly leads to an enhancement of the available active surface area for the oxygen reduction reaction. This demonstrates that the porosity content of the LSCF films prepared by ESD can be tailored by adequate annealing temperatures. Based on SEM image analysis (using ImageJ from the top view of Figure1a, Figure1e) 10-15 % porosity arising from macro-pore channels was estimated in the ESD layer. In addition, SEM images (Fig.1cand Fig.1d) clearly show that pure LSCF columns present a significant amount of inner porosity.

Figure 3 .

 3 Figure 3. Illustration of the processes in the FEM model for a composite cathode.

Figure 4 .

 4 Figure 4. A macrohomogeneous porous MIEC cathode (LSCF) FEM mesh used for comparison with the ALS model. From the Gerischer-like response observed in the recorded impedance spectra of pure LSCF, the chemical transport parameters D δ and k δ are extracted. These values are compared with the literature data measured by different techniques (28-31). Tracer oxygen diffusion coefficient, D * , have an activation energy (1.93 eV) similar to the existing data (6). On the other hand, quite high k * values are found for LSCF films deposited by ESD. The conversion from D o to D * was done using D * = D o • f o equation where f o is the correlation factor for oxygen diffusion in LSCF. For perovskite lattice f o equals to 0.67. The relationship between the tracer transport (D * , k * ) and chemical transport parameters (D δ , k δ ) is as follows: D δ = D * • γ and k δ = k * • γ. These equations use a thermodynamic enhancement factor, γ, that can be obtained from oxygen nonstoichiometry measurements of LSCF (Eq. 2)(28). C o is related to concentration of oxygen defects, C mc , in the MIEC. C mc values above 600 ˚C are taken from ref.(18) and extrapolated to room temperature. C o is calculated using Eq.3 and 4. a and b parameters are the slope and intercept of oxygen nonstoichiometry data, δ and log(pO 2 ) plot, respectively (28). The equation used for the ionic conductivity of CGO is: 1.095e5 • exp (-0.64 kT ) /T where k is the Boltzman constant (JK -1 ) and T is the temperature (K).The parameters used in the model can be found in TableIII.

  3D FEM Model Application to the Columnar Microstructure for Pure LSCF and for the Composite. Two cube-models representing a pure LSCF and a composite cathode with a columnar microstructure are generated including 15 vol. % macro-pore channels and surface exchange on all sides of the column are activated. Making use of the symmetry, a quarter of 8x8x10μm 3 columns were generated as shown in Figure.

Figure 5 .

 5 Figure 5. FEM meshes of columnar microstructures including 15% macro-pore channels. a) 100 vol. % LSCF with 30 vol. % internal porosity b) 60:40 vol. % LSCF:CGO composite without any porosity within the column.After assigning the porosity, 40 % of the remaining cubes are assigned to CGO phase to represent 60:40 LSCF:CGO composite (Figureb). Taking into account the particle size ratio observed in the SEM images, a twice as high cube size (400 nm, LSCF) is selected for the pure LSCF (200 nm, composite). An of 30 % internal porosity for pure LSCF and a completely dense composite are used.

TABLE I .

 I ESD Deposition Conditions for a Columnar Type Microstructure.

	T, ˚C 300	Q, mL h -1 1.5	d, mm 15	t, h 3	V, kV 5-6	Film thickness, μm 10

TABLE II .

 II Area Specific Polarization Losses, ASR pol , between 550-650 ˚C.

	Samples 100 LSCF 60:40 LSCF:CGO	650˚C 0.02 0.04	600˚C 0.06 0.13	550˚C 0.23 0.35

TABLE III .

 III Parameters used in the ALS and 3D FEM model.

	Temp., ˚C 550 600 650	C mc , mol.m -3 85506 85399 85152	C O , mol.m -3 85075 84937 84773	γ 448.33 410.00 378.75	a(T) 218.47 238.08 257.69	b(T) 85221 85097 84947	D δ , m 2. s -1 1.03E-15 4.49E-15 1.66E-14	k δ , m . s -1 4.71E-07 1.04E-06 2.10E-06

TABLE IV .

 IV Comparison of Area Specific Polarization Losses, ASR chem , of 100 LSCF between 550-650 ˚C by 1D ALS Model and 3D FEM Model.

	Model type 1D ALS 3D FEM model	650˚C 0.040 0.041±0.003	600˚C 0.111 0.121±0.007	550˚C 0.353 0.393±0.020
	TABLE V. Average Area Specific Polarization Losses, ASR chem , between 550-650 ˚C Obtained from 3D FEM. Sample 650˚C 600˚C 550˚C 100 LSCF 0.04 0.13 0.43 60:40 LSCF:CGO 0.05 0.09 0.19
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