[image: image1]Degradation Comparison of Cyclic and Linear Siloxane Contamination on Solid Oxide Fuel Cells Ni-YSZ Anode

		ORIGINAL RESEARCH
published: 22 October 2021
doi: 10.3389/fenrg.2021.749771


[image: image2]
Degradation Comparison of Cyclic and Linear Siloxane Contamination on Solid Oxide Fuel Cells Ni-YSZ Anode
Jiashen Tian and Ryan J. Milcarek*
School for Engineering of Matter, Transport and Energy, Arizona State University, Tempe, AZ, United States
Edited by:
Uwe Schröder, University of Greifswald, Germany
Reviewed by:
Stephen Skinner, Imperial College London, United Kingdom
Aleksey Yaremchenko, University of Aveiro, Portugal
* Correspondence: Ryan J. Milcarek, Ryan.Milcarek@asu.edu
Specialty section: This article was submitted to Fuel Cells, a section of the journal Frontiers in Energy Research
Received: 29 July 2021
Accepted: 11 October 2021
Published: 22 October 2021
Citation: Tian J and Milcarek R (2021) Degradation Comparison of Cyclic and Linear Siloxane Contamination on Solid Oxide Fuel Cells Ni-YSZ Anode. Front. Energy Res. 9:749771. doi: 10.3389/fenrg.2021.749771

The solid oxide fuel cell (SOFC) nickel-yttria stabilized zirconia (Ni-YSZ) anode degradation due to different types of siloxane contamination is investigated. A cyclic structure siloxane, octamethylcyclotetrasiloxane (D4), and a linear structure siloxane, decamethyltetrasiloxane (L4), are mixed with H2+N2 as the fuel for SOFCs at 750°C. The electrochemical characterization results after stability experiments suggest that the SOFC contaminated with cyclic siloxane, D4, had higher degradation. Pure YSZ pellets with different surface hydroxylation extents were also tested to investigate the D4/L4 adsorption and deposition process. Postmortem SEM/WDS, XRD and Raman analysis all indicate that cyclic siloxane has more deposition than linear siloxane on the anode. Further analysis demonstrates that high adsorption and low desorption rates of cyclic siloxane on YSZ are linked to the degradation. Besides the silicon deposition, SiC and amorphous carbon deposition were also observed from the XRD and Raman analysis.
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INTRODUCTION
Biogas is generated during the natural degradation of organic material by microorganisms under anaerobic conditions. Wastewater treatment plants utilize the anaerobic digestion process converting organic material in wastewater to biogas. Similarly, the organic composition of the solid waste in landfills decomposes to produce biogas (Park and Shin, 2001). The biogas collected from wastewater treatment plants and landfills is considered a renewable fuel that could be used to produce electricity, heat or as vehicle fuel (Scarlat et al., 2018). Biogas from organic waste digesters usually contains from 60 to 70% methane, from 30 to 40% carbon dioxide and <1% nitrogen. In landfills, methane concentration is usually from 45 to 55%, carbon dioxide from 30 to 40% and nitrogen from 5 to 15% (Jonsson et al., 1997). Generally, biogas also contains impurities such as hydrogen sulfide, siloxanes, aromatics and halogenated compounds. The concentration of the main impurities’ are 0.005–2 vol% hydrogen sulfide, 0–0.02 vol% siloxanes, <1 vol% ammonia, and <0.6 vol% halogenated compounds (Ryckebosch et al., 2011).
Prime movers, as a source of motive power, can be used to convert biogas to useful work. Gas turbines, micro-turbines, reciprocating internal combustion engines and Stirling engines are common prime movers utilized extensively (Riley et al., 2020). Solid oxide fuel cells (SOFCs) are an alternative prime mover that can utilize biogas, the use of which results in higher electrical efficiency, reduced NOx and lower carbon emissions (Rillo et al., 2017; Gandiglio et al., 2020). Despite potential for direct use of biogas, challenges remain with impurities like hydrogen sulfide and siloxanes. These impurities, even at low concentrations, can potentially damage the prime movers which becomes the main barrier for biogas applications (Papurello et al., 2014; Papurello et al., 2016).
