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The special ability of solid oxide fuel cells (SOFCs) for direct utilization of hydrocarbons had extended commercial applications of SOFCs. But carbon deposition and sulfur poisoning problems by using hydrocarbons as fuel had limited using of cermet composite anodes in SOFCs. So ceramic anodes, with good stability for these problems, are more attractive for this purpose. In this study, the oxidation of methanol on the La0.75Sr0.25Cr0.5Mn0.5O3-δ/ Zr0.92Y0.08O2δ (LSCM/YSZ) composite as an anode electrode in SOFC was investigated. Furthermore, the impregnation of nanoLaFe0.6Co0.4O3(LFC) on the LSCM/YSZ composite backbone was investigated for electrochemically promoting the performance of the anode. For the characterization of the LFC impregnation effect, electrochemical impedance spectroscopy (EIS) was used. The results showed that LSCM/YSZ has a large impedance for methanol oxidation while the impregnation of LFC nanoparticles significantly promoted the electrocatalytic activity of LSCM/YSZ anode for the methanol electro-oxidation reaction. For example, at 850°C, the electrode polarization resistance for the methanol oxidation decreased significantly (~92%) after impregnation of LFC in the atmosphere of wet CH3OH (97%CH3OH/3%H2O). The impedance curves investigation by equivalent circuit revealed that LFC impregnation clearly enhanced the electrode processes, indicating the substantial improvement in hydrogen adsorption and methanol decomposition on the LSCM/YSZ composite anode, respectively.

Introduction

Fuel cells are a type of energy device that directly converts chemical energy into electrical energy through electrochemical reactions with high efficiency [START_REF] Murray | A direct-methane fuel cell with a ceria-based anode[END_REF]. Hydrogen is the main fuel in solid oxide fuel cells, which is mainly produced from the decomposition of hydrocarbons. The problems in the production, distribution, and storage of hydrogen limit the development of applications of solid oxide fuel cells that use hydrogen fuel [START_REF] Gorte | Anodes for direct oxidation of dry hydrocarbons in a solid-oxide fuel cell[END_REF][START_REF] Cimenti | Direct utilization of methanol on impregnated Ni/YSZ and Ni-Zr 0.35 Ce 0.65 O 2/YSZ anodes for solid oxide fuel cells[END_REF]. Therefore, researchers are trying to develop solid oxide fuel cell applications by using hydrocarbons directly [START_REF] Ge | Solid oxide fuel cell anode materials for direct hydrocarbon utilization[END_REF]. Among the types of hydrocarbons, the distribution and storage of alcohols are simpler and safer due to their liquid nature at ambient temperature and pressure [5]. For example, methanol can be directly used as fuel in the solid oxide fuel cell anode electrode [START_REF] Sá | Catalysts for methanol steam reforming-A review[END_REF].

Ni/YSZ composite is used as a conventional anode electrode in solid oxide fuel cells. Ni/YSZ anodes have little stability against the oxidation-reduction cycle and suffer from performance loss due to the formation of carbon and sulfur poisoning while using hydrocarbon fuels [START_REF] Kim | A study of the methane tolerance of LSCM-YSZ composite anodes with Pt, Ni, Pd and ceria catalysts[END_REF][START_REF] Ye | Pd-promoted La0. 75Sr0. 25Cr0. 5Mn0. 5O3/YSZ composite anodes for direct utilization of methane in SOFCs[END_REF]. In recent years, perovskite (La, Sr)Cr0.5Mn0.5O3 has been proposed as a potential anode in solid oxide fuel cells [START_REF] Jung | LSCM-YSZ nanocomposites for a high performance SOFC anode[END_REF]. For example, Tau and Irvine [START_REF] Tao | methane oxidation at redox stable fuel cell electrode La0. 75Sr0. 25Cr0. 5Mn0. 5O3-δ[END_REF] investigated the power density of La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) anode in the presence of methane. The results showed that the power density of the LSCM anode in the presence of methane is comparable to the power density of the Ni/YSZ anode in hydrogen. Also, Jiang et al. [11] showed that for methane oxidation on the LSCM/YSZ composite anode, the impedance of the electrode was about 18.9 Ω cm 2 and there was no effect of carbon formation.

One of the ways to improve the performance of solid oxide fuel cell electrodes is to add catalytic oxide nanoparticles into the porous structure of solid oxide fuel cell electrodes by the impregnation method. Jiang et al [START_REF] Jiang | GDC-impregnated[END_REF] found that the addition of 0.4 mg cm -2 of gadoliniumdoped ceria nanoparticles (GDC) reduced the polarization resistance of the LSCM anode for methane oxidation from 11.4 to 0.44 Ω cm 2 . In another study, perovskite LaFe0.7Co0.3O3 was studied as a solid oxide fuel cell anode. The results showed the proper electrocatalytic properties of this material in the hydrogen oxidation reaction [START_REF] Shen | Impregnated LaCo 0.3 Fe 0[END_REF].

Jiang et al. [START_REF] Jiang | GDC-impregnated[END_REF] used the R(RQ)(RQ)(RQ) for fitting the impedance spectra of methane oxidation on the LSCM/YSZ composite, and the results revealed that at least there are three separate steps for the methane oxidation reaction on the surface of the LSCM/YSZ electrode. In the modeling carried out in the proposed research, the high frequency arc with a high activation energy (around 1.64 eV) was related to the transfer of charge carriers in the electrodeelectrolyte interface.

Primdahl and Mogensen [START_REF] Primdahl | Gas conversion impedance: a test geometry effect in characterization of solid oxide fuel cell anodes[END_REF] studied the electrochemical oxidation of wet hydrogen on the Ni/YSZ anode at 1000 °C using a three-electrode configuration. They observed an arc with an activation energy of -0.09 eV at a maximum frequency of around 1 Hz and attributed it to the gas composition change near the surface of the Ni/YSZ electrode. Also, Jiang et al. [START_REF] Jiang | Performance and electrode behaviour of nano-YSZ impregnated nickel anodes used in solid oxide fuel cells[END_REF] reported an arc with an activation energy of 0.42 eV at a maximum frequency of 0.02 Hz for hydrogen oxidation on the Ni/YSZ composite anode and related this semi-circle to the hydrogen surface adsorption on Ni.

In the present study, the direct oxidation of methanol on the LSCM/YSZ composite anode and the effect of impregnating LFC nanoparticles with different concentrations on its electrochemical performance were investigated. By analyzing the impedance spectra, the mechanism that improved methanol oxidation was also studied.

Experimental

Electrolyte tablets were pressed from YSZ powder (Tosoh, Japan) and sintered at 1500 ºC for 4 hours. The final diameter and thickness of the tablets were 20 and ~1 mm, respectively. The surface of the tablets was sanded. In the center of the YSZ tablet, a circle with an area of 0.25 cm 2 was covered with platinum ink as the counter electrode and around it as a ring as the reference electrode. La0.75Sr0.25Cr0.5Mn0.5O3-δ powder (Fuel cell material, USA) and YSZ powder were mixed with a weight ratio of 1:1. A certain amount of ink vehicle (Ink vehicle, Fuel cell materials, USA) was added to prepare LSCM/YSZ ink. The ink was deposited on the YSZ tablet, then heated at 1250 ºC in the air for 2 hours.

Three nitrate solutions of LaFe0.6Co0.4O3 with different concentrations of 0.2, 0.3, and 0.4 M based on the stoichiometric ratio of 1:0.6:0.4 from the La(NO3)3.6H2O, Fe(NO3)3.9H2O and Co(NO3)2.6H2O salts (all Merck, Germany) were prepared. Ethylene glycol was added to the solution as a complexing agent. A drop of the resulting solution was dripped on the surface of the LSCM/YSZ composite anode. After drying in air, the implanted electrodes were heated at 900 ºC for 2 hours in the air. 10 mL of 0.3 M solution was dried in an oven and the resulting powder was calcined in air at 900 ºC for 2 hours [START_REF] Varandili | Characterization of B site codoped LaFeO3 nanoparticles prepared via co-precipitation route[END_REF]. The phase composition of calcined LFC powder was checked by an Xray diffractometer (Philips PW-1730) with Cu-Kα radiation. Field Emission scanning electron microscope (FESEM) (TESCAN, MIRA3) was utilized for investigating the formation of LFC nanoparticles in porous LSCM/YSZ composite anode.

Electrochemical measurements were conducted with a three-electrode configuration. Wet methanol (97%CH3OH/3%H2O) was used as fuel. Electrochemical impedance spectroscopy of anodes was performed by PARSTAT 2273 device under open circuit voltage. Zsimpwin software was used to calculate the ohmic resistance (RΩ) and polarization resistance (RE) of the electrode.

Results and Discussion

The results of the X-ray diffraction analysis of LFC powder which was calcinated at 900 °C for 2 hours are shown in Figure 1. Investigations show that all the peaks match the peaks of LaFe0.6Co0.4O3 material (JCPDS card no. 00-044-0361) so it can be predicted that LFC forms in the porous structure of the LSCM/YSZ composite anode by impregnation of the LFC solution, and post calcination. to the passage of electric current through the wires and the passage of oxygen ions through the electrolyte, and R1, R2, and R3 are respectively the electrode polarization resistance and Q1, Q2, and Q3 are respectively the constant phase elements, at high, medium and low frequencies (Figure 3). Throughout the article, the sum of resistances R1, R2, and R3 is mentioned as RE. In Figure 2a, the dashed lines show the impedance arcs resulting from the equivalent circuit model. In order to facilitate the comparison of the three curves in Figure 2, the ohmic resistance has been omitted from the impedance data. The impedance of the LSCM/YSZ composite anode electrode at 750 ºC for methanol oxidation is 19.76 Ω cm 2 (Figure 2a). By increasing the temperature to 800 and 850 ºC, the impedance value of the electrode decreases to 14.02 and 9.1 Ω cm 2 , respectively.

The result of the calculated resistances obtained from the equivalent circuit from the impedance spectra is shown in the form of the Arrhenius plot in Figure 4. As can be seen, the amount of electrode polarization resistance in high and low frequencies decreases with increasing temperature. Therefore, these processes can be considered thermally activated. The activation energy of the high and low frequency arcs was calculated as 1.13 and 0.95 eV, respectively. Polarization resistance in medium frequencies decreases very little with increasing temperature and the activation energy of this process is -0.057 eV. The maximum frequency in the high frequency arc was greater than 2 kHz and in the medium and low frequencies was 0.55 and 0.094 Hz, respectively. Thus, according to the activation energy of R1Q1 and similar research results [11], the process observed at high frequencies can be considered dependent on the transfer of charged components in the electrode. In the present study, the gas composition at the LSCM/YSZ electrode surface was completely different from the counter and reference electrodes. Also, an arc at medium frequencies with a frequency in the range of 0.55 Hz and activation energy of -0.57 eV is observed. So, based on the studies of other researchers [START_REF] Primdahl | Gas conversion impedance: a test geometry effect in characterization of solid oxide fuel cell anodes[END_REF] and the observations of this study, it can be inferred that the process which occurs at medium frequencies is related to the gas composition changes on the surface of the LSCM/YSZ composite anode.

Comparing the results of this report with a similar study [START_REF] Jiang | Performance and electrode behaviour of nano-YSZ impregnated nickel anodes used in solid oxide fuel cells[END_REF] reveals that the arc of low frequency is related to the surface absorption of hydrogen on the LSCM/YSZ composite anode electrode.

Figure 5 shows the impedance spectra of methanol oxidation on the LSCM/YSZ composite anode electrode and the effect of LFC nanoparticle impregnation on the electrochemical performance at 850 ºC. As a result of adding 0.2 M solution, the impedance value of the electrode for methanol oxidation at 850 ºC decreased to 2.35 Ω cm 2 . By increasing the concentration of LFC solution to 0.3 and 0.4 M, the polarization resistance of the anode electrode decreased to 0.83 and 1.66 Ω cm 2 , respectively. This reduction can be due to the improvement of the catalytic properties of the anode or the increase of the ionic and electronic conductivity of the anode electrode due to the impregnation of the LFC solution. As a result of adding LFC to the anode electrode, the electrochemical resistance of the LSCM/YSZ composite anode for the methanol oxidation reaction was greatly reduced. Impedance reduction due to LFC nanoparticle impregnation is mainly caused by the reduction of electrode polarization resistance at low and medium frequencies. The value of electrode resistance at low frequencies for LSCM/YSZ composite anode electrode is about 6.11 Ω cm 2 and by adding 0.3 M solution, this value decreases to 0.51 Ω cm 2 (almost 92%). Also, by impregnation of LFC on the LSCM/YSZ electrode, the impedance value of the electrode in medium frequencies decreases from 2.75 Ω cm 2 to 0.29 Ω cm 2 (~ 90%). By infiltration of LFC nanoparticles, a 49% decrease in electrode impedance was also observed at high frequencies (Figure 6). These reductions can be due to the improved connection of oxygen ion conductor phases by LFC nanoparticles. It should be noted that with increasing concentration of LFC solution, the polarization resistance decreases continuously at high and medium frequencies, but at low frequencies, there is an optimal value of 0.3 M, beyond which the electrode impedance value increases. The relative increase in electrode polarization resistance at low frequencies with 0.4 M solution impregnation may be related to the non-uniform distribution of LFC nanoparticles in the porous LSCM/YSZ composite structure. 

Conclusion

The porous LSCM/YSZ electrode showed high relative resistance to direct methanol oxidation.

Examination of the impedance models with equations showed that the methanol oxidation on the LSCM/YSZ composite consists of three processes. These processes were related to the electrode charge transfer at high frequencies, methanol splitting at medium frequencies, and surface absorption of hydrogen at low frequencies. The polarization resistance was impressively reduced by the impregnation of LFC nanoparticles with different concentrations such as 0. 
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 1 Figure 1. X-ray diffraction pattern of LFC powder calcined at 900 ºC for 2 hours.
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 2 Figure2shows the electrochemical impedance spectra of the LSCM/YSZ composite anode at different temperatures under wet methanol (97%CH3OH/3%H2O).
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 2 Figure 2. The impedance spectra of LSCM/YSZ composite anode at temperatures (a) 750, (b) 800, and (c) 850 ºC in the presence of wet methanol. Points are the experimental data and lines are the results of the fitting.
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 3 Figure 3. The equivalent circuit is used to fitting the impedance spectra of LSCM/YSZ composite anodes.
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 4 Figure 4. Arrhenius plot of electrode polarization resistance (RE) and arc of low (R3), medium (R2), and high (R1) frequencies in terms of temperature. Points are the experimental data and lines are the results of the fitting.
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 5 Figure 5. Methanol oxidation impedance spectra for samples impregnated with concentrations of 0.2, 0.3, and 0.4 M at 850 ºC. The points are the experimental data, and the lines are the result of the fitting. The numbers represent the peak frequency of the Nyquist plot.
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 6 Figure 6. Arrhenius plot of electrode polarization resistance (RE) and arc of low (R3), medium (R2), and high (R1) frequencies in terms of LFC solution concentration.
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 7 Figure 7 shows the nanoparticles formed as a result of LFC solution infiltration onto the LSCM/YSZ composites by 0.3 M solution, after electrochemical measurements. LFC nanoparticles formed in the porous structure of the LSCM/YSZ electrode with an average size in the range of 87.4 nm.
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 7 Figure 7.FESEM image of the LFC nanoparticles formed on the LSCM/YSZ composite by impregnation of the LFC solution with 0.3 M concentration, after electrochemical measurement.
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 2 and 0.4 M. LFC nanoparticles enhanced the electrocatalytic properties of LSCM/YSZ for methanol oxidation by accelerating the methanol splitting and hydrogen surface absorption. By increasing the concentration of the impregnation solution, the electrode impedance at the high and medium frequencies reduces continuously. By increasing the solution concentration up to 0.3 M, the electrode impedance at low frequencies is decreased and with 0.4 M the electrode impedance is increased. This relative increase can be due to the non-uniform distribution of LFC nanoparticles by 0.4 M solution impregnation.