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a b s t r a c t Anode-supported microtubular SOFCs based on ceria 3 ± 0.2 mm diameter and about 100 mm in length have been prepared using gadolinia-doped ceria (GDC) nanopowders. Nanometric Ce0.9 Gd0.1 O1.95 (GDC) powders were deposited on NiO–Ce0.9 Gd0.1 O1.95 (NiO–GDC) anode supports by dip-coating technique. Fabrication conditions to obtain dense and gas tight electrolyte layers on porous microtubular supports were studied. Three different dispersing agents: commercial Beycostat C213 (CECA, France) and short chain monomer (≤4 carbon atoms) with alcohol or carboxylic acid functional groups were evaluated. By optimizing colloidal dispersion parameters and sintering process, gas tight and dense GDC layers were obtained. Signiﬁcantly lower sintering temperatures than reported previously (≤1300 ◦ C) were employed to reach ≥98% values of theoretical density within electrolyte layers of ∼10 m in thickness. A composite cathode, LSCF–GDC 50 wt.% with about 50 m thickness was dip coated on the co-ﬁred half-cell and then sintered at 1050 ◦ C for 1 h. The electrochemical performance of these cells has been tested. In spite of electronic conduction due to partial reduction of the thin-electrolyte layer, the I–V measurements show power densities of 66 mW cm−2 at 0.45 V at temperatures as low as 450 ◦ C (using 100% H2 as fuel in the anodic compartment and air in the cathodic chamber). © 2010 Elsevier B.V. All rights reserved.