Utilizing biogas directly without purification causes serious damage to prime movers after long-term operation. Among the impurities, H2S contamination causes temporary and permanent performance degradation of SOFCs. SOFC degradation due to H2S contamination was studied extensively at different temperatures, operating current/voltage, operating time and H2S concentration (0.02–240 ppm) (Rasmussen and Hagen, 2009). In comparison, research on siloxane, which has been reported as the main impurity causing failure of common prime movers (Trendewicz and Braun, 2013), has not received as much attention. There are many different kinds of siloxane that exist in biogas and they can be sorted based on cyclic or linear structure. Cyclic siloxanes are designated by a “D” for cyclic structure and a number indicating how many silicon atoms per molecule. Hexamethylcyclotrisiloxane (D3), Octamethylcyclotetrasiloxane (D4) and Decamethylcyclopentasiloxane (D5) are the cyclic structure siloxanes typically found in biogas with the highest concentration. Linear siloxanes are designated by a “L” for linear structure and a number indicating how many silicon atoms per molecule. For linear siloxanes, trace levels of hexamethyldisiloxane (L2), octamethyltrisiloxane (L3) and decamethyltetrasiloxane (L4) can be detected in biogas (Rücker and Kümmerer, 2015).
The concentration of each type of siloxane in biogas from wastewater treatment plants differs significantly. For example, smaller molecule siloxane, like D3, L3, and L2, can only exist in a limited amount because of high volatility which leads to vaporization prior to the anaerobic digester. There are also only small amounts of larger siloxane, such as D6, in biogas due to low volatility and low partial pressure in the active sludge (Dewil et al., 2007). As a result, cyclic siloxanes D5 and D4, which have stable molecular structure, typically have higher concentration and thus are often selected to represent all siloxanes in biogas for SOFCs contamination studies. For example, Haga et al. (2008) reported fatal degradation of the Ni/ScSZ anode SOFC due to 10 ppm D5 contamination in 30–50 h. In that study, the authors also hypothesized a two-step siloxane deposition reaction shown in Eqs 1, 2 resulting in siloxane conversion to silicon dioxide (Haga et al., 2008).
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Similar to the study by K. Haga et al., Kikuchi et al. (2017) also tested the Ni/ScSZ anode SOFC with the 60 ppm D5 as the impurity. After a 100 h experiment, significant SOFC degradation was observed. Madi et al. (2015b), Madi et al. (2015a) reported 50% degradation (voltage decrease at constant current density) per 1,000 h for a SOFC with Ni/YSZ anode utilizing simulated reformed biogas mixed with ppm level D4. Furthermore, Papurello and Lanzini (2018) reported that even ppb level D4 could cause obvious degradation of an SOFC with Ni/YSZ anode after 50 h operation. The author’s recent work (Tian and Milcarek, 2020; Tian and Milcarek, 2021) reported significant Ni/YSZ anode SOFC degradation with ppm level D4 contamination in different fuel compositions. Besides silicon deposition, carbon deposition was observed and hypothesized to be an essential factor causing SOFC performance degradation.
The previous studies only focus on SOFC degradation due to cyclic siloxanes instead of linear siloxanes. This is due to the higher concentration of cyclic siloxanes (D4 and D5) and the fact that linear siloxanes are considered to be decomposed easier than cyclic structure in the digester due to instability. However, the concentration of smaller linear siloxanes in landfill gas are comparable or can be higher than cyclic siloxanes such as D4 and D5 (Lu et al., 2011; Wang et al., 2020). For biogas from a wastewater treatment plant, siloxane concentration is also influenced by multiple factors such as digester type, location, and season. In some cases, high concentrations of linear structure siloxanes were also reported (Lanzini et al., 2017). To improve the utilization of biogas from landfill and wastewater treatment plants, investigation of SOFC degradation due to linear siloxane contamination is necessary.
In this study, linear structure siloxane, L4, was selected as the contamination source and is compared with a cyclic siloxane, D4. L4 and D4 were chosen as they have different structure, but the same number of silicon atoms per molecule of siloxane. Stability tests are conducted to compare SOFC degradation and contamination on YSZ pellets. The experimental results of D4/L4 were analyzed and compared to reveal the mechanism of the SOFC degradation due to different siloxane contamination.
EXPERIMENTAL SETUP
Fuel Cell and Pellets Fabrication and Experimental Setup
The SOFCs were fabricated with LSCF [(La0.60Sr0.40)0.95Co0.20Fe0.80O3-x, Fuelcellmaterials] + SDC (Sm0.20Ce0.80O2-X, mid grade powder, Fuelcellmaterials) cathode (7:3 w/w), SDC buffer layer, YSZ [(Y2O3)0.08(ZrO2)0.92, spray dried grade powder, Fuelcellmaterials] electrolyte and NiO (standard grade powder, Fuelcellmaterials) + YSZ anode (60:40 w/w). NiO/YSZ was dry pressed and pre-fired (final thickness of 380 μm). The YSZ electrolyte and SDC buffer layers were sprayed on the surface of NiO/YSZ green body and sintered at 1,400°C with ∼10 and ∼3 μm thickness, respectively. LSCF + SDC cathode was hand sprayed on the SDC buffer layer and sintered at 1,100°C (final thickness ∼17 μm). More details about the fabrication method can be found in previous literature (Tian and Milcarek, 2020). YSZ pellets (380 μm thick) were also dry pressed and sintered to investigate the siloxane degradation mechanism.
Figure 1 shows the experimental setup which was built for investigating the influence of the type of siloxane (cyclic or linear) contamination on the Ni-YSZ SOFC anode. According to previous work (Tian and Milcarek, 2020), dry fuel mixed with siloxane can increase SOFC performance degradation compared to adding H2O. As a result, for the SOFC test, H2 (ultra high purity grade, Airgas) + N2 (ultra high purity grade, Airgas) +siloxane was selected as the fuel. To regulate the flow of H2, N2, L4 and D4, Brooks Delta II smart mass flow controllers (MFCs) with LabView interface were utilized. The H2 flow rate was fixed at 7 standard cubic centimeters per minute (sccm). The certified D4 (5.358 ppmv, Airgas) and L4 (5.034 ppmv, Airgas) cylinders balanced with N2 were mixed with research grade N2 to fix the concentration of D4 and L4 to 2.5 ppm. The total gas flow rate to the anode was 20 sccm for all experiments. For YSZ pellet experiments, which included tests with steam, water was delivered by a syringe pump (PumpSystems Inc.). Resistive heaters wrapped on the fuel delivery pipe were used to vaporize the deionized water and maintain vapor phase. To ensure the steam remained in vapor phase, T-type thermocouples (Omega) were mounted on the pipe to monitor the temperature. Air was delivered to the cathode through the vertical furnace by natural convection.
[image: Figure 1]FIGURE 1 | Schematic of experiment setup.
Based on previous siloxane deposition studies (Finocchio et al., 2008; Vaiss et al., 2020), siloxanes prefer to chemisorb on metal oxide surfaces, like γ-Al2O3, due to reactions with hydroxyl groups present. As a result, YSZ grains are hypothesized as one of the locations where siloxane deposits initially in the Ni-YSZ anode. To test this theory, siloxane (L4/D4) deposition on a YSZ pellet was conducted. To control the amount of hydroxyl groups on the YSZ pellet surface, different gas compositions were chosen for L4 and D4 contamination studies. The details of these experimental conditions are show in Table 1. In order to remove hydroxyl groups present on the surface of YSZ pellets before the experiment, the pellets were heated to 850°C and maintained at that temperature for 1 h with 20 sccm pure N2 on the bottom side.
TABLE 1 | Flow rate (sccm) of anode side gases supplied to YSZ pellet during different experiments.
[image: Table 1]For the SOFC and YSZ pellet experiments, the SOFCs (or pellets) were sealed on a quartz tube with silver paste. The cathode (or the cathode side of the pellet surface) was printed with silver ink as the current collector with an active area of 0.712 cm2. Silver wires connected with the anode and cathode were utilized for the electrochemical characterization. The operating temperature was fixed at 750°C with 5°C per minute heating rate for all experiments.
Characterization Methods
In order to evaluate the performance degradation of SOFCs under L4 and D4 contamination, the fuel cells’ polarization (I-V) curves were acquired by a digital SourceMeter (Keithley 2460) interfaced with LabView on the computer with four-probe technique. The electrochemical characterization of the entire SOFC and YSZ pellets were conducted by electrochemical impedance spectroscopy (EIS). The impedance spectra were obtained by an Electrochemical Impedance Analyzer (Solartron Analytical Energylab XM) with ac amplitude of 10 mV and a frequency range of 106 Hz–0.1 Hz. The distribution of relaxation time (DRT) method was utilized to analyze EIS data by a MATLAB GUI program (DRTtools) (Ciucci and Chen, 2015; Wan et al., 2015; Effat and Ciucci, 2017). The regularization parameter is selected as 10−3 for DRT calculation.
Several techniques were used to characterize the morphology and composition of the silicon containing deposits. The morphologies of L4 and D4 deposition under different experimental conditions on YSZ pellets were conducted by a field emission scanning electron microscope (FESEM, JEOL JXA-8530F electron microprobe) equipped with an energy-dispersive spectrometer (EDS) and wavelength-dispersive spectrometer (WDS). As the Y and Si signals are not well separated with EDS, WDS was utilized to obtain the elemental analysis of the sample. To determine the L4 and D4 deposition compositions on the YSZ pellets, X-ray diffractometer (XRD) system was utilized for the deposition crystalline structure characterization. The XRD patterns were obtained using the X-ray diffractometer (PANalytical X’ Pert Pro MRD) with a Cu Kα (K-Alpha2/K-Alpha2 = 0.5) radiation source. To obtain more composition information for the L4 and D4 deposition on the YSZ pellets, Raman test was conducted on an Acton 300i spectrograph and a back thinned Princeton Instruments liquid nitrogen cooled CCD detector with a 532 nm laser as excitation source. The power was kept at 6 mW.
RESULTS
SOFC Degradation due to Siloxane Contamination
As shown in Figure 2A, the polarization curves of the SOFC after 20 and 40 h D4 contamination are compared with the initial fuel cell performance after intrinsic degradation. In order to eliminate the influence of SOFCs’ intrinsic degradation, the SOFCs have been operated with clean fuel for 48 h. This data provides a useful reference for the SOFC degradation without siloxane contamination, as shown in Table 2. After 20 h D4 contamination, the maximum power density of the fuel cell decreased from 211.5 to 205.1 mW cm2. In comparison, the maximum power density of the fuel cell during the next 20 h (40 h total contamination) decreased to 183.16 mW cm2 from 205.1 mW cm2. A similar trend of degradation was also observed in the EIS results. The obvious impedance increase after D4 contamination can be noticed from Figure 2C. DRT analysis was conducted to identify the characteristic distribution of the SOFC EIS results. Among the five main discrete peaks (P1∼P5) in Figure 2B, P1 and P2 (0.1–1 Hz) at low frequency are considered as the gas diffusion process for the cathode, based on previous DRT analysis (Tian and Milcarek, 2021). P3 and P4 at medium frequency (1 Hz–10 kHz) are related to the gas diffusion process for the anode. P5 (>10 kHz) at high frequency is attributed to charge transfer. With minor change of cathode and charge transfer process (P1, P2, P5), the main performance degradation of the SOFC results from anode processes (P3 and P4) (Caliandro et al., 2019; Hong et al., 2020; Sumi et al., 2020).
[image: Figure 2]FIGURE 2 | Performance degradation of the SOFC due to D4 contamination with H2+N2+D4 as the fuel at 750°C. (A) polarization curve; (B) EIS measurements; (C) DRT plot.
TABLE 2 | Maximum power density decrease and increase in area specific resistance (ASR) calculated from characterization results.
[image: Table 2]The electrochemical characterization results for the L4 contamination experiment are shown in Figure 3. The obvious degradation rate difference from D4 and L4 can be observed from power density and EIS results after 40 h in Figure 3. From Figure 3A, no obvious degradation can be found in the polarization curve. From the EIS results in Figure 3C, a relatively small impedance increase is observed. Similar to the DRT results from D4 contamination, L4 contamination results also illustrate the main degradation occurred in anode process as shown by P3 and P4 increase. More details comparing L4 versus D4 results are shown in Table 2. From the results of Table 2, which show power density change and area specific resistance (ASR) increase, the SOFC under L4 contamination has noticeably less degradation than with D4 contamination. Although SOFCs with the same fabrication process and materials were utilized, the EIS and polarization results before D4/L4 contamination are also slightly different. In this situation, there are some experimental setup factors that may influence the results such as current collector coating, wires, sealing, etc. Considering the appearance of inductance in one data set one possibility is that the wires, which can introduce distortion by inductance, may play a part in this process, which has been reported before (Nielsen and Hjelm, 2014).
[image: Figure 3]FIGURE 3 | Performance degradation of the SOFC due to L4 contamination with H2+N2+L4 as the fuel at 750°C. (A) polarization curve; (B) EIS measurements; (C) DRT plot.
Pellet Degradation due to Siloxane Contamination
Figure 4 shows photos of the YSZ pellets after the D4/L4 exposure experiments. The mechanical damage of SOFCs occurred during the dismounting process from the silver sealing. As shown, the color of pellets, under certain conditions, has been converted from white (clean YSZ) to yellow/brown which indicates the deposition of siloxanes. Generally, the experiments with D4 as impurity had more deposition compared with L4. The siloxane deposition for the experiments with wet fuel (H2+H2O + siloxane) was larger than the experiments with dry fuel (H2+ siloxane, N2+ siloxane). Furthermore, some details shown in the photos should also be highlighted. For L4 contamination experiments, besides the test involving H2O mixed with the fuel, there is little siloxane deposition on the YSZ pellets’ surface. However, after adding H2O, significant deposition was observed. For N2+D4 experiment, there is no obvious deposition that can be noticed in the center of the pellet. However, siloxane was deposited on the edge of the pellet near the silver sealing/current collector.
[image: Figure 4]FIGURE 4 | Figures of YSZ pellets after siloxane deposition experiments.
The morphology and elemental mapping of YSZ pellets were investigated after the contamination test utilizing SEM and WDS. Figure 5 shows the WDS map of the Zr, O and Si elements on the surface of the YSZ pellets under the H2+N2+D4/L4 conditions. As shown in Figure 5B, which shows the surface after L4 contamination, the fine YSZ grains and grain boundaries can be observed and there is no obvious silicon deposition. In comparison the sphere shape depositions (in Figure 5A) whose diameters are around 1 μm completely covered the surface of the YSZ pellet after D4 contamination experiment. Thus, the clear grains and grain boundaries shown in Figure 5B cannot be detected. The presence of strong overlapping signals of Si and O was observed with WDS elements mapping, indicating silicon dioxide formation in the H2+N2+D4 experiment.
[image: Figure 5]FIGURE 5 | WDS elemental mapping of the surface of YSZ pellet with H2+N2+siloxane contamination after (A) D4 contamination and (B) L4 contamination at 750°C.
For the H2+N2+H2O+D4/L4 experiments, generally, heavier siloxane deposition can be noticed than the H2+N2+D4/L4 experiments. Similar to the H2+N2+D4 experiment, overlapping silicon and oxygen signals can also be found in element mapping for H2+N2+H2O+D4 experiment in Figure 6A which indicates the composition is silicon dioxide. Compared with the regular sphere deposition observed in Figure 5A, irregular or less structured deposition was formed with wet fuel likely due to more total deposition on the surface. For the H2+N2+H2O+L4 experiment, also like the dry fuel experiments, less total deposition was observed than the D4 experiment. In Figure 6B, the surface grain boundaries of YSZ can be detected. Silicon deposition was observed after the H2+N2+H2O+L4 experiment primarily at the grain boundaries where small Si/O deposits initiate.
[image: Figure 6]FIGURE 6 | WDS elemental mapping of the surface of YSZ pellet with H2+ H2O+N2+siloxane comtamination after (A) D4 contamination and (B) L4 contamination at 750°C.
Figure 7 shows the XRD pattern of the YSZ pellet before and after exposure to the fuel which was composed of H2+N2+H2O+D4. New peaks appearing at 38.2°, 44.4°, 64.6°, and 77.5° (2θ) were found after contamination, which indicate siloxane deposition. Based on the Si, C and O present in siloxane, the deposition corresponding to the peaks can be attributed to both cubic crystal structure SiO2 (melanophlogite, PDF#01-080-4051) and silicon carbide SiC (3C-SiC, PDF#00-049-1623).
[image: Figure 7]FIGURE 7 | XRD patterns of the YSZ pellet bottom surface (fuel inlet side). Black color line: Pure YSZ sample. Red line: after 96 h H2+N2+H2O+D4 experiment at 750°C.
According to the observed extent of deposition on the YSZ pellets in Figure 4 and SEM/WDS analysis, the deposition from L4 was much less compared with D4. Similar trends can also be found in the XRD result for the H2+N2+H2O+L4 experiment. In Figure 8, much weaker deposition peaks are observed at 23.1°, 36°, 43.2°, 48.6° and 57.2° (2θ) in the pattern. They correspond to a hexagonal crystal structure SiC (moissanite-18H, PDF#01-089-2217), a tetragonal structure SiO2 (α-cristobalite, PDF#04-018-0233) and a cubic crystal structure SiO2 (melanophlogite, PDF#01-080-4051). For the two different polymorphs of SiO2, melanophlogite, which is always correlated to organic matter decomposition, can exist steadily under 800°C (Skinner and Appleman, 1963). The α-cristobalite may originate from β-cristobalite after cooling below 250°C from high temperature at ambient pressure (Downs and Palmer, 1994). These two kinds of polymorphs of SiO2 can exist together as a result of the siloxane deposition.
[image: Figure 8]FIGURE 8 | XRD patterns of the YSZ pellet bottom surface (fuel inlet side). Black color line: Pure YSZ sample. Red line: after 96 h H2+N2+H2O+L4 experiment at 750°C.
There is a comparatively strong peak at 2θ = 29.4° in Figure 8. Considering its relative signal strength and the position, which is very close to the main peak of YSZ, it may be a result of the Zr, Y, O ratio change in the surface of YSZ pellet. There is also an unlabelled weak peak around 27° in both Figure 7 and Figure 8. Considering the presence of this peak before and after siloxane contamination and without significant increase from the patterns, it should not be associated with the siloxane deposition process. It may originate from secondary peaks of main components or noise.
Figure 9A shows postmortem Raman spectra from the YSZ pellets after 120 h D4 contamination with H2+N2+H2O as fuel. For poly-aromatic hydrocarbons the appearance of D and G peaks in Raman spectroscopy are common. D peak originates from the breathing modes of sp2 atoms in rings. The G peak is generated by all pairs of sp2 atoms bond stretching in both rings and chains (Ferrari, 2007). Compared with the pure YSZ pellet without D4 contamination, emergence of G peak observed in all sp2 carbon systems near 1,600 cm−1 and D peak around 1,350 cm−1 both indicate the presence of amorphous carbon deposition after exposure to D4 contamination. Besides the strong amorphous carbon signal, some weaker peaks corresponding to different chemical groups were observed as shown in Figure 9B. Methyl/methylene (CHx) group vibrational bands can be noticed at 2,911 cm−1. SiHx, (-C=C-)n groups can be observed at 1948 and 2,306 cm−1. The secondary order D peak 2D can also be found at 2,673 cm−1 (Jerng et al., 2011; Yu et al., 2013; Bouhamed, 2017).
[image: Figure 9]FIGURE 9 | Postmortem Raman spectra acquired from the YSZ pellet after 120 h D4 contamination at 750°C vs. pure YSZ pellet spectra. (A) Entire Raman spectra; (B) Raman spectra ranges from 2000 to 3,500 cm−1.
In Figure 10, Raman spectra have been obtained from the YSZ pellet surface exposed to H2+N2+H2O+L4 fuel. Besides YSZ, no strong signals like observed in Figure 9A, were detected. This also confirms the trend that D4 contamination has more deposition than L4. The band at 1,604 and 2,774 cm−1 are attributed to carbon deposition. Similarly in Figure 9B, the (-C=C-)n groups can be also found at 2,231 cm−1. For the silicon deposition, Si-OH bond can be observed at 1,000 cm−1 (da Silva et al., 2006; Lanzini et al., 2017). These results are important because they emphasize the role of carbon deposition in the siloxane deposition process.
[image: Figure 10]FIGURE 10 | Postmortem Raman spectra acquired from the YSZ pellet after 120 h L4 contamination at 750°C versus pure YSZ pellet spectra.
Besides the deposition composition analysis, electrochemical analysis of the pellets experiment was also conducted to obtain more details about the degradation process. Figure 11 shows the Nyquist plots of the impedance of YSZ pellets under L4 contamination with H2+N2+H2O as fuel at 750°C. An obvious impedance increase can be observed after siloxane contamination. The EIS results were also fitted based on an equivalent circuit with the program LEVM embedded to Solartron Analytical Energylab XM software (Macdonald and Garber, 1977). The CPE is a constant phase element, whose characterization can be determined by two parameters, T and n. The effective capacitance, C, for the RQ circuit was calculated by Eq. 3 (Yan et al., 2013). T is the frequency-independent constant, and n represents the non-ideal factor. The electrochemical process for the YSZ pellet can be reflected in the magnitude of C (Yuan et al., 2020).
[image: image]
[image: Figure 11]FIGURE 11 | EIS and equivalent circuit fitting results of YSZ pellets with porous Ag electrodes under L4 contamination with H2+H2O+N2+L4 as the fuel at 750°C.
According to previous EIS studies of YSZ pellets (Van Herