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Introduction

The operation of SOFC in different carbon-based fossil fuels (natural gas, syngas) or renewable fuels (biogas, waste fuels, bioethanol), is a huge actual challenge whose success will condition the development and large scale application of fuel cells in the future. The first step to be achieved is the demonstration of stable operation in pure hydrocarbons, with high performances and without need of addition of reforming gas (H 2 O, CO 2 , O 2 ...) or carrier gas, for simplicity, flexibility, reliability and cost considerations. The demonstration of the robustness of the system in these conditions is essential while the investigation of the other limitations (sulfur poisoning, siloxanes contamination...) is carried out in parallel. If the system is demonstrated to be stable in pure hydrocarbon, the fuel flexibility can then be investigated. SOFC with original cell configurations (anode barrier or catalysts) or new anode materials have been operated or modelled in various hydrocarbons (1)(2)(3)(4)(5)(6). In this paper, after definition (7), simulation (8)(9) and experimental demonstration of the Gradual Internal Reforming concept in methane (10)(11) and in ethanol (12), we report the design and long term operation in gradual internal reforming of an anode-supported solid oxide fuel cell including a catalytic layer in pure methane.

Experimental

The fuel cells were prepared from commercial YSZ/NiO-YSZ (Forschungszentrum Julich) half cells. Composite cathodes, deposited by screen-printing, were made of a LSM:YSZ (60:40) layer, 35 µm thick covered by a 15 µm thick pure LSM layer annealed in two steps at 1200°C in air. An additional gold mesh was screen-printed onto the cathode surface and annealed at 900°C in air to improve cathodic collect. The details of the screen-printing process will be found elsewhere (13)(14). Deposition and microstructure were optimised up to an ASR of 0.48 Ω.cm 2 at 1073 K, using symmetrical cells in air. Due to the configuration of the cell including a catalytic layer on the top of the anode, an original anodic collecting system had to be designed. The development of these original anodic collectors will be detailed in a forthcoming paper. In this study, a Pt mesh shaped anodic current collector was deposited onto the oxidized cermet surface by screen-printing (Aurel, C.890) from commercial ink (ESL 5545) using a mesh 180 mask. A gold ring was fixed and pasted on the top of the mesh using the same ink as the mesh. Two wires were connected to this ring, one for potential monitoring, one for current flow. The annealing was made first at 300°C in air for 15 minutes to remove solvants and organics (as indicated by TGA), and then at 900°C in N 2 for 15 minutes. These thermal treatments were demonstrated in a preliminary study to have no effect on the cathode properties.

The anodic side of the fuel cell was then covered by a 0.1 wt% Ir-CGO catalyst coating, 200µm thick deposited by 3D controlled spray coating. This optimal thickness was evaluated from simulation studies (8)(9). The cell, 19 mm in diameter with an electrochemically active surface given by the cathode surface of 0.79 cm 2 , was inserted in a 3 atmospheres setup using an alumina ring. Gas tightness and sealing were achieved using specific glass and gold rings. More details on the experimental setup are available elsewhere (10)(11). After glass sealing in air at 860°C, the anode was gradually reduced in Ar/H 2 mixtures at 800°C. The OCV stabilized at 1.13 V. This value, close to the theoretical Nernst potential, confirms the gas tightness of the system. Electrochemical characterisation of the cells was performed into pure or Ar-diluted H 2 and/or CH 4 with flow rates controlled by calibrated mass flowmeters, using Solartron 1250 frequency response analyser and Solartron 1287 electrochemical interface. The microstructural characterisation was made with a Zeiss Ultra 55 FEG scanning electron microscope.

In this paper, the fuel utilization is assimilated to the faradaïc efficiency as defined by the Faraday's law, considering 2 electrons for H 2 and 6 for CH 4 (CO is usually not oxidized at the anode, as demonstrated (10)(11).

Results and discussion

The operation principle of the fuel cell described in this paper, Gradual Internal Reforming with a catalytic layer in dry methane, sketched in figure 1, is based on the two fastest reactions, self sustained in the system, i.e. electrochemical oxidation of H 2 [1] and catalytic steam reforming of CH 4 [2].

H 2 + O 2-→ H 2 O + 2e - [1] CH 4 + H 2 O → CO + 3H 2 [2]
The steam produced by electrochemical oxidation of hydrogen at the triple phase boundaries is used gradually along the fuel stream to complete the catalytic steam reforming of methane in the 0,1wt% Ir-CGO catalytic superficial layer (figure 1). Under load conditions and at steady state, there is no need of external steam supply if a sufficient quantity is released from the operating anode by [1], and provided that the catalytic reaction of CH 4 conversion into H 2 and CO over Ir-CGO catalysts is fast and complete, as already demonstrated (15). Based upon these considerations, looking at [1] and [2] stoichiometry, and without considering carbon monoxide which is not oxidized electrochemically at the anode, as demonstrated by electrochemistry/GPC coupled experiments (11), the simplest model of cell operation consists in assuming that the oxidation following [1] of only one of the three H 2 molecules obtained from [2], forms one water molecule. Besides, only one water molecule is needed to ensure the conversion of methane following [2]. In other words, a fuel utilization of 1/3 (based on a global faradaïc efficiency of 1) is theoretically sufficient to release enough steam to convert the entire methane stream in the catalyst layer, complete the catalytic reforming reaction, and avoid the contact between CH 4 and Ni (and subsequent carbon cracking). Below 1/3, the system will not release enough steam to ensure itself complete conversion, and methane will diffuse into the cermet yielding fast coking. More details concerning this concept will be found in our previous work (7)(8)(9)(10)(11)(12). This simplified principle mechanism was applied here study and the faradaïc efficiency was first optimized in H 2 above 1/3 by adjusting the experimental parameters (fuel concentration and flow rates). The gradual consumption of methane following the radial anodic stream (10)(11) ensures the delocalisation of the high endothermicity of steam reforming (∆H=206 kJ.mol -1 ).

During the first polarisation of the cell, if CH 4 is used as the fuel, steam is absolutely required to initiate the catalytic reaction. Without steam (or other reforming gas), methane diffuses into the cermet and yields immediate coking. Consequently, initiation was made in H 2 , as already reported for electrolyte supported cells (10)(11). When a steady state is achieved, the continuous steam release allows the direct and abrupt switch from H 2 to dry CH 4 as the fuel, provided that current (and then steam release) is maintained constant to avoid interruption in the catalytic conversion, CH 4 diffusion into the cermet and subsequent coking. During the fuel switch, fuel flows are adjusted in order to provide to the anode a theoretical constant number of electrons considering [2], where only H 2 is oxidised (see above). According to [1] and [2], H 2 and CH 4 give theoretically 2 and 6e -respectively. This hypothesis is confirmed below.

Based upon these considerations, when the fuel was switched from H 2 to CH 4 , CH 4 partial flow rate was divided by 3 to maintain a theoretical number of electrons provided to the anode, and thus maintain the current density. These two basic principles summarized in Figure 1, were applied for the experimental demonstration and durability tests of anode supported cells operating in Gradual Internal Reforming of dry methane with electro-catalytic dissociation in two different layers. The advantages of Gradual Internal Reforming with the use of a catalytic layer (delocalisation of the endothermicity, no water or reforming gas in the fuel, no carbon deposition, performances and durability increase) were already reported (10). The catalytic layer has no electrical function, and the cermet has no catalytic role towards the hydrocarbon conversion. Accordingly, the best materials can be used for each function, leading to the so-called electrocatalytic dissociation principle. In this study, specific anodic current collectors were designed between the anode and the catalyst by screen printing (see figure 1). The development of these collectors using different metals (Au, Pt, Cu) will be reported in details in another paper. In particular, neighbouring power densities were obtained in the same conditions (diluted hydrogen) with all of those metals.

A typical polarisation curve obtained at 800°C in H 2 (2 L.h -1 ) with a Pt screen-printed collector is given in figure 2. Current density (A.cm -2 )

The maximum power density is 0.17 W.cm -2 at 0.6V, whereas 0.3 W.cm -2 (~0.5 A.cm -2 at 0.6V) were achieved by increasing the fuel flow rate, but with a lower fuel utilization. The performances of the fuel cell are probably diffusion-limited in a certain proportion by the catalytic layer as pointed out (2), but this aspect was not considered here. Due to the limitations mentioned above, the polarisation curves cannot be recorded in CH 4 . Accordingly, the fuel utilization was optimised using H 2 as the fuel, following the principles described above. This study is summarized in figure 3a for Ar-H 2 mixtures. For a given H 2 concentration, the fuel utilization decreases when the flow rate increases, and for a given flow rate, the fuel utilization decreases when H 2 concentration increases, in spite of significant increase of the current density. It means that the fuel cell efficiency is better for concentrated fuels with a low flow rate. Here, the best compromise was obtained with a total flow rate of 0.5 L.h -1 with 30 % H 2 in Ar, i.e. a partial flow rate of 0.15 L.h -1 for hydrogen, yielding fuel utilization of about 38 % and current density of 0.16 A.cm -2 . Using these conditions, long term stable operation in pure methane was achieved. As indicated above, the cell was gradually (0.5 V.min -1 ) polarised at V = 0.6V in diluted H 2 (figure 3b). After 30 minutes, at steady state, the fuel mixture was turned to 0.05 L.h -1 of methane (i.e. 1/3 of initial H 2 flow rate, see above), maintaining a constant total flow rate of 0.5 L.h -1 (10 % CH 4 ) for 25 hours (see figure 3b).

After this fuel switch, The current density remained almost at its previous value, which confirms the choice of the 1/3 ratio related to the 6e -provided by CH 4 (see above). After a second step of 25 hours with 20 % CH 4 (with a constant CH 4 partial flow rate) Ar was suppressed. Methane flow rate was manually adjusted for another 30 minutes to maintain a constant current density. The increase of the current density when the concentration of the fuel is increased is consistent with the behaviour observed in figure 3a in hydrogen. The increase of CH 4 concentration increases the fuel utilisation. The cell was then left for 1800 hours in pure methane (figure 3b). A gradual linear decrease of the performances of 15 %/1000 h. was observed. It is to be mentioned that with this degradation, the fuel utilization was slightly below the 1/3 theoretical limit. The cell was unfortunately stopped after 1800 hours (2 ½ month) of continuous operation for plant power supply maintenance. The shut down was made following the invert procedure. The fuel was turned to H 2 , maintaining the current density, left for 24 hours and then gradually depolarized. No carbon was observed at the anode or detected by EDX, no degradation of the anodic components could be observed (see figure 4).

The catalyst layer delaminated during the cell cooling and disassembly. The screenprinted Pt collector shows a very close contact with the cermet nickel, but no degradation of the components or interfaces can be evidenced from figure 4. The main modification was observed at the surface of the grains and along the grain boundaries of the electrolyte, with the apparition of sub-micrometric cracks and pores.

The degradation of the performances was then tentatively attributed to intrinsic ageing, mainly due to gradual increase of the electrolyte ohmic losses, as already mentioned for YSZ electrolysis cells long term operation (16) with higher current density, and evidenced by SEM as the presence of nanoporosity in YSZ grains, together with connexion loss in between grains. Ageing of the test bench, especially of the sealing glass can also explain this significant degradation.

Complete cell design procedure, operation and post-mortem analysis will be reported in a forthcoming paper. 

Conclusion

This study demonstrates the ability of SOFC systems with decoupled electrochemical and catalytic components and functions, to operate durably in pure methane without supply of reforming gas by Gradual Internal Reforming, provided that the following conditions are respected:

-Initiation of operation and then steam release without carbon (in H 2 for example) -Adjustment of the flow rates H 2 /CH 4 to maintain the current density -Optimization of the fuel utilization, to prevent carbon deposition conditions 
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 1 Figure 1. Sketch of the fuel cell architecture and schematic principle of Gradual Internal Reforming associated with Electrocatalytic Decoupling with screen-printed Internal Anodic Collecting System

Figure 2 .

 2 Figure 2. Polarisation curve of the fuel cell with Pt screen-printed anodic collector and catalytic layer obtained in H 2 at 800°C

Figure 3 .

 3 Figure 3. (a) Variation of H 2 utilization rate (for a faradaïc efficiency of 1) at 800°C in Ar-H 2 mixtures as a function of concentration and total flow rate; numbers indicate the current density; the red point shows the operation conditions of the experiment of Figure 3b; (b) potentiostatic test at 800°C and V = 0,6V in pure dry methane for 1800 hours after initiation in H 2 and gradual suppression of Ar (carrier gas)
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Figure. 4 :

 4 Figure. 4: SEM micrographs after 1800 hours in pure CH 4 of the complete cell (a); Detail of the anodic current collector

  This architecture allows the use of the best anode and catalyst at the same time. These results open the perspectives of fuel flexibility for SOFC. Demonstration has already been made for H 2 /CH 4 /C 2 H 5 OH[6].
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