1. Introduction Solid oxide fuel cell (SOFC) approach has been recognized as one of the most promising for converting chemical energy of fuel to electrical energy because of its high conversion efﬁciency, low emission of pollutants and useful fuel ﬂexibility [1]. Furthermore, fuel versatility renders these devices suitable for portable devices fuelled with hydrogen, propane, diesel, etc. if the critical issues of the weight and long starting times could be solved. Portable applications for SOFC are envisaged in the ﬁelds of Auxiliary Power Units (APU) in transport, small power units for personnel, submarines, air planes, etc. Tubular design SOFCs were shown to be effective to realize such stacks since they possess high thermal shock resistance and they endure the thermal stress caused by rapid heating up to the operating temperature [2]. By decreasing the tubular cell diameter (microtubular SOFC with diameters in the millimetre range) it is expected to improve the mechanical behavior, thermal shock resistance as well as the volumetric power density of the cell stacks, due to the substantial increase in reactive area per unit volume. In
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addition, reduction of tube wall thickness signiﬁcantly improves the mass transportation, which is one of the major barriers to the cell performance. Thus, it is crucial to develop fabrication technology of the microtubular SOFCs (with millimetre to submillimetre diameter) and their stacks. Furthermore, more attention has been paid to solid oxide fuel cells operating at intermediate temperatures (500–700 ◦ C, ITSOFCs). In this temperature range, it is expected to decrease the material deterioration (that is to prolong the stack lifetime) and to reduce costs by incorporating metallic materials [3]. In order to reduce SOFC operating temperature there are two main strategies to follow: selection of appropriate electrolyte materials, with high ionic conductivity at low temperatures as for example, ceria based materials and/or to decrease the thickness of electrolyte to reduce the ohmic resistance losses. Up to date, the most of the studies have been focused on the fabrication of yttria-stabilized zirconia (YSZ) microtubular cells, either based on the anode-supported thin-electrolyte [4,5] or on the electrolyte-supported design [6]. But only a few researchers have fabricated small-scale tubular SOFCs based on ceria [7–9]. For example, Liu et al. investigated cathode-supported microtubular SOFC (460 m wall thickness and 2.26 mm in diameter) based on the cathode composition La0.6 Sr0.4 Co0.2 Fe0.8 O3−ı /Ce0.9 Gd0.1 O1.95 (LSCF/gadolinia-doped ceria (GDC)) (60:40 volume). The maximum power densities for these cathode-supported cells were 160, 130
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and 110 mW cm−2 , at 600, 550 and 500 ◦ C, respectively for electrolyte thicknesses of ca. 12–15 m. However the open circuit voltage (OCV) obtained here is relatively low if it is compared with the Nernst potential. The decrease being mainly related to the presence of internal short circuit current due to the mixed conductivity behavior of GDC electrolyte and the associated increase of electrode overpotentials. But also, the authors suggested that in LSCF supported GDC electrolyte extra losses may arise from the interfacial reaction associated with element diffusion from LSCF to GDC, which could cause degradation of the functional layer microstructures. Those chemical reactions produced an electrode polarization and in conclusion an electrode overpotential that drops the OCV. The cathode-supported SOFCs present two disadvantages when compared with anode-supported ones. Firstly, in cathodesupported conﬁguration the fuel is fed outside the tube, hence in the stack chamber. While in the anode-supported conﬁguration the fuel ﬂows up inside the microtubes. Secondly, the sintering temperature of the cathodes are usually lower than those typical for the anode materials and as a consequence it is more difﬁcult to obtain tight electrolyte layers deposited on porous with these conditions. Suzuki et al. [9] worked with anode-supported microtubular cells with 0.8–1.5 mm in diameter, reaching maximum power outputs up to 857 and 1017 mW cm−2 at 550 ◦ C. In these designs the OCV values at 550 ◦ C dropped from 0.96 to 0.83 when the thickness electrolyte was decreased down to 10 m and the anode performance improved. The reason of the drop in OCV is again the reduction process of the ceria electrolyte, depending on the thickness as well as working temperature. On the other hand, a critical problem of ceria-based electrolytes arises from the difﬁculty in GDC sintering near full density without formation of large grain sizes and in this way loosing mechanical strength. One way to improve sinterability and performance of GDC thin ﬁlms is to use GDC nanopowders since the high surface area facilitates the sintering of ceramic bodies. However, very small grain size powders are prone to stimulate agglomeration during its deposition, which leads to grain coarsening and other detrimental effects during sintering. As a consequence, the right manipulation and optimization of GDC powder in colloidal suspensions is of critical importance for their successful utilization in ceramic processing. Up to now in order to sinter to suitable density the ceria based SOFC, sintering temperatures higher than 1350 ◦ C and/or adding sintering additives are reported. This research work aims to develop cell fabrication conditions from nanopowders to obtain dense Ce0.9 Gd0.1 O1.95 (GDC) electrolyte layers (without using sintering additives) on porous microtubular supports (NiO–GDC) and to cosinter the half-cells at lower temperatures than state of art. After that, a not optimized cathode has been deposited and electrochemical testing of the cell has been carried out to elucidate which are the future improvement strategies. As it was previously notice, several other researchers have reported, so far, the fabrication and testing of microtubular cells based on ceria, however the design or the concept were different, either cathode-supported or needle-type SOFCs and moreover, the sintering temperatures of the cells were above 1400 ◦ C.
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ders were measured by dilatometer (Setaram, SETSYS 2000, France) up to 1500 ◦ C with a heating rate of 2 C min−1 . Fabrication of the anode supports follows a similar procedure for fabrication of microtubular Ni/GDC cermets developed in a previous study [10]. The supports were processed using cold isostatic pressing from nanopowders 50 wt.% NiO/GDC (≤60 nm in size) synthesized by chemical route and with different characteristics, hence to control the ﬁnal porosity of the support. Before the electrolyte thin ﬁlm deposition, the green tubes were pre-sintered by heating up to 700 ◦ C followed by a dwell time of 1 h. Nanometric Ce0.9 Gd0.1 O1.95 (GDC) powders (synthesized from the same method reported previously) were deposited on anode supports by colloidal processing route. A detailed study of the attrition milling conditions was carried out to eliminate the formation of large agglomerates of the nanopowders synthesized and to decrease their particle size in order to improve their sintering properties and densiﬁcation behavior. Slurries for electrolyte dip coating (5 vol.% solids) were prepared by mixing the GDC powders, solvent (ethanol) and surfactants in attrition mill. Three different surfactant agents (3 wt.%); commercial Beycostat C213 (CECA, France) and two short chain monomers (≤4 carbon atoms) with alcohol and carboxylic acid functional group respectively (hereafter called R-OH and R -COOH) were evaluated. The agglomeration grade of the GDC powders and the particle size distribution (with and without surfactant) were studied by scanning electron microscopy (JEOL 6400) and by Laser Diffraction on a Malvern Nanosizer 2000 (Malvern, UK). More details comparing the type and quantity of dispersing agents and their effectiveness in different media is discussed along a future work [11]. Electrolyte deposition was performed using the best slurries conditions by dip coating with immersion and pulling out speeds within the range of 1–2 mm s−1 . The deposited electrolyte ﬁlm was dried in air, and both anode and electrolyte were co-sintered in air at 1300 ◦ C for 5 h. Scanning electron microscopy (JEOL 6400) was used to observe the thickness of the thin ﬁlm electrolytes and their microstructures before and after the half-cell test. Overall, the half-cell preparation procedure involved simple ceramic processes based on two dip-coating depositions and just one sintering step. The electrical performance of the half-cells was tested using a four-probe set-up at temperatures between 450 and 550 ◦ C. Before that and in order to avoid damages in the electrolyte layer a 50 m cathode functional layer (50 wt.% La0.6 Sr0.4 Co0.2 Fe0.8 O3−ı /Ce0.9 Gd0.1 O1.95 ) was deposited by dip coating onto the co-sintered half-cell and later on sintered at 1050 ◦ C for 1 h in air. The Ag wire was used for collecting current from anode and cathode, where the wire was ﬁxed by using Pt paste. The ﬁnal dimensions of the cells were an outside diameter of 3 ± 0.2 mm, wall thickness of 0.3 ± 0.03 and 90 mm in length. Current was collected in an effective area of 1 cm2 . Pure hydrogen 100 vol.% was used as fuel, ﬂowed inside of the microtubular cell with a ﬂow rate of 50 mL min−1 and the cathode side was open to the air. I–V curves were measured with a homemade electronic charge (Univ. Zaragoza, Spain).



3. Results and discussion 2. Experimental



3.1. Powder properties



The materials of the microtubular half-cells were chosen as follows: NiO–10% Gd-doped ceria (GDC–NiO 50 wt.%) as anode and 10% GDC as electrolyte. The procedure consists of the preparation of the anode tubes and the deposition of the electrolyte thin ﬁlm followed by a co-sintering process. To optimize the co-sintering procedure the shrinkage of pellets of electrolyte and anode pow-



The microstructure of the GDC coatings strongly depends on the degree of the agglomeration between nanoparticles in the colloidal suspension. In order to obtain a fast sintering kinetics of these ceria based ceramics it is critical to keep grain agglomeration to a minimum, and as a consequence to achieve a high initial green density. Ceramic powders synthesized in this work presented primary par-
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Fig. 1. GDC particle size: (a) TEM and (b) SEM micrographs of the as-synthesized and calcined powders, (c and d) SEM micrographs of the calcined powders after one and two milling cycles respectively.



packed down to densities ≥98% of the theoretical density at sintering temperature as low as 1350 ◦ C and with only 2 h of dwell time as it is shown in Fig. 4 [12–14]. The excellent sintering behavior of our powders without the need of any sintering additives proves the effectiveness of the powder conditioning by the attrition milling procedure employed in this work. In order to prevent the mechanical deterioration of the cell (cracking, delaminating or deformation) during the co-sintering process or in the cell operation, it is crucial to adjust the shrinkage behavior and achieve a good matching of thermal expansion coefﬁcients (TEC) of cell components. As it was reported in a previous work both compositions NiO–GDC and GDC are thermomechanically compatible, i.e. the TECs values between them are closely matched (˛ = 0.8 ± 0.1 × 10−6 K−1 ) [10,15]. The shrinkage behavior during sintering of the two materials has been tailored by modifying the starting powder characteristics.
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ticle sizes under 20 nm. Fig. 1a shows a TEM micrograph of the starting GDC powders where it is possible to distinguish clearly the primary particle size. However, the calcined powders show a signiﬁcant grain agglomeration by forming aggregates bigger than 150 m (Fig. 1b). Attrition milling was used to eliminate these large agglomerates and to decrease the particle size. Best milling conditions consisted of milling cycles of 2 h duration at 1400 rpm in ethanol media. Fig. 1c shows that with the ﬁrst milling cycle, just after the calcination process, the maximum size of the agglomerated particles decrease down 50 m. The presence of big agglomerates is reduced completely after two milling cycles leaving the maximum particle size down 1 m (Fig. 1d). The milling procedure for the called “two milling cycles” should be run carefully just one cycle before and one cycle after calcination step. The characteristics of every cycle should be at 1400 rpm during 2 h. The reason of this surprising better milling procedure is due to the break of the big agglomerates just after they are formed during the synthesis procedure and before they become harder with the temperature of the calcining process. In Fig. 2 is compared the particle size distribution of the powders after 1 or 2 milling cycles. From these measurements is corroborated that milling the powder before calcination process plays a key role decreasing agglomerate size. So, the average agglomerate size is reduced from 4 m to around 150 nm when one milling cycle before calcining process is applied. It should be noticed that in this case the particle size possesses a bimodal distribution with the major particles not only around 150 nm but also a small quantity around 500 nm exists. Milling for longer times or cycles, does not improve the breaking of the agglomerates any further therefore the attrition was stopped after 2 cycles. The inﬂuence of the attrition milling on the improvement of the densiﬁcation behavior was studied by dilatometry measurements of GDC green compact pellets. The results of the dilatometry measurements are shown in Fig. 3. The signiﬁcant variation in densiﬁcation behavior between green compacts obtained from powders after either one or two milling cycles corroborates the importance of producing ﬁne and non-agglomerated nanopowders. In fact, the powders obtained after two milling cycles could be
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Fig. 2. Particle size distribution of GDC nanopowders in ethanol suspension after (—) one milling cycle and (- - - -) two milling cycles.
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Fig. 3. Dilatometric curves for the GDC powders after one and two attrition milling cycles. (—) One milling cycle and (- - - -) two milling cycles.



Fig. 5. Dilatometric curves during sintering of the anode and electrolyte powders, in air up to 1600 ◦ C. (—) NiO–GDC anode support and (- - - -) GDC electrolyte.



Although, it should be kept in mind that those dilatometry measurements were performed on powder pellets (Fig. 5) and not on deposited layers, these values are roughly approximate. It is clear that both anode and electrolyte powders achieve ﬁnal shrinkages of ∼22% when sintered to full density. In addition, pre-sintered substrate tubes (pre-sintered anode composition pellets) start to shrink at lower temperatures (700 ◦ C vs. 800 ◦ C) than the electrolyte materials which improves the densiﬁcation of the electrolyte layers because of the induced compression stresses. Experiments carried out in air at 1300 ◦ C for 5 h revealed than the densiﬁcation kinetics and the ﬁnal shrinkages of both the electrolyte and the anode are close and so the sintering of electrolyte layers at this low temperature was found to be sufﬁcient to obtain good electrolyte tight layers as it is shown below.



The particle size of the GDC nanoparticles dispersed within suspension is summarized in Fig. 6. With he commercial surfactant (Beycostat C213) the particle sizes present values above 5 m. Submicronic sizes were obtained in the case of surfactant containing hydroxyl group (-OH) as the functional group. When a surfactant agent containing a terminal carboxylic acid (-COOH) was used (simple and short chain lengths with ≤4 carbon atoms), the mayor part of particles present in the suspension (Fig. 6) showed to be within nanometric range ( 
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