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In situ reduction and evaluation of anode supported single chamber solid oxide fuel cells

Single chamber anode-supported fuel cells are investigated under several methane-oxygennitrogen atmospheres at intermediate temperatures (500°C-700°C). Ce 0.9 Gd 0.1 O 1.95 (CGO) is chosen as electrolyte and deposited by screen-printing onto NiO-CGO anode pellets. A cathode composed of 70wt% La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) and 30wt% of CGO is screen-printed onto the electrolyte. Thermogravimetric analyses of anode reduction are performed at 700°C. Carbon deposition is observed under diluted methane but a successful reduction is obtained after an initialization under diluted methane followed by a final treatment under methane-to-oxygen ratio (Rmix) of 2. Anode-supported fuel cells are investigated regarding the working temperature and Rmix. Two types of cells are prepared with modifications of the electrolyte microstructure. For both cells tested, the Open Circuit Voltage (OCV), the power density and the fuel utilization increase when Rmix and temperature decrease. The electrolytes of both cells have a porous microstructure and the electrolyte of the second cell, with the highest thickness, brings better performances. At 600°C for Rmix=0.6, the maximum power density is improved from 60 for the first cell to 160 mW cm -2 for the second cell. Comparing the fuel utilization, it increases from 3% for the first cell to 6% for the second one for the same testing conditions.

Introduction

Single Chamber Solid Oxide Fuel Cells (SC-SOFC) is an innovative kind of SOFC which have mostly been developed during the past decade [1][2][3][4]. Contrary to conventional SOFCs, SC-SOFCs work in an atmosphere where the fuel and the oxygen are mixed; this configuration allows a more flexible geometry without any needed sealing. Hydrocarbons are generally used instead of hydrogen because of a smaller flammability area. The working principle is based on the difference of catalytic activity between cathode and anode: the anode must be selective to the partial oxidation of hydrocarbons while the cathode must be selective to the reduction of oxygen.

Methane which is the most common fuel used in SC-SOFC is chosen for this study. Therefore, the main reactions which can occur are reactions I, II III and IV at the anode side and reaction V at the cathode side. Volume methane to oxygen ratio is noted Rmix in this paper. ½CH 4 For intermediate temperatures range (500-700°C), doped ceria with samarium (SDC) or gadolinium (CGO) seems to be the most promising electrolyte with an ionic conductivity of 0.025 S cm -1 for Ce 0.9 Gd 0.1 O 1.95 composition at 600°C [5].

The frequently used material for the anode is a cermet made of nickel and electrolyte material.

Indeed, the nickel is a good catalyst for the partial combustion of methane (reaction II).

The cathode material of a SC-SOFC should not catalyze any combustion of methane and must be stable under a partially reducing atmosphere. Our previous study has shown that La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) offers a good compromise between stability and low catalytic activity toward oxidation of hydrocarbons [6].

Concerning the various geometries of SC-SOFC, the most promising geometry is anodesupported cells. At this time, the best performances are obtained for anode-supported cell with a maximum power density of 1500 mW cm -2 [7]. To obtain this performance, Shao et al. worked with a bilayer electrolyte of YSZ (Yttria Stabilized Zirconia, 5µm) and SDC (5µm). Also, Suzuki et al. [8] obtained a performance of 660 mW cm -2 with an electrolyte made by screen-printing with YSZ. Even if a porous electrolyte is allowed in case of SC-SOFC since it has no more tightening role, they reported that the open circuit voltage (OCV) is lower than in the case of a dense electrolyte.

Furthermore, an important working parameter for SC-SOFC is methane-to-oxygen ratio (Rmix); the value of Rmix which brings the best power density is not clearly defined in literature.

Thermodynamically, Rmix has to be between 0.5 and 2, which corresponds to the stoichiometric ratio of the total (reaction I) and the partial (reaction II) combustions of methane respectively [3].

According to the modeling of Hao and Goodwin, the best power density is obtained for Rmix equal to 1.67 [9]. But experimentally, an increase of power density is observed when Rmix increases to 2 for some authors [10][11], or when Rmix decreases to 1 for other authors [12][13].

These various behaviors are mainly due to the differences of the geometrical configuration.

Another major challenge for SC-SOFC is the optimization of their efficiency and particularly the fuel utilization. At present, the highest value of fuel utilization reported is 11% [13] which is strongly dependent on running parameters (gas flow rate, Rmix, temperature) and bench test geometry.

The first objective of this study is to set an in situ reduction protocol of the anode (NiO-CGO)

without carbon deposition and without degradation of the cathode. Since papers report different reduction methods, there is not clear trend for successful anode reduction without degradation of the others cell components (i.e. electrolyte and cathode). Akhtar et al. [13] and Zhang et al. [14] reduced in situ the anode under pure methane, under working atmosphere or under hydrogen. The reduction under H 2 was the fastest but cathode degradation could occur. Zhang et al. [14] studied also an ex situ reduction of the anode before cathode processing that leads to the best performances but implies more steps in the preparation process.

The second objective of this work is to optimize the power density and the fuel efficiency of anode supported fuel cells. As the performances of SC-SOFC are influenced by the temperature and Rmix, the performances of a first cell are investigated for a furnace temperature from 600°C to 525°C each 25°C for various Rmix (1.5, 1, 0.8 and 0.6). The influence of electrolyte microstructure is investigated at 600°C for each Rmix with a second cell prepared with a thicker electrolyte.

Experimental

Materials and cells preparation

For the SC-SOFC preparation, commercial powders are used in this study. CGO, acquired from Fuel Cell Materials, is used for the electrolyte. The cathode is made of LSCF from Fuel Cell Materials and for the anode, NiO powder from Sigma-Aldrich is used.

The anode powder is a mixture of NiO (60wt%) and CGO (40wt%) which have been mixed in a ball mill for 5 minutes in order to homogenize the powders and break agglomerates. This powder is then pressed at 120 MPa and annealed at 1200°C during 2 hours to obtained anode pellets. The resulting anode pellets are 20 mm in diameter and 1 mm in thickness.

The electrolyte inks are prepared by mixing CGO powder with a binder (ESL V400, 0.5 g per gram of powder) and a solvent (ESL T404). Two ratios of solvent are used, 0.26 g per gram of powder for the first ink (ink 1) and 0.15 g per gram of powder for the second ink (ink 2). Inks are then homogenized and desagglomerated in a rolling mill. Five layers of electrolyte ink are screenprinted on the whole surface of the previous anode with a drying step at 120°C for each layer.

The cell is firstly annealed at 1200°C during 6 hours and at 1400°C during 4 hours for the final annealing.

The cathode ink, with 70wt% LSCF and 30wt% CGO, is prepared by adding binder (0.5 g per gram of powder) and 0.15 g of solvent per gram of powder. Two cathode layers are then screen-printed on the electrolyte with a smaller surface area (Ø 17mm) than the electrolyte to avoid short circuit between anode and cathode. The cathode is annealed at 1100°C during 2 hours and finally, a gold mesh is screen-printed on the cathode with a commercial gold ink (ESL 8880-H) as a current collector.

Characterizations

For all the next experiments, in methane/oxygen/nitrogen mixtures, oxygen is set at 10% in order to avoid the flammability area of methane.

For the study of anode reduction, thermo-gravimetric analyses (TGA) are performed with a Mettler Toledo device including a differential scanning calorimetry equipment (DSC); the total gas flow is set at 10 L h -1 for all gas mixture.

Fuel cell experiments are performed in a quartz tube with a thermocouple placed near the cell.

The experimental setup is similar to the one developed by Morel et al. [15]. The cell is pressed between two gold meshes in order to performed 4-wires measurements and the gas mixture is allowed to flow on both sides of the cell through the channels of the sample holder (Fig. 1). A VersaSTAT3 potentiostat-galvanostat is used for OCV and polarization measurements. The gas flow is set at 30 L h -1 for fuel cells tests. The power density is calculated with the cathode surface (2.27 cm²).

Fuel utilization and efficiency of the cells are also calculated [2,[START_REF] Minh | Science and Technology of Ceramic Fuel Cells[END_REF][START_REF]Fuel Cell Handbook[END_REF]. Fuel utilization (2 (f) )

corresponds to current efficiency and is calculated as the current corresponding to the maximum power density (I Pmax ) divided by the theoretical current obtained if all the fuel is consumed.

dt ) dn(CH nF I 2 initial 4 Pmax (f) = 1 1
(Equation 1) with dt ) dn(CH initial 4 : the initial molar flow of methane, F: the Faraday constant and n: the number of electrons involved in the reaction. For methane, the number of electrons n really implicated is not clearly defined in literature. The maximum of electrons theoretically produced with the direct electrochemical oxidation of methane is 8, according to reaction X. This value is chosen for fuel utilization calculation.

CH 4 + 4O 2-1 2H 2 O + CO 2 + 8e - (reaction X)
The efficiency of a cell includes three elements: the thermodynamic efficiency (2 (th) ), the voltage efficiency (2 (V) ) and the fuel utilization (2 (f) ).

(f) (V) (th) 2 2 2 2 × × = 1 1 1 (Equation 2)
The thermodynamic efficiency is (T) 3H

(T) 3G 2 (th)
°°= and is equal to 1 taking into account reaction I.

The voltage efficiency, 2 (V) , is defined as the ratio of the operating cell voltage under load, U, to the open circuit voltage.

Microstructures of cells are characterized by a scanning electron microscope (SEM) Jeol JSM 6400.

Results and discussion

In situ reduction of the anode

In order to initiate the SC-SOFC after its preparation, the nickel oxide of the anode has to be reduced in metallic nickel. Hydrogen is used for conventional fuel cells, but for SC-SOFC, as both electrodes are exposed to the same atmosphere, the cathode can be degraded by this reducing gas [4]. A reduction of the anode under working condition does not always succeed [14], and takes very long time when it happens; Akhtar et al. fully reduced the anode after 8 hours under Rmix=2 [13]. They also tested a reduction under pure methane but the anode was damaged by carbon formation.

Hence, in this study, the reduction of the anode is performed under different atmospheres at 700°C by thermo-gravimetric analyses (TGA) coupled with differential scanning calorimetry (DSC).

First experiment is carried out under 10% of methane diluted in nitrogen (Fig. 2). A weight loss is observed during the firsts 13 minutes and is then followed by a weight gain. The initial weight loss is attributed to the reduction of NiO by methane. A strong decrease of heat flow variation at the beginning of the experiment is observed. This endothermic phenomenon is due to NiO reduction by CH 4 (reactions XI and XII).

CH 4 + NiO 1 Ni + 2H 2 + CO ∆H°(700°C) = 213 kJ mol -1 (reaction XI) CH 4 + 4NiO 1 4Ni + 2H 2 O + CO 2 ∆H°(700°C) = 139 kJ mol -1 (reaction XII)
Then, heat flow variation increases but stays negative. That can be explained by a decreases of reduction reactions and/or also by the start of another endothermic reaction: methane cracking (reaction VII) with an enthalpy change of ∆H°(700°C) = 89 kJ mol -1 . Furthermore, the weight never decreases enough to consider complete reduction of nickel oxide (12.85%, dashed red line in Fig. 2) and even increases from 13 minutes to the end of the experiment. That suggests there is carbon deposition from methane cracking. After the experiment, the sample has a black color; typical of carbon.

This first experiment confirms carbon deposition during the reduction of nickel oxide under methane as reported elsewhere [13][14]. It is also important to notice that, at the very beginning of the experiment, there are mainly reactions of reduction (reactions XI and XII).

Consequently, in the second experiment of anode reduction, methane is flowed only during the firsts 3 minutes and then an atmosphere with Rmix=2 (CH 4 -O 2 -N 2 : 20-10-70) is flowed before methane cracking reaction occurs with carbon deposition. Weight variation and heat flow of this new anode reduction experiment are reported in Fig. 3. During the first 3 minutes, there is a weight loss and the heat flow is endothermic, nearly the same as the previous experiment. That means that reactions of nickel oxide reduction by methane are occurring (reactions XI and XII).

After 3 minutes under methane, the gas mixture Rmix=2 is injected and this brings about a strong increase of heat flow variation that becomes positive. Exothermic reactions of methane combustions occur (reaction I, 3H°(700°C) = -400 kJ mol -1 and reaction II, 3H°(700°C) = -45 kJ mol -1 ). Concerning the weight variation, there is a gradual loss until it has reached the theoretical value of the reduced anode weight. After 15 minutes, the weight is stable and the anode fully reduced. The experiment is carried out during 4 more hours under Rmix=2 and there is no more variation in weight and heat flow. After the experiment, the sample is grey as metallic nickel is. This reduction procedure allows to have a fast and complete reduction of the anode without carbon deposition.

Characterization of fuel cells

Before each cell measurement, the previous anode reduction procedure is applied. It is checked that this treatment does not induce cathode degradation. The electrolyte of the first cell is prepared with ink 1 (as defined in experimental part 2.1) so the corresponding cell is named cell 1. The second, prepared with ink 2 is named cell 2.

Cell 1

The micrograph of the cell 1 is reported in Fig. 4. Electrolyte is porous and is about 25 µm thick.

Interfaces between anode and electrolyte and between electrolyte and cathode are well defined.

LSFC-CGO cathode is 20 µm thick.

Characterization of cell 1 is performed at a furnace temperature from 600°C to 525°C each 25°C.

Tests are not performed below 525°C because of the loss of the OCV due to the lack of catalytic activity of the cermet anode towards methane oxidation at lower temperature [2]. For each temperature step, polarization measurements are done for Rmix=1.5, 1, 0.8 and 0.6.

An exothermic effect is observed due to combustion reactions (reactions I and II) so the sample temperature is higher than the furnace temperature. The temperature difference between sample and furnace (3T) for both cells is between 45°C and 55°C in the temperature range studied (Fig. 5). This exothermic effect depends on temperature and Rmix. 3T slightly increases with the temperature, but its main variation is with Rmix: 3T increases when Rmix decreases.

Indeed, the total combustion (reaction I) is more exothermic (3H°(700°C) = -400 kJ mol -1 ) than partial combustion (reaction II) (3H°(700°C) = -45 kJ mol -1 ), corresponding to Rmix=0.5 and to

Rmix=2 respectively. This may explain the higher exothermic effect when Rmix decreases as it has already been mentioned by Morel et al. [15]. For next tests, the temperature mentioned for fuel cell test is the furnace temperature.

At 600°C, performances of cell 1 operating in different Rmix are presented in Fig. 6. Concerning OCV, it is lower than SC-SOFC with a dense electrolyte [8] which reaches generally 0.8-0.9V.

Here, the highest OCV, around 0.48V, is obtained for R mix =0.6. An increase of OCV is noticed when R mix decreases, particularly from R mix =0.8 to R mix =0.6. Performances follow the same trend as the OCV and the maximum power density obtained is 60 mW cm -2 for Rmix=0.6 at this temperature.

Better performances are obtained by decreasing the temperatures. OCV (Fig. 7) and maximum power densities (Fig. 8) are reported as function of the temperature for the different Rmix. It's noteworthy that OCV values and power densities follow the same variation and increase when the temperature decreases. The influence of Rmix is the same as previously mentioned, and mostly when decreasing to Rmix=0.6. The highest OCV value of 0.7 V and the maximum power density, about 110 mW cm -2 , are obtained at 525°C under Rmix=0.6.

Fuel utilization and efficiency of the cell are then calculated for cell 1 (Fig. 9) according to equations 1 and 2, respectively. They follow the same trend as power density regarding influence of temperature and Rmix. However, as fuel utilization and efficiency calculations take into account performances and initial fuel flow (equation 1), and as here best performances are obtained when fuel flow is minimal (Rmix=0.6), influence of Rmix is more significant for fuel utilization and efficiency (Fig. 9) than for power densities (Fig. 8). The highest fuel utilization and efficiency are obtained for Rmix=0.6 at 525°C and are of 3.7% and 2.3% respectively. These values are in agreement with other results of SC-SOFC [8,[START_REF] Suzuki | [END_REF].

Cell 2

Cell 2 presents a thicker electrolyte of 50µm (Fig. 10) compared to cell 1. This is in accordance with inks preparation. Indeed, ink 2 contains less solvent than ink 1 and so leads to thicker layers.

The fracture between anode and electrolyte that can be seen onto the micrograph of tested cell is due to an electrical problem (strong over-potential applied) with the measurement equipment that occurred after the experiment. Cell 2 could only be characterized at 600°C. The results obtained for cell 2 at different Rmix are presented in Fig. 11. The OCV and the maximum power density increase when Rmix decreases, like for cell 1. At Rmix=0.6, 160 mW cm -2 are reached. In these experimental conditions, fuel utilization and efficiency of cell 2 are of 6% and 3.4% respectively.

Discussion and comparison of cells performances

The best performances for the 2 cells are obtained at very low Rmix compared to the results published in the literature where Rmix is commonly between 1 and 2 [7,[9][10][11][12][13]. Results reported are obtained with dense electrolyte; in this study electrolytes are porous. According to Suzuki et al. [8], for a porous electrolyte, diffusion of hydrogen from the anode to the cathode through the electrolyte pores can occur lowering the oxygen partial pressure at the cathode side and thus decreasing the OCV. At Rmix=0.6, less methane is flowed so less hydrogen is produced compared to higher Rmix. This can explained that OCV increases when Rmix is low because of less hydrogen diffusion.

Comparing the two cells, for the same temperature of 600°C and Rmix=0.6, OCV increases from 0.48V to 0.67V, maximum power density from 60 mW cm -2 to 160 mW cm -2 and fuel utilization from 3% to 6% respectively for cells 1 and 2. The difference between these cells lies on thicknesses of the electrolytes, given that both are porous. Cell 2, which presents the best performances, has a thicker electrolyte. This is not the expected trend for conventional cells in regard of ohmic drop in electrolyte. It seems that the higher the thickness of electrolyte is, the lower the diffusion of hydrogen is. This is in agreement with the OCV value of cells. So the ohmic drop due to electrolyte thickness is compensated here by hydrogen diffusion limitation.

Conclusion

Anode supported single chamber SOFC are investigated regarding the in situ reduction of the anode and the cells behavior versus temperature and Rmix for different electrolyte microstructures.

First, a study of anode reduction by thermogravimetric analyses leads to a fast and efficient route of in situ reduction of the anode. Indeed, a successful reduction of the anode without carbon deposition is obtained at 700°C after a treatment of 3 minutes in diluted methane atmosphere followed by Rmix=2 atmosphere during 12 minutes.

Then characterizations of cells in single chamber atmosphere are performed. Influences of temperature and Rmix atmosphere are evaluated. OCV and maximum power density increase when temperature and Rmix decrease. This is related to the porous microstructure of the electrolyte. In this case, the diffusion of hydrogen from the anode side to the cathode side is possible through the pores of the electrolyte. At low methane gas flow (low Rmix) and at low temperature, this diffusion is limited and thus OCV is increased. The cell with a thicker electrolyte follows the same behavior versus Rmix but the OCV is greatly higher. This OCV improvement seems due to higher thickness of electrolyte which slows down the diffusion of hydrogen between the two electrodes. Furthermore, this second cell showed a maximum power density of 160 mW cm -2 at 600°C for Rmix=0.6 with a fuel utilization of 6%. Fuel utilization is even more improved because the maximum power density is obtained at the lowest fuel flow.

For both experimented cells, OCV seems to be the predominant parameter to enhance the cell performances. A better densification of the electrolyte should improve the OCV and then the maximum power density. 

Figure captions

Fig. 1 :Fig. 2 :Fig. 3 :Fig. 4 :Fig. 5 :Fig. 6 :Fig. 7 :Fig. 8 :Fig. 9 :Fig. 10 :Fig. 11 : 1 Fig. 1 : 1 Fig. 2 : 1 Fig. 3 :Fig. 4 :Fig. 5 :Fig. 6 :Fig. 7 :Fig. 8 :Fig. 10 :Fig. 11 :

 1234567891011111213456781011 Fig. 1: Diagram and pictures of the sample holder of the experimental setup for electrical

Acknowledgments

The authors thank ADEME (French Environment and Energy Management Agency) for financial support of this study in the frame of "MONOPAC500" project.