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SOFCs fed with dry H2 and CH4 fuels were examined using 20 wt% Ni/SDC and 0.2 wt% BaO-added 20 wt% Ni/SDC [Ni(BaO)/SDC] anodes. The i–v characteristics of the cells in H2 and CH4 resulted in a higher output produced by CH4 fuel compared to that produced by H2 fuel in both anodes. In both fuels, better anode characteristics were obtained for Ni(BaO)/SDC. Consequently, the anodic performance was in the order of Ni(BaO)/SDC in CH4 > Ni/SDC in CH4 > Ni(BaO)/SDC in H2 > Ni/SDC in H2. A significant carbon deposition was observed in the Ni/SDC anode in CH4, but the carbon deposition observed in Ni(BaO)/SDC was less. From the DC electrical resistance measurement of the anode films, a remarkable decrease in resistance was observed in Ni/SDC due to the carbon deposition after CH4 exposure. The resistance of Ni(BaO)/SDC was higher than that of Ni/SDC and did not change even after CH4 exposure because of the less carbon deposit. The high dispersibility of Ni particles was confirmed in both anodes and was particularly remarkable in Ni(BaO)/SDC. The highest anodic performance in Ni(BaO)/SDC was attributed to the high Ni dispersibility which might promote CH4 decomposition by producing less carbon deposit. It was speculated that the higher cell output in CH4 than that in H2 is due to the locally high concentration of H2 and/or CO gas on the anode surface by the promotion of CH4 decomposition.
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INTRODUCTION
As solid oxide fuel cells (SOFCs) operate at high temperatures, they have the advantage of having higher power generation efficiency than the other fuel cells and can directly use different fuels other than hydrogen fuel (H2). Methane (CH4) is the main component of natural gas and is a raw material for hydrogen production by a steam reforming process. Single cell of SOFC was operated at 700°C, and at this temperature, CH4 can be internally reformed in the cell without prereforming process. Many research studies on power generation by internal reforming of CH4 using SOFC have been extensively performed (Son, 2002). The disadvantage of the internal reforming is the carbon deposit on an anode which reduces an anodic performance by closing the porous structure of the anode or powdering catalytic Ni particles (Finnerty et al., 1998). When CH4 is used as a fuel, carbon deposition can be avoided by operating with a high steam/carbon ratio, S/C = 2–3. However, a high steam content simultaneously leads to dilution of the fuel. In this aspect, carbon-tolerant anodes in dry or low-steam-content CH4 are desirable.
Ni/YSZ is used as a general-purpose anode material because Ni acts as a catalyst and an electron conduction path and YSZ acts as an oxide ion conducting phase. Ni/YSZ generally contains approximately 50–60 wt% Ni. However, a high concentration of Ni tends to promote coarsening of Ni particles during a chemical reaction at high temperature, thus causing high electrode overvoltage (Simwonis et al., 2000; Lee et al., 2002) and cell corruption because of volume expansion due to Ni reoxidation (Ettler et al., 2010). Ni-cermet anodes using Sm-doped ceria (SDC) have also demonstrated a good anodic performance in H2 and CH4 fuels (Zhang et al., 1999; Wang et al., 2003). In our previous work, we reported that high anodic performance can be obtained in dry CH4 fuel using SDC chemically loaded with 20 wt% Ni (Asamoto et al., 2008). By reducing the amount of Ni, dispersed nanosized Ni particles are generated, and at reducing atmosphere, SDC develops mixed conductivity due to the reduction of Ce4+ into Ce3+, thus resulting in high anode characteristics. The 20 wt% Ni/SDC anode film formed by electrophoretic deposition (EPD) showed higher carbon resistance to dry CH4 compared to the slurry-coated anode because a dense Ni/SDC film was formed using the EPD method, which improved oxide ionic conductivity in the anode film to effectively oxidize and remove the carbon deposit.
For the direct use of CH4 in SOFCs, there are several reports on alkaline earth-modified Ni anodes that can be referred to. McIntyre et al. (2015) reported that 1% BaO-infiltrated Ni/YSZ anode in CH4 effectively reduced carbon accumulation. Qu et al. (2016) also reported that CaO and BaO modifiers increase tolerance to carbon deposition. However, they both stated that the addition of BaO has a negative effect on the cell performance in CH4.
The interaction between BaO and highly dispersed Ni can be expected to achieve both high carbon tolerance and electrochemical reaction activity even in CH4 fuel. In this study, we evaluated anode characteristics in dry H2 and CH4 fuels using 20 wt% Ni/SDC with the addition of 0.2 wt% BaO, the effect of BaO addition on the anode structure and catalytic activity and the influence of carbon deposition under CH4 fuel on the cell performance.
EXPERIMENTAL
Sample Preparation
Samaria-doped ceria, (SmO1.5)0.2(CeO2)0.8 (SDC), was prepared using the method reported by Asamoto et al. (2008). The typical procedure is as follows. A mixed aqueous solution of Sm(NO3)3·6H2O and Ce(NO3)3·6H2O of stoichiometric molar ratio was added to an NH4OH solution. The resultant yellowish precipitate was filtrated and dried for 24 h; this was followed by calcination at 350°C for 4 h. SDC powders were ball-milled in ethanol for 24 h. The pulverized SDC powders were added to an aqueous solution of Ni(NO3)2·6H2O, and the mixture was stirred with a magnetic stirrer for one day. The dried powder of Ni-impregnated SDC was calcined at 700°C for 10 h. The loading amount of metallic Ni was fixed at 20 wt%. NiO/SDC powders containing BaO additive were prepared using a similar method, except for the use of a mixed solution of Ni(NO3)2·6H2O and Ba(NO3)2 for impregnating SDC. The loading amounts of metallic Ni and BaO were 20 and 0.2 wt%, respectively. The resulting samples were characterized using X-ray diffusion (XRD) and field emission scanning electron microscopy (FE-SEM).
Fabrication of Single Fuel Cell
The powder, (ScO1.5)0.20(CeO2)0.01(ZrO2)0.79 (ScCeSZ), was purchased from Tosoh Co. (Japan), as an electrolyte material. The ScCeSZ powders were uniaxially pressed into disks having an 8 mm diameter at 60 kgf·cm−2 in a vacuum. The pressed disks were sintered at 1,500°C for 10 h to obtain a dense electrolyte disk. The thickness of the electrolyte after the sintering was 1.3 mm. The Pt electrode of the cathode having a 5.5 mm diameter was painted on one surface of the ScCeSZ electrolyte disk and heat-treated at 1,000°C for 20 min. The anode was fabricated on the opposite surface of the ScCeSZ electrolyte disk by an electrophoretic deposition (EPD) method. Details of the EPD method are reported in the study of Asamoto et al. (2008); the anode powder was suspended in iodine-added acetylacetone. The deposition surface of the ScCeSZ disk was coated with carbon. The anode deposited by EPD was heat-treated at 900°C for 5 h. The diameter of the anode was 3.5 mm.
Measurement of i–v Characteristics
Figure 1 illustrates the schematic view of the configuration of the fuel cell test. Gold and platinum meshes were used as the current collectors of the anode and cathode, respectively. The disk-type single cells were mounted on the top of an aluminum tube and sealed with a Pyrex glass. Before the fuel cell measurement, the glass seal was heated at 850°C, and then, the anode was exposed to a hydrogen atmosphere at 700°C for 1 h to reduce NiO to metallic Ni. For the fuel cell measurement, dry hydrogen or methane was introduced to the anode at a flow rate of 50 cm3 min−1. The cathode was exposed to an ambient atmosphere. The measurement temperature of the fuel cell was 700°C. The i–v measurements were conducted under current control using carbon resistance elements connected in parallel to the cell; the terminal voltage of the resistance elements was measured using a digital multimeter. The i–v characteristics were measured twice and evaluated as the average value after confirming that the error was within 5%.
[image: Figure 1]FIGURE 1 | Schematic picture of the configuration of the cell test under H2 and CH2 fuels.
Measurement of Catalytic Activity of Anode Materials
The reaction of methane on anode materials, Ni/SDC and Ni(BaO)/SDC, was examined using a conventional flow reactor. A physical mixture of 0.100 g of the sample (212–500 μm in particle size) and 0.300 g of quartz sand was set into a quartz tube having a 9 mm diameter. The sample was heated up to 900°C in helium and then reduced in hydrogen at the same temperature for 0.5 h. After this, the sample was flushed with helium to remove hydrogen and the reaction was started by supplying 1% methane and helium with a gas hourly space velocity (GHSV) of 20,000 h−1. The reaction temperature and time were 700°C and 1 h, respectively. The effluent gases were analyzed using online gas chromatography with a thermal conductivity detector and a 3-m active carbon column. To analyze the deposited carbon, the Ni/SDC powder after the reaction was further examined with the temperature-programmed oxidation with H2O (H2O-TPO). In this measurement, helium gas after passing through a H2O bubbler was fed in the carbon-deposited sample with a flow rate of 50 ml⋅min−1. The reaction temperature was increased stepwise from 200 to 700°C. The activity was evaluated by the concentration of CO and CO2. The reaction gas was analyzed with the TCD-GC similar to the aforementioned catalytic examination. To observe the deposited carbon directly, the anode powders pressed into disks treated with methane similar to the aforementioned catalytic examination and cross section of the disks after the CH4 treatment were observed by SEM-EDS.
Measurement of Sample Resistance
The electrical resistance of the anode film was measured as follows. Figure 2 shows the schematic view of the measurement device. The anode film was deposited using the EPD method on a comb-type Au electrode printed on an Al2O3 substrate. The sample was placed into a quartz tube and heated to 850°C at a heating rate of 5°C min−1, and then, 2% CH4/Ar gas was introduced at 700°C for 1 h. Electrical resistance was measured in Ar. In the external circuit, DC power (10 V) and the reference resistance, R’ (100 Ω–33 MΩ), were connected in series, and the terminal voltage, E’, at the resistance was measured using an electrometer. The resistance of the elements, R, was determined by the following equation: R = (10-E’)R’/E’.
[image: Figure 2]FIGURE 2 | The setup of DC resistance measurement for the anode films formed on the comb-type Au electrode under H2 and 2%CH4/Ar flow.
RESULTS AND DISCUSSION
i–v Characteristics of the Cells with Ni/SDC and Ni(BaO)/SDC Anodes in H2 and CH4
Figure 3 shows the XRD patterns of the powder samples before and after H2 reduction. The SDC powder prepared at 350°C exhibited broad signals, suggesting that calcination at a low temperature produced a fine particle size of SDC. Crystallite sizes of the SDC particles were evaluated using the Scherrer equation which is as follows:
[image: image]
where D is the crystallite size (nm), K is the Scherrer constant (0.90), λ is the wavelength of X-ray (Cu–Kα 0.154 nm), and B and θ are the FWHM (rad) and Bragg angle (rad) of the relevant XRD peak, respectively. Crystallite sizes of the SDC particles in the Ni-unloaded SDC, Ni/SDC, and Ni(BaO)/SDC were evaluated to be 4.6, 13.2, and 12.2 nm, respectively. For the Ni- and Ni(BaO)-impregnated samples, the dual phases of NiO/SDC and Ni/SDC were observed before and after the H2-reduction process, respectively. No diffraction peaks of BaO in the Ni(BaO)/SDC sample were observed because of the small amount of BaO supported (0.2 wt%). After H2 reduction, NiO was completely reduced to metallic Ni in the NiO-supported SDC samples.
[image: Figure 3]FIGURE 3 | XRD patterns of anode powders before (A) and after (B) H2 reduction. The SDC powder (A) was calcined at 350°C, and Ni/SDC and Ni(BaO)/SDC powders were fired at 700°C. The powders (B) were subsequently reduced in H2 at 700°C.
Figure 4 shows the i–v and i–p characteristics of a cell with a Ni/SDC anode when operated under the supply of H2 fuel (A) and CH4 fuel (B). Open circuit voltages (OCV) in the two fuels are 1.27 V (Ni/SDC) and 1.27 V (Ni(BaO)/SDC) for H2 fuel and 1.28 V (Ni/SDC) and 1.33 V (Ni(BaO)/SDC) for CH4 fuel. The OCV value with Ni(BaO)/SDC in CH4 was specifically higher than the others. Adding 0.2 wt% BaO to Ni/SDC significantly enhanced the cell performance in both fuels; the maximum power density was 35 mWcm−2 in H2 fuel and 61 mWcm−2 in CH4 fuel. Consequently, the anodic performance was in the order of Ni(BaO)/SDC in CH4 > Ni/SDC in CH4 > Ni(BaO)/SDC in H2 > Ni/SDC in H2. Notably, significant carbon deposition was observed on the Ni/SDC anode after cell operation in CH4 fuel, but the carbon deposition was suppressed in the case of the Ni(BaO)/SDC anode.
[image: Figure 4]FIGURE 4 | The i–v and i–p characteristics of the cells with Ni/SDC and Ni(BaO)/SDC anodes at 700°C in H2(A) and CH4(B) fuels.
Better cell performance was obtained in dry CH4 fuel compared to that in H2 fuel with both anodes. In CH4 fuel, the following anodic reactions were considered:
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In CH4 fuel, if the CH4 cracking reaction (2) occurs near the surface of the anode, reaction (8) is a possible electrochemical reaction, as in the case of H2 fuel. Noncracking processes, reactions (5)–(7), are also expected. It is deduced that reaction (8) subsequently to CH4 cracking is the main process on the Ni/SDC anode because it exhibited significant carbon deposition. Since carbon deposition is suppressed in the Ni(BaO)/SDC anode, carbon oxidation processes (3)–(4) would be expected in addition to the noncracking processes (5)–(7). Alipour et al. (2014) reported that adding alkali metal oxide to Ni/Al2O3 catalyst is effective for enhancing the catalytic activity of dry CH4 reforming. They concluded that adding alkali metal decreased the surface area of the catalyst but increased the reducibility of NiO into metallic Ni, which induced oxidative carbon illumination. Jing et al. (2004) reported that adding BaO to Ni/SiO2 catalyst enhanced Ni dispersion on support, inducing the high catalytic activity of dry reforming and partial oxidation of CH4. In both cases, it seems that the addition of alkali metals promotes carbon removal by directly interacting with Ni particles. Figure 5 shows the catalytic CH4 conversion on the two anode catalysts under the CH4 stream. No significant difference in activity was observed between the two catalysts, and almost 100% conversion rate was maintained at 700°C for 1 h, suggesting that the two anodes have sufficient catalytic activity for methane conversion. Therefore, the less carbon deposition in Ni(BaO)/SDC is not due to less CH4 conversion but fast consumption of produced carbon.
[image: Figure 5]FIGURE 5 | Time on the steam of catalytic CH4 conversion of the Ni/SDC and Ni(BaO)/SDC powders measured under 1% CH4/He flow with GHSV = 20,000 h−1 at 700°C.
Resistance of Anode Films after H2 and CH4 Treatment
Jaiswal et al. (2014) reported that CaO- and SrO-doped ceria, Ce0.93Ca0.05Sr0.02O2-δ, exhibited high ionic conductivity in air. They explain the increase in conductivity from the following perspectives: increased number of oxygen defects due to divalent ion doping, scavenging of impurities present at grain boundaries by alkali metals, and decrease in grain boundary resistance of fine ceria particles induced by doping.
The anode films were formed on a comb-type Au electrode and the electrical resistance was measured. Figure 6 shows the temperature-dependent resistance changes of the Ni/SDC and Ni(BaO)/SDC films in Ar after H2 reduction and further treatment under CH4 gas flows. As shown in the figure, a semiconductor-like behavior was observed in which the resistance value decreased with the increasing temperature in the electrode films, irrespective of the presence or absence of BaO. As a result, the Ni(BaO)/SDC anode exhibited a higher resistance compared to Ni/SDC anode. Therefore, it is deduced that the added BaO acts as an insulating phase rather than interacting with the Ni particles.
[image: Figure 6]FIGURE 6 | Temperature dependence of electrical resistance of the Ni/SDC and Ni(BaO)/SDC films formed on a comb-type Au electrode by EPD. The measurements were conducted in an Ar atmosphere after H2 reduction and after further exposure in CH4 at 700°C.
In the CH4 treatment, the resistance did not significantly change in Ni(BaO)/SDC but remarkably decreased in Ni/SDC. In general, it is thought that the carbon deposition at an anode leads to the deterioration of cell performance by reducing TPB length and closing the molecular diffusion path. Controversially, it has also been reported that deposited graphitic carbon improves the conductivity of the electrode (MacIntosh et al., 2004; Li et al., 2015a). MacIntosh et al. (2004) reported that carbon deposited over the Cu-YSZ anode improved the conductivity near the TPB and increased cell output. Since the Ni metal phase fraction is only 20 wt%, which is not sufficient to form an electron conduction path, the decreased resistance of Ni/SDC from CH4 exposure is possibly related to the carbon deposition formed by reaction (2) over the film. The surface appearances of the anode films on the comb-type Au electrode before and after the CH4 treatment are shown in Figure 7. Although the carbon deposition was confirmed in both films, it was much less pronounced in the Ni(BaO)/SDC film, suggesting the fed CH4 and/or deposited carbon are oxidized. Figure 8 shows the cross-sectional SEM images and EDS elemental mappings of carbon in the Ni/SDC and Ni(BaO)/SDC disks after the methane treatment at 700°C for 1 h. The elemental mappings clearly indicated that the Ni/SDC anode contains a larger amount of carbon deposit than the Ni(BaO)/SDC anode.
[image: Figure 7]FIGURE 7 | Appearance of the surfaces of the Ni/SDC and Ni(BaO)/SDC films formed on a comb-type Au electrode by EPD after H2 reduction (A) and (C) and after further CH4 exposure (B) and (D).
[image: Figure 8]FIGURE 8 | Cross-sectional SEM and EDS images of the anode disks exposed with methane at 700°C for 1 h: SEM images (A) Ni/SDC and (C) Ni(BaO)/SDC, and carbon elemental mappings (B) Ni/SDC and (D) Ni(BaO)/SDC.
It is reasonable to say that the resistance did not change in the Ni(BaO)/SDC film that yields a smaller amount of carbon deposition compared to the Ni/SDC film. Note that there is no oxygen supply from the feed gas in this experiment, and the oxidation of CH4 and/or carbon occurs through surface oxygen of the anode and/or with produced oxides such as H2O, CO, and CO2. Garía et al. (2010) reported on methane oxidation using the lattice oxygen of Ni/BaTi1-xInxO3-δ perovskite-type oxide in the absence of atmospheric oxygen. They concluded that the oxidation process is related to a surface oxygen species reaction that generates oxygen vacancy. The oxygen vacancy is readily produced due to the high reducibility of the In3+ B-site ion, which is replenished by oxygen diffusion from bulk. SDC used in this study is characterized by the high reducibility of Ce4+ to Ce3+ and oxide ionic conductivity. Since the BaO-doped anode specifically suppressed carbon deposition, the interaction between SDC and BaO and/or Ni and BaO may become significant. Figure 6 shows the Arrhenius plot with log (σT/S·K) on the vertical axis for the result in Figure 6. The slopes of the plots change around 650°C, suggesting that the conduction mechanism differs between the high- and low-temperature regions. Table 1 shows the activation energies obtained from the linear fit of the plots evaluated for the two temperature regions, that is, above and below 650°C. The values of Ni/SDC seem to be larger than those of Ni(BaO)/SDC. Besides, by comparing the two gases, the activation energy is higher after CH4 exposure than after hydrogen exposure. Wright and Virkar (2011) measured the conductivity of porous SDC as a function of temperature and oxygen partial pressure. They concluded that oxide ion transport is predominant below 300°C, but electron conduction occurs above 400°C in reducing atmosphere; the estimated activation energy is 73,890 J·mol−1 (0.766 eV) for the oxide ion transport and 101,050 J·mol−1 (1.05 eV) for mixed conduction. It is accepted that doped ceria expresses electronic conduction in reducing atmosphere based on the reduction of Ce4+ into Ce3+ (Yahiro et al., 1989; Shimonosono et al., 2004). In the present cases, both Ni/SDC and Ni(BaO)/SDC are, therefore, thought to be in a mixed conduction state in an Ar atmosphere. Focusing on the higher temperature region (> 650°C), the activation energies in this study are higher than those reported by Wright and Virkar (2011). Considering that the influence of SDC on electrical conductivity is dominant, it is considered that the anode films also show mixed conductivity at a high temperature, but the high activation energy is due to the intergranular resistance between SDC particles. However, Ni/SDC after exposure to CH4 shows specifically high activation energy compared to the other cases. The deposited carbon may be predominant in the Ni/SDC anode.
TABLE 1 | Activation energies of electric conduction of the anode films formed on the comb-type Au electrode. The values were evaluated from the temperature-dependent resistance in Ar subsequently to the H2 or 2% CH4/Ar exposure.
[image: Table 1]To identify the carbon species deposited on the electrode, temperature-programmed oxidation (TPO) profile was monitored on the CH4-treated anode powders under the flow of Ar-H2O gas (H2O-TPO). The result of the Ni/SDC powder is shown in Figure 9. Two oxidated species, CO2 and CO, were observed. Concerning CO2, two peaks were distinctly observed at approximately 550 and 700°C. The lower temperature peak is attributable to the oxidation of amorphous carbon species, and the higher temperature peak is associated with fibrous carbon or graphitic carbon (Skalar et al., 2016). The existence of graphite was also confirmed by the peak at 2θ = 26.6 in the XRD pattern (JCPDS file no. 75-1621) shown in Figure 10. The lower temperature peak with an asymmetrical shape was further deconvoluted as the two dotted curves shown in Figure 9. These peaks were assigned to the high and low degrees of amorphous carbons (Skalar et al., 2016). The reduced resistance of Ni/SDC by CH4 exposure is due to the deposited amorphous and graphitic carbons forming electron conduction paths.
[image: Figure 9]FIGURE 9 | Temperature-programmed oxidation under a humidified He flow (H2O-TPO) for the Ni/SDC powder after the CH4 treatment at 700°C for 1 h. TPO condition He gas after passing through a H2O bubbler at a flow rate of 50 ml·min−1. The reaction temperature increased from 200 to 700°C with the rate of 1°C min−1.
[image: Figure 10]FIGURE 10 | XRD pattern of the Ni/SDC powder after CH4 exposure at 700°C.
High Performance of the Ni(BaO)/SDC Anode in CH4
Both anodes exhibited a better performance when fueled with H2 compared to when fueled with CH4. In fact, the performance in H2 is not absolutely high even in Ni(BaO)/SDC: the maximum power density was no more than 35 mWcm−2 in H2. Conductivity in 20 wt% Ni content is not as high as conventional anodes such as 50–60 wt% Ni-YSZ that possesses more than 103 S cm−1. Even though SDC exhibits electronic conductivity no more than 10−1 S cm−1 at 700°C (Yahiro et al., 1989), the low performance might be due to the low conductivity of 20 wt% Ni/SDC. McIntyre et al. (2015) evaluated the single cell in H2 at 730°C with 50 wt% Ni-YSZ cermet and YSZ electrolyte with a thickness of 0.6 mm. The maximum output is almost equivalent to the present case. Therefore, the thickness of the electrolyte is possibly the reason for the low performance in H2 and the low conductivity of 20 wt% Ni/SDC.
It has been reported that adding Ba or other alkali-earth metal leads to a low amount of carbon deposition. The elimination of carbon deposition is usually related to the steam reforming process.
[image: image]
In this process, interfaces between Ba and Ni or Ba and SDC enhances the reaction of carbon with H2O, which shift the equilibrium of CH4 oxidation reaction to the right side of the reaction scheme (2). The loaded Ba would be easily oxidized into BaO or BaOH by formed H2O acting as an adsorption site of H2O to catalyze the reaction of carbon elimination as reported by Yang et al. (2011). Islam and Hill (2013) also reported the positive effect of BaO addition in 50 wt% Ni/YSZ on the cell performance in dry CH4 fuel. They explained that the added 5% BaO helped in H2O gasification of the carbon deposits. A similar effect of suppressing carbon deposition was observed, in this study, for 0.2 wt% BaO-added 20 wt% Ni/SDC. To elucidate the effect of BaO addition to Ni/SDC, Ni particle morphologies were directly observed by FE-SEM EDS. Figure 11 shows FE-SEM photographs of Ni/SDC and Ni(BaO)/SDC powders after the H2 reduction treatment, along with Ni element mapping images by EDS. From the elemental mappings, particle diameter was directly evaluated for the randomly sampled 100 Ni particles in the EDS mappings. Figure 11 also shows the Ni particle size distributions on Ni/SDC and Ni(BaO)/SDC powders. Ni(BaO)/SDC exhibits a monodispersed distribution of approximately 50 nm. The mean values evaluated from the measurement are 73 nm for Ni/SDC and 59 nm for Ni(BaO)/SDC. It is thus confirmed that Ni particles are highly dispersed on both the anodes, and it is more effective by the BaO addition. This high dispersion of Ni particles undoubtedly promotes the catalytic activity on the anode, though activation of reaction (2) causes carbon deposition. Carbon deposit would be removed by the direct oxidation with reaction (3) or (4), and in this case, O2- would be supplied from the SDC phase in the anode. Since both Ni/SDC and Ni(BaO)/SDC are mainly composed of SDC acting as a O2- conductor, reactions (3)–(4) cannot explain the less carbon deposition in Ni(BaO)/SDC. The contribution of H2O formed by reaction (5) or (8) to suppress carbon deposition should be also considered in the present case. In the i–v characteristics in Figure 4, OCV of Ni(BaO)/SDC in CH4 is 1.33 V, which is characteristically large compared to other cases. This specifically high OCV of Ni(BaO)/SDC may suggest that the three-phase boundaries of the anode are rich in hydrogen originated from the CH4 decomposition. However, the anodic performance of Ni(BaO)/SDC in H2 is higher than that of Ni(BaO)/SDC, still lower than that of 50 wt% Ni/YSZ reported by Islam and Hill (2013). The major difference in those anodes is the Ni content. Though SDC exhibits a significant electronic conductivity in reducing atmosphere, it is no more than in the level of 10−1 S cm−1 at 700°C (Yahiro et al., 1989). Besides, 20 wt% Ni content is under the percolation limit (Lee et al., 2002), and therefore, the 20 wt% Ni/SDC has a lower conductivity compared to 50 wt% Ni/YSZ. The carbon deposit seen in CH4 fuel might act as a current collector, which compensates the lack of conductivity of the Ni/SDC. However, Ni(BaO)/SDC does not yield carbon deposit enough to decrease its resistance as shown in Figure 6. The cause of the superiority of CH4 fuel over hydrogen fuel in Ni(BaO)/SDC is still unclear and further investigation is required. If the decomposition of methane with reaction (1) and the removal of carbon by water are very fast, the anode should be locally exposed to a high concentration of H2 and CO gases. This could be expected as one of the reasons for the superiority of CH4 fuel in Ni(BaO)/SDC.
[image: Figure 11]FIGURE 11 | FE-SEM pictures (A,D), EDS elemental mappings of Ni within the FE-SEM images (B,E), and particle size distributions of Ni scaled directly for randomly sampled 100 Ni particles in the EDS mappings (C,F).
The Effect of BaO Addition on Ni Particle Dispersion
It is deduced that a small amount of BaO-added interacts with Ni particles and effectively induces Ni particle dispersion, which increases TPB length. It has been reported that the interaction between BaO and Ni modifies carbon tolerance (Islam and Hill, 2013; Rosa et al., 2009; Yang et al., 2011). Yang et al. (2011) reported the formation of nanointerface of BaO/Ni, where nanosized BaO islands grow on the Ni surface. They concluded that the nanointerface provides a water adsorption site for the deposited carbon oxidation. In this study, BaO could not be directly observed in the FE-SEM EDS mapping, but the similar structure of BaO/Ni may have enhanced the anodic reactions. Meanwhile, BaO/SDC interface should also be considered. As mentioned above, the addition of BaO to Ni/SDC enlarged the electrical resistance in Ar gas. BaO possibly reacts with SDC to form Ba(Ce,Sm)O3 phase at the interface. Since the amount of BaO is as small as 0.2 wt%, this reaction phase could not be detected. To detect the reaction phase, BaO content was increased to 20 wt%. Figure 12 shows the XRD pattern of 20 wt% BaO-added Ni/SDC powder. The BaCeO3 [or Ba(Ce,Sm)O3] phase was detected together with Ni and SDC phases. This perovskite oxide is known as a protonic conductor but is less conductive in terms of oxide ion and electron in reducing conditions (Guan et al., 1997; Ma et al., 1998); although oxide ionic conductivity is dominant at high temperatures in O2/H2O, its conductivity is smaller than an order of magnitude than that of SDC (Inaba and Tagawa, 1996). Therefore, if the perovskite layer is formed at the interface, it acts rather as an insulating phase. If the perovskite phase forms near the Ni phase, a new interface, Ni/BaCeO3, would be achieved. Carbon-tolerant Ni-based cermet anodes using the proton-conducting perovskite oxides have been reported by several researchers (Shimada et al., 2013; Li et al., 2015b). Li et al. (2015a) examined Y- (BCY) and Yb-doped barium cerates (BCYb) impregnated into Ni/Gd2O3-CeO2 in wet CH4 fuel. They concluded that BCY and BCYb adsorb and split water that effectively reacts with the deposited carbon. Although dry CH4 was used in this study, the water produced might also contribute to carbon elimination.
[image: Figure 12]FIGURE 12 | XRD pattern of the 20wt% BaO-added Ni/SDC powder fired at 700°C and reduced in H2 at 900°C.
CONCLUSION
20 wt% Ni/SDC and 0.2 wt% BaO-doped 20 wt% Ni/SDC [Ni(BaO)/SDC] were examined as anodes of SOFCs fed with dry H2 and CH4 fuels. The Ni(BaO)/SDC anode exhibited significantly higher performance in both fuels compared to the Ni/SDC anode. In particular, the anodic performance in CH4 was higher than that in H2. Electrical resistance was measured after hydrogen exposure of the anode film and further after CH4 exposure. A significant carbon deposition was observed in the Ni/SDC film exposed to CH4, and the electrical resistance of the film decreased accordingly owing to the carbon deposit forming a conductive phase on the anode. Although the addition of BaO increased the electrical resistance of Ni/SDC, the amount of carbon deposition was small, and the electrical resistance after CH4 exposure did not change from that after H2 exposure. Since the addition of BaO further improved the dispersibility of Ni particles, the electrochemical reaction fields of H2 and CH4 are increased, and the deposited carbon is efficiently removed by H2O at the Ni/BaO interface and/or at the interface between the BaCeO3 or Ba(Ce,Sm)O3 phase formed on the SDC surface. Further investigation is required to elucidate the superiority of CH4 compared to H2 on Ni(BaO)/SDC, but the enrichment of fuel gas such as H2 and CO on the electrode due to the highly activated decomposition of CH4 and carbon removal is considered to be a possible reason. Further examinations are currently conducted for the long-term stability of the cell performance and catalytic activity of the Ni(BaO)/SDC electrode in a dry methane condition.
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