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Abstract 

 We describe the manufacture and electrochemical characterization of micro-tubular anode 

supported solid oxide fuel cells (mT-SOFC) operating at intermediate temperatures (IT) using 

porous gadolinium-doped ceria (GDC: Ce0.9Gd0.1O2−δ) barrier layers. Rheological studies were 

performed to determine the deposition conditions by dip coating of the GDC and cathode 

layers. Two cell configurations (anode/electrolyte/barrier layer/cathode): single-layer cathode 

(Ni-YSZ/YSZ/GDC/LSCF) and double-layer cathode (Ni-YSZ/YSZ/GDC/LSCF-GDC/LSCF) 

were fabricated (YSZ: Zr0.92Y0.16O2.08; LSCF: La0.6Sr0.4Co0.2Fe0.8O3−δ). Effect of sintering 

conditions and microstructure features for the GDC layer and cathode layer in cell performance 

was studied. Current density-voltage (j-V) curves and impedance spectroscopy measurements 

were performed between 650-800 °C, using wet H2 as fuel and air as oxidant. The double-

cathode cells using a GDC layer sintered at 1400 °C with porosity about 50% and pores and 

grain sizes about 1 µm, showed the best electrochemical response, achieving maximum power 

densities of up to 160 mW cm−2 at 650 °C and about 700 mW cm−2 at 800 °C. In this case GDC 

electrical bridges between cathode and electrolyte are preserved free of insulating phases. A 

preliminary test under operation at 800 °C shows no degradation at least during the first 100 h. 
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These results demonstrated that these cells could compete with standard IT-SOFC, and the 

presented fabrication method is applicable for industrial-scale.   

Keywords:  A. Dip coating; C. Electrochemical properties; D. GDC; E. Fuel cells 

 

1. Introduction 

Currently there is a special interest in developing micro-tubular solid oxide fuel cells (mT-

SOFC) for their use in portable energy systems. A rapid start-up and shut-down, an increase in the 

volumetric power density, a better thermal shock resistance together with a low thermal mass allows mT-

SOFC devices to compete advantageously with other SOFC geometries [1-4]. Furthermore, mechanical 

robustness and long-term stability of these micro-tubular cells are also an advantage [5, 6]. Therefore, all 

these features combined with the fact that mT-SOFCs are smaller, lighter, cleaner and even cheaper than 

lithium batteries [7], makes them stand out as highly attractive technology for transportable devices. Their 

properties, performance and manufacturing techniques of mT-SOFCs have been recently reviewed [8-12]. 

The current challenge is to reduce the working temperature of mT-SOFCs from 800 °C down to 

an intermediate-temperature range of between 500 and 750 °C (IT-SOFC), which would prevent many of 

the inconveniences associated with operation at high temperatures. Low-temperature operation would 

allow the use of inexpensive conventional metals for the stack components, the minimisation of thermal 

degradation and also the deleterious effects of chemical reactions between cell components [7-13]. 

However, operating at low temperatures has some drawbacks. Firstly, it decreases cell performance due 

to the increase in the polarization resistance of the electrodes, as well as a decrease in the ionic 

conductivity of the electrolyte. In order to reduce the operating temperature, traditional YSZ 

(Zr0.92Y0.16O2.08) electrolyte has been proposed to be replaced by alternative solid electrolytes such as 

doped ceria, which presents higher ionic conductivity [14]. Another alternative is reducing the thickness 

of the YSZ electrolyte layer. The main advantage YSZ presents, in addition to its good chemical and 

mechanical stability, is that YSZ is cheaper than any doped ceria, because it is a material more used in 

industry. Moreover, ceria-based materials display relatively lower open circuit voltage (OCV) due to high 

electronic conductivity at the reducing atmosphere [12]. Bearing in mind also that YSZ thin layers can be 

mass produced reliably using relatively cheap ceramic production routes [15-17], it seems reasonable to 
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continue developing YSZ-based SOFCs for IT applications. From there, its intrinsic resistance increases 

substantially [16], and the use of hydrocarbon fuels such as propane, methane, diesel or syngas would 

require a preliminary stage reforming [18]. 

Secondly, at low temperatures, the increased polarization on the cathode side might decrease cell 

performance. In order to reduce cathode polarizations, mixed ionic-electronic conductors (MIEC) have 

been considered as alternative cathode materials [19-21]. In fact, LSCF (La1−xSrxCo1−yFeyO3−δ) has been 

regarded as a promising alternative cathode material because it provides higher ionic-electronic 

conductivity than LSM (Sr-doped LaMnO3), currently being used at high temperatures [22-24]. The 

properties of these cobalt-ferrites depend on their composition. La0.6Sr0.4Co0.2Fe0.8O3−δ seems to be the 

preferred composition as it presents a good compromise between conductivity, catalytic activity, thermal 

expansion coefficient (TEC) and reactivity with the electrolyte [20, 25, 26]. This composition is also 

attractive because high Fe-contents yield a lower TEC than Co-rich compositions, this being optimal for 

the mismatch of YSZ and doped-CeO2 electrolytes. However, LSCF cathodes show a tendency to react 

with YSZ electrolytes, forming electronic and ionic resistant phases, such as La2Zr2O7 and SrZrO3, at the 

interface between the cathode and the electrolyte [13, 27]. Therefore, when using LSCF as the cathode, 

we need to keep this contamination to the minimum level by using a barrier layer between the electrolyte 

and the cathode. 

Gadolinium-doped ceria (GDC) is well known as a catalytic material and a mixed ionic-

electronic conductor [28-30]. Therefore, the insertion of a thin layer of doped ceria between the porous 

cathode and the electrolyte can help to avoid electrode-electrolyte reactivity. Furthermore, it was reported 

from electrochemical impedance spectroscopy (EIS) studies that the presence of GDC in the cathode 

improves oxygen diffusion rates and charge transfers of oxygen ions at the cathode/electrolyte interface, 

thereby decreasing cathode polarization resistance [31]. Thus, the optimization of cathode composition 

and microstructure by adding GDC via ceramic processing routes could help to improve cell performance 

[32, 33].   

However, a critical problem of GDC arises from its poor sinterability. Ceria is highly refractory 

and exhibits a high melting point (2300 °C), which reduces densification kinetics even at temperatures as 

high as 1600 °C. As a result, most GDC layers presented in the literature are porous [34-39]. Usually, two 

alternatives are considered to improve densification. First of all, the use of nanopowders presents the 
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difficulty of a higher tendency to grain agglomeration and hence to lower densities and sintering defects 

[37, 38]. Secondly, the use of sintering aids, for example the use of a small amount of Co doping strongly 

promotes the grain boundary mobility of GDC and enhances the densification rate. However, the excess 

of cobalt in the GBs (grain boundaries) increases ohmic resistance, reducing the electrochemical 

performance of SOFCs [40, 41]. Furthermore, although most efforts are focused on to deposit a dense 

layer of GDC, this results in an increase of the thickness of the electrolyte, and as a consequence of the 

ohmic resistance of the device. It is also important to keep in mind the stability problems of adhesion 

between the porous cathode and the electrolyte. Therefore, the study of the behaviour of cells with a 

porous thin GDC barrier layer, minimizing chemical reactivity with both electrolyte and cathode, will be 

interesting. 

Consequently, the aim of this work is to study the processing parameters to develop porous GDC 

electrolyte-cathode interlayers produced by conventional ceramic processes. For this purpose, we have to 

search for a balance between a high sintering of the GDC layer, and minimum cation diffusion from the 

cathode to the electrolyte. This will make it possible to achieve homogeneous, thin layers with controlled 

thickness and porosity. We will also investigate the effect of using LSCF-GDC composite cathodes 

compared with a single LSCF cathode layer. The manufacturing procedures used in this work are fully 

applicable at an industrial scale, as we are currently fabricating anode supports for mT-SOFC by the 

extrusion technique [4, 12, 42]. 

 We have fabricated several anode-supported mT-SOFC cells with the following configurations: 

porous Ni-YSZ anode support, a thin dense YSZ electrolyte layer, a porous thin GDC barrier layer, and a 

porous LSCF or LSCF-GDC composite cathode. The cathode and the GDC barrier layer were deposited 

via dip-coating, whereas the electrolyte deposition was performed by wet powder spraying (WPS). 

Rheological studies have been also performed to determine the deposition conditions of each cell 

component. The sintering temperature of the GDC layer was varied between 1200 and 1450 °C. 

Microstructure studies on the cell components and energy dispersive X-ray spectroscopy (EDS) on barrier 

layer/electrolyte interface were carried out. Finally, the electrochemical characterization of the different 

cells performed at temperatures between 650 and 800 °C will also be discussed. 

 

2. Experimental 
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 Commercial NiO (Hart Materials, d50 = 0.6 µm) and YSZ (TZ-8YS, Tosoh, d50 = 0.5 µm) were 

employed for the anode; YSZ (TZ-8Y, Tosoh, d50 = 0.2 µm) for the electrolyte; and Ce0.9Gd0.1O2−δ (Fuel 

Cells Materials, d50 = 1.0 µm) and La0.6Sr0.4Co0.2Fe0.8O3−δ (Fuel Cells Materials, d50 = 0.3-0.6 µm) 

powders were employed for the cathode of the cell. The same GDC powders were used for the barrier 

layers. The impurity level is below the detection limit (~2%) of X-ray diffraction experiments (Rigaku, 

DMAX-II, Cu Kα). 

 

2.1. Micro-tubular cells fabrication 

 Microstructural studies limited the optimum fabrication conditions to cells with GDC interlayer 

sintered at 1300 or 1400 °C. The effect of using a single or double-cathode layer was also studied. 

Consequently, we will focus on four different types of anode-supported mT-SOFC cells 

(anode/electrolyte/barrier layer/cathode): 

• SC_1300: Ni-YSZ/YSZ/GDC/LSCF (Single cathode, GDC interlayer sintered at 1300 °C) 

• SC_1400: Ni-YSZ/YSZ/GDC/LSCF (Single cathode, GDC interlayer sintered at 1400 °C) 

• DC_1300: Ni-YSZ/YSZ/GDC/LSCF-GDC/LSCF (Double cathode, GDC interlayer sintered at 1300 

°C) 

• DC_1400:  Ni-YSZ/YSZ/GDC/LSCF-GDC/LSCF (Double cathode, GDC interlayer sintered at 1400 

°C) 

 Table 1 shows the cell fabrication stages.  

 The supporting ceramic tubes were prepared by cold isostatic pressing (CIP) for 3 min at 200 

MPa of previously conditioned NiO-YSZ powders and corn starch pore former with a volume ratio of 

50:50, following the procedure outlined in reference 43. The green support tubes were pre-sintered in air 

by heating them up to 950 °C. YSZ powders were then deposited on anode supports by WPS. The 

deposited thin electrolyte layer was dried in air at room temperature (RT). Details about powder 

conditioning using attrition milling to avoid agglomerates formation, as well as slurry preparation, can be 

found in references [43, 44]. Both anode and electrolyte are cosintered at 1400 °C in air. Optimal 

sintering conditions have been previously established by dilatometry studies [44]. After sintering, the 

typical diameter of the tubular cell was 3.5 mm external and 2.6 mm internal, and the length about 120 
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mm. The electrolyte thickness ranged between 15-20 µm and the area of LSCF cathode was 1 cm2. The 

remaining cell components were deposited using dip-coating techniques. 

 

2.2. Optimization of slurries for cathode and barrier layer deposition 

 Based on previous experience on the study of colloid stability [39], rheological studies have been 

carried out in order to determine the deposition conditions for the barrier and cathode layers. Rheological 

properties were studied using a rheometer (Haake Mars, rotors DC60/1°, of Thermo Scientific, Germany) 

operating at controlled shear rate (CR) conditions. CR was used to measure the flow curves using a three-

stage measuring programme with a linear increase of shear rate from 0 to 1000 s-1 in 360 s, a plateau at 

1000 s-1 for 30 s, and a decrease to zero shear rate in another 360 s. The measurements were performed 

using a double cone and plate system, with a solvent trap, at a constant temperature of 25 °C. An 

ultrasonic probe (UP 400S Hielscher Ultrasonics GmbH, Germany) was used to reduce the size of 

agglomerates. 

 The suspensions for dip-coating (9–20 vol.% solids) were prepared by mixing the GDC, LSCF 

or LSCF-GDC powders with an appropriate amount of solvent (ethanol), binder (polyvinyl butyral) and 

dispersant (phosphate ester). The slurries for GDC interlayer and LSCF or LSCF-GDC cathodes were 

deposited by dip-coating at a pulling rate within the range of 1.5-4.5 mm s-1 to control the coating 

thickness. The coated films were dried and sintered in air at the temperatures described in Table 1.  

 

2.3. Cells characterization  

 The microstructure of the cell components was studied in polished transverse cross-sections 

using secondary and back-scattered electrons images obtained in a field-emission scanning electron 

microscopy (Merlin FE-SEM, Carl Zeiss, Germany). Both conventional (Everhart-Thornley for 

secondary electrons) and in-lens detectors (for secondary and backscattered electrons) were used. The 

microscope was fitted with an energy dispersive analytical system (EDS) for elemental X-ray analysis 

(INCA450, Oxford Instruments, UK). Resolution of the spatially resolved EDS analysis was estimated by 

Monte Carlo simulation of electron trajectory in these solids by means of the Casino v2.48 Software 

(University of Sherbrooke, Canada, 2011 [45]). 
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 Current density-voltage and EIS measurements were used for the electrochemical 

characterization of the cells. The cells were tested using a four-probe set-up with a Ni-foam current 

collector at the anode side and silver paste at the cathode side. Ag wires were used for the current leads. 

For the test under operation, gold paste and wires were used at the cathode side (see Figure 1). All cells 

were characterized at 650, 700, 750 and 800 °C under humidified pure hydrogen atmosphere, using a 

potentiostat/galvanostat (VSP) fitted with a frequency response analyser (Princeton Applied Research, 

Oak Ridge, USA). EIS was performed at OCV before and after all potentiodynamic experiments using a 

sinusoidal signal amplitude of 50 mV over the frequency range of 500 kHz to 0.1 Hz. EIS at OCV was 

also analysed using the equivalent circuit composed of LRohm(R1Q1)(R2Q2)(R3Q3) where Rohm represents 

pure ohmic resistance. Each of the parallel circuits of resistance R and constant phase element Q accounts 

for its respective depressed semicircle, going from high to low frequencies. A parasitic inductance L was 

added to account for equipment contribution. 

 

3. Results and discussion 

3.1. Optimization of slurries for cathode and barrier layer  

The absence of impurity phases in the starting powders was corroborated by XRD experiments. 

In addition, Li et al. reported that there is no chemical reaction between La0.58Sr0.4Co0.2Fe0.8O3-δ and 

Ce0.8Gd0.2O2 up to a sintering temperature of 1200 °C [46]. This is probably approximately the maximum 

sintering temperature of LSCF-GDC based cathodes. 

Following the conclusions outlined in a previous study on the stability of GDC colloids, [39] a 

more detailed study of GDC, LSCF and LSCF-GDC suspensions was carried out. The suspensions were 

developed using ethanol as the solvent. For this study, we have considered in detail the most important 

processing parameters for coating fabrication that include solid load, binder concentration and sintering 

temperature. Rheological studies were performed in order to determine the suspension properties. The 

aim of these studies was to obtain slurries with sufficiently small particle size and, at the same time, 

optimum viscosity for successful dip-coating deposition on sintered YSZ electrolytes. A compromise 

between particle size and viscosity must be reached, which ideally will be for the highest viscosity values 

just before the suspension reaches the Newtonian fluid behaviour. For this purpose, first agglomerate 

sizes and then the slurry viscosity were decreased by exposure to ultrasonic probe treatment. The time of 
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ultrasonic probe treatment is quite critical, as these treatments induce further particle agglomeration. 

Subsequently, some binder amounts were added to increase the viscosity. In Figure 2, the variation of the 

viscosity curve with an ultrasonic treatment time of a GDC slurry with 13.0 vol% of solid load and 2.0 

wt% of deflocculant is shown. In this case, the optimum viscosity was reached after 3 minutes of 

ultrasonic treatment followed by the addition of 2.5 wt% of binder, as is also shown in the figure. 

Similar studies were carried out for the LSCF and LSCF-GDC 50 wt% suspensions to obtain 

optimum viscosity values.   

As a result, optimum suspensions for the dip-coating process were obtained with 13.0 vol% of 

solid load, 2.0 wt% of deflocculant, 3 min of ultrasounds and 2.5 wt% of binder, for GDC barrier layer; 

and 15.0 vol% of solid load, 1 wt% of deflocculant, 1 min of ultrasounds and 2.5 wt% of binder, both for 

LSCF and LSCF-GDC layers. 

After achieving optimum viscosities, GDC and cathode layers were deposited on NiO-YSZ/YSZ 

co-sintered tubes by dip-coating. FE-SEM studies of transverse sections were performed to determine the 

layer depth and the optimum sintering temperature for each layer. GDC layers of about 2-4 µm in 

thickness were deposited with only one dip. 4 or 5 dips were necessary to obtain cathode layers of 20-40 

µm in thickness.  

In principle, higher sintering temperatures mean better layer adhesion but also lower porosity 

and possibly more migration of foreign cations into the layers. Since the YSZ-GDC solid solution is 

known to have a lower conductivity than YSZ and GDC [24, 47, 48], ceria contamination of YSZ 

electrolyte should be avoided. Therefore, to study the effect of sintering temperature in the quality of 

interfaces and layer composition, equally deposited GDC barrier layers were sintered at 1300 and 1400 

°C, and the interfaces and distribution of cations studied by SEM-EDS analysis. The obtained results are 

shown in Figure 3 together with the Monte Carlo simulation of electron trajectory in these solids. 

Simulation results shown that the analysed sample volume is similar in both compounds and in any case it 

is small as compared with the expected diffusion range of cations.  Monte Carlo simulation results 

guarantee that the EDS microanalytical measurements are suitable to study the cation distribution at the 

interfaces with a spatial resolution of about 0.5 µm.  

 

3.2. Microstructural characterization  
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 In Figures 4 (a) and (b), we show SEM images obtained by mixing (50%) the secondary and 

backscattered in-lens signals (acceleration voltage: 0.5 kV, working distance: 2.0 mm) of polished cross-

sections of two SC_1300 and SC_1400 cells after electrochemical studies, respectively. The 

microstructure of electrolyte/barrier layer/cathode and their interfaces is clearly shown. The 

microstructure features of the anode support and the anode-electrolyte interface in this type of cells have 

been described previously [44]. The electrolyte is nearly fully dense and only presents a small amount of 

insignificant closed pores. The estimated electrolyte thickness of the different cells is: 28.1 ± 1.5 µm for 

SC_1300, 20.8 ± 3.3 µm for DC_1300, 26.9 ± 2.2 µm for SC_1400, and 23.6 ± 4.2 µm for DC_1400. The 

GDC barrier layer is continuous throughout the electrolyte-cathode interface, presenting a thickness of 2-

4 µm and good integration with the electrolyte and the cathode. The GDC layer is porous, with pores 

connecting the electrolyte directly with the cathode, but also with GDC connecting bridges between the 

electrolyte and cathode. However, differences between the microstructure of both cells are evident. In the 

SC_1300 sample, the porosity is higher and the grains of GDC smaller. We performed a study of porosity 

and grain size of the GDC layers, by image analysis using the DigitalMicrograph v3.10.0 (Gatan Inc., 

USA) software. Porosity was determined by image thresholding, whereas the interception method using 

lines parallel to the interface was used to obtain the grain size. The GDC layer of sample SC_1300 

showed a porosity of 63% and an average grain size of 0.7 ± 0.6 µm. Sample SC_1400 showed a porosity 

of 53% and an average grain size of 1.2 ± 0.9 µm. As expected, there was an increase of GDC grain size 

and porosity reduction with the increase in sintering temperature. In the latter case, GDC grain size was 

similar to layer thickness and a connection between electrolyte and cathode through GDC bridges was 

established.  

 The compositional EDS maps shown in figures 4 (c) and (d) and the secondary electron images 

of figures 4 (e) and (f) reveal Sr diffusion from the cathode to the electrolyte surface in both cells, 

possibly forming small amounts of SrZrO3 phases. A slight reduction of the Sr-Zr phase for the GDC 

sintered at 1400 °C is shown. The presence of the electrical insulator strontium zirconate phase in the 

electrolyte-cathode interface may increase the ohmic resistance of the cells, deteriorating their 

electrochemical performance. However, our results show that Sr diffusion through the GDC phase was 

inhibited and, consequently, it should take place through the open pores of the GDC barrier. Previous 

studies prove that the porosity of the GDC layer permits such diffusion [24, 49, 50]. Moreover, a recent 
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study shows that the diffusion of Sr through cracks in dense-GDC takes place by surface diffusion [51], 

so we can think that this is the diffusion path through the porous GDC layer. Consequently, SrZrO3 

phases are produced at the YSZ-pore interface and they are more abundant, forming a quasi-continuous 

layer in the case of the GDC barrier sintered at the lowest temperature. However, it is important to note 

that in the case of the high temperature sintered barrier, a good electrical connection takes place through 

the wide GDC bridges between electrolyte and cathode. 

  

3.3. Electrochemical characterization   

 Voltage versus current density (j-V) curves were measured at 650, 700, 750 and 800 °C using 

pure hydrogen humidified with a bubbler at RT (∼3% H2O) as fuel gas for the anode (0.08 L min−1) and 

static air for the cathode. Voltage and power density versus current density curves for the DC_1400 

tubular cell are given in Figure 5. The j-V parameters for the four studied cells are presented in Table 2. In 

all cases, the OCV values are in strong agreement with those predicted by the Nernst equation. This is a 

sign of a good separation between fuel and oxygen cell chambers, the consequence of proper tube sealing 

and the tightness of the YSZ electrolyte layer. There is only one deviation from the Nernst prediction (cell 

DC_1300 at 650 °C), which is also consistent with the noise observed in the j-V experiments for these 

conditions. The reason for this effect is probably a slight deterioration of the sealing, producing a small 

gas leakage, as this was the last experiment performed in this cell after several heating and cooling cycles.  

 For all the cells, the electrochemical performance increased when increasing the operation 

temperature, as expected. It is evident that an increase in the sintering temperature of the GDC interlayer 

leads to an improvement in cell performance: for example, power density for SC_x cells increases by 

35% at 650 °C and by 29% at 800 °C. For DC_x samples, that increase is 33% at 650 °C and 30% at 800 

°C. This is clearly due to the differences in microstructure between the layers. In the case of SC_1400 

samples, the GDC grain size is similar to layer thickness and a good connection between electrolyte and 

cathode through GDC bridges is established. GDC is an excellent catalyser of oxygen reduction reactions 

taking place at the cathode side. The role of GDC in increasing cathode reaction rates is further evidenced 

when comparing the performance of single and double-cathode layers. In fact, replacing the LSCF single-

cathode SC_x samples with the LSCF-GDC/LSCF double-cathode DC_x samples produces an increase in 

power density that is more noticeable at low operation temperatures (see Table 2). The latter confirms 
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that the addition of GDC to the LSCF cathode decreases its polarization resistance [31]. Furthermore, if 

we compare the power output results with those of similar cells fabricated in our laboratories, but with 

LSM cathodes and LSM-YSZ composite cathodes, we can conclude that the replacement of standard 

LSM with LSCF-based cathodes permits a reduction in the operation temperature of about 100 °C [44, 

52]. 

 These results show that, the micro-tubular cells fabricated with porous GDC layer are 

competitive. Yamaguchi and Sammes [53] have reported a current density of 80 mA cm-2 at 750 °C and 

0.7 V, on a double-cathode mT-SOFC without GDC barrier layer, fabricated by extrusión and dip-

coating. Liu et al. [54] obtained a current density of 170 mA cm-2 at 800 °C and 0.7 V, on a micro-tubular 

electrolyte-supported cell, with LSCF single-cathode and also without GDC interlayer. Suzuki et al. 

achieved a better performance using nanometric powders and an electrolyte thickness less than 1 µm. 

They obtained values of 430 mA cm-2 at 600 °C and 0.7 V for a double-cathode micro-cell prepared by 

dip-coating [55]. In the same way, Sumi et al. using nanometric powders and an electrolyte thickness of 5 

µm, obtained 1000 mA cm-2 in 40%H2 in N2 at 700 °C and 0.7 V for a SC_1400 cell [56]. In any case, 

those cells with nanometric powders do not present much long-term stability [57, 58]. Note that, although 

most of the high cell outputs reported in the literature correspond to planar designs, the comparison was 

made only between micro-tubular cells. Finally, H. Fan et al. in a recent work [59] have studied a planar 

SOFC cell using the same components as for the SC_1300 cell, achieving a lower electrochemical 

performance than our cells.  

 The DC_1400 cell with the best electrochemical performance was also fabricated using an 

extruded anode support and tested under operation at 800 °C for 100 h. No degradation or aging effects 

were observed. This result agrees with the fact that in the DC_1400 cells, the Sr-Zr phases generated 

during the manufacturing process in the YSZ/cathode interface are discontinuous species that not evolve 

under operation.  

 

3.4. Electrochemical Impedance Spectroscopy 

 Electrochemical Impedance Spectroscopy (EIS) experiments were performed under OCV 

conditions, before and after cell operation, for all the j-V measurements. It is noticeable that no variation 

was observed in any case before and after SOFC operation, assuring no significant degradation of the 
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cells. EIS results for the DC_1400 cell are shown in Figure 6. A summary of the fitting parameters for all 

the cells and temperatures is also given in Table 3. The main conclusion is that, according to the Area 

Specific Resistance (ASR) values, best performance is obtained for the cell with the GDC interlayer 

sintered at 1400 °C, due to the presence of large GDC grains connecting the cathode to the electrolyte, 

and with a double-layer LSCF-GDC/LSCF cathode. GDC interlayer sintering temperature improves cell 

performance at low-temperature operation. The results are clearly in agreement with the j-V results 

discussed above and in connection with the characteristics of interlayer microstructure and the favourable 

effect of GDC in the cathode polarization. Variations in ohmic resistance (Rohm) values are due to slight 

changes in electrolyte and interlayer thickness from cell to cell. The cell with the thicker electrolyte 

(SC_1300) shows the higher Rohm, and the cell with the thinner electrolyte (DC_1300), the lowest Rohm. 

They are also slightly higher than those expected for a cell without the GDC porous interlayer. For the 

SC_x configuration, the cell sintered at a lower temperature (SC_1300) showed higher Rohm values than 

sample SC_1400 (sintered at 1400 °C), as a consequence of the higher porosity of the GDC interlayer. 

However, for DC_x cells this effect is not observed, as higher Rohm values are obtained for DC_1400 

(sintered at 1400 °C). We attribute this increase of Rohm contribution in this cell to lateral conduction 

losses at the cathode current collector, as the silver wire was not perfectly attached when we concluded 

that experiment. Despite this increase of the ohmic contribution for this cell, polarization resistance 

results are consistent when compared with the other cells.  

 In line with the j-V results, EIS analysis also showed lower polarization resistances for cells 

using LSCF-GDC composite cathodes. In addition, it is very difficult to attribute R1, R2 and R3 

components to anode or cathode diffusion or charge transfer contribution, as those processes are generally 

overlapped. However, it was observed that the R2 component seems to be almost identical for all the 

studied cell configurations. For this reason this contribution was tentatively associated with the anode, 

mainly to diffusion processes through the anode support [42]. Based on previous literature data, R1 and R3 

contributions can be attributed to cathode diffusion and activation, respectively [31, 60], but no clear 

dependence on cell morphology can be established. EIS analysis under polarization, the use of reference 

electrodes, and a comparison with other cathode materials (LSM-YSZ and Pr2NiO4+δ) are currently under 

investigation in order to fully resolve all the contributions from the EIS studies. 
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4. Conclusions 

 The effect of the cathode morphology and of the GDC interlayer on the performance of Ni–

YSZ/YSZ/GDC/LSCF micro-tubular SOFCs has been studied. A double-layer LSCF-GDC/LSCF 

cathode and high sintering temperature for the GDC barrier layer increases cell performance. Sintering 

conditions of the GDC interlayer were adjusted at 1400 °C. The interlayer is porous and Sr-Zr phases 

were detected mainly in the pore/YSZ interface. The electrical insulating Sr-Zr phases originated during 

electrode sintering, but those species do not evolve under operation. Double-cathode cells with a GDC 

porous barrier layer sintered at 1400 °C cell show maximum power densities of up to 160 mW cm−2 at 

650 °C and about 700 mW cm−2 at 800 °C. As a summary, this cathode configuration and the excellent 

integration with the electrolyte permit the successful fabrication of competitive mT-SOFCs using a 

conventional ceramic procedure, which can be applicable on an industrial scale. 
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FIGURE CAPTIONS  

 

Fig. 1 Photograph of a cell showing current collection leads and how the 4-probe connections are made 

  

Fig. 2 Viscosity curves of GDC in ethanol with 13.0 vol% solid load, 2.0 wt% of deflocculant and 

exposed to 1, 2, 3, 4, 5 and 6 minutes of ultrasonic probe treatment. Results for the slurry homogenized 

during 3 min. plus 2.5 wt% of binder are also shown  

  

Fig. 3 Top: Monte Carlo simulation of electron trajectories on GDC and YSZ layers. Bottom: variation of 

the [Ce] atomic fraction, expressed as [Ce]/([Ce]+[Zr]) atomic ratio, across the GDC/YSZ interface, for 

GDC layers sintered at 1300 °C and 1400 °C. The atomic concentrations were obtained from EDS 

quantitative microanalysis  

  

Fig. 4 SEM images of cross-sections of micro-tubular cells SC_1300 (a, c and e), and SC_1400 (b, d and 

f), after being operated for electrochemical test. The high porosity of the GDC layer is shown. Images (a) 

and (b) were obtained by mixing (50%) the signals from the secondary and backscattered in-lens 

detectors. 

In (c) and (d) compositional EDS maps of Sr (red), Ce (green) and Zr (blue) are showed (acceleration 

voltage: 14.0 kV, probe current: 600 pA, map resolution: 256x256, map dwell: 500 µs, frames: 10). 

Lanthanum map is not shown for reasons of clarity, as it does not diffuse into the electrolyte. In (e) and 

(f) the arrow indicates the Sr-Zr insulating phase formed during fabrication process. Images (e) and (f) 

were obtained using the Everhart-Thornley secondary electron detector  

  

Fig. 5 Voltage (left axis) and power density (right axis) versus current density curves for the DC_1400 

microtubular cell, measured at 650, 700, 750 and 800 °C  

  

Fig. 6 EIS results for the DC_1400 cell at different temperatures 
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TABLES 
 
Microtubular cell fabrication stepsa Details / Method 
Anode 

1. NiO-YSZ supportb 
 
(1) Cold isostatic pressing  
(2) Pre-sintering (950 °C, 4 h) - Thickness a 400 μm 

Electrolyte 
2. YSZ  

 
(1) Wet powder spraying  
(2) Sintering (1400 °C, 2 h) - Thickness a 20 μm 

Barrier layer 
3. GDC  

 
(1) Dip-coating  
(2) Sintering (1300 or 1400 °C, 2 h) - Thickness a 3 μm 

Cathode 
4. LSCF 

 
5. LSCF-GDC/LSCFc 

 
(1) Dip-coating  
(2) Sintering (1150 °C, 2 h) - Thickness a 40 μm 
(1) LSCF-GDC dip-coating  
(2) Sintering (1150 °C, 2h) - Thickness a 30 μm 
(3) LSCF dip-coating  
(4) Sintering (1150 °C, 2h) - Thickness a 30 μm 

Table 1. Summary of the various steps involved in micro-tubular cell fabrication 

a Steps for Micro-tubular cell 1: 1 o 2 o 3 o 4; Micro-tubular cell 2: 1 o 2 o 3 o 5. 
b Volume ratio of NiO and YSZ; NiO:YSZ = 50:50. 
c Weight ratio of LSCF-GDC; LSCF:GDC = 50:50. 
 
 
 
 

Cell Operating 
temperature 

OCV (V) 
Experimental 

OCV (V) 
Calculated 

j (mA cm-2) 
at 0.7 V 

Pmax  
(mW cm-2) 

at 0.5 V 

SC_1300 

650 °C 1.12 1.13 115 100 
700 °C 1.12 1.12 230 190 
750 °C 1.11 1.11 400 335 
800 °C 1.10 1.10 620 525 

SC_1400 

650 °C 1.13 1.13 160 135 
700 °C 1.12 1.12 310 260 
750 °C 1.11 1.11 500 430 
800 °C 1.10 1.10 770 675 

DC_1300 

650 °C 1.11 1.13 150 120 
700 °C 1.12 1.12 250 205 
750 °C 1.11 1.11 435 350 
800 °C 1.10 1.10 655 535 

DC_1400 

650 °C 1.13 1.13 185 160 
700 °C 1.13 1.12 320 280 
750 °C 1.12 1.11 525 460 
800 °C 1.11 1.10 795 695 

Table 2. Experimental parameters obtained from the j-V curves 

  
 
 

Cell Operating 
temperature 

Rohm 
(: cm2) R1 (: cm2) R2 (: cm2) R3 (: cm2) 

ASR 
(: cm2) 

SC_1300 
700 °C 0.80(7) 0.34(6) 0.67(7) 0.91(3) 2.72(23) 
750 °C 0.53(2) 0.080(10) 0.33(2) 0.45(4) 1.39(18) 
800 °C 0.38(1) 0.020(4) 0.13(2) 0.34(5) 0.87(12) 

SC_1400 
700 °C 0.59(6) 0.30(7) 0.66(8) 1.05(8) 2.80(29) 
750 °C 0.29(4) 0.010(2) 0.41(7) 0.53(7) 1.24(18) 
800 °C 0.22(4) 0.009(1) 0.26(5) 0.32(6) 0.81(16) 

DC_1300 700 °C 0.51(2) 0.056(9) 0.63(5) 1.27(6) 2.47(22) 

Table



750 °C 0.35(2) 0.029(6) 0.39(7) 0.61(5) 1.38(20) 
800 °C 0.24(1) 0.007(2) 0.27(1) 0.46(1) 0.98(5) 

DC_1400 
700 °C 0.66(6) 0.010(4) 0.64(2) 0.57(2) 1.88(14) 
750 °C 0.47(1) 0.005(1) 0.36(2) 0.27(3) 1.11(6) 
800 °C 0.28(2) 0.005(1) 0.27(2) 0.22(3) 0.77(8) 

Table 3. EIS parameters obtained from fittings using equivalent circuits 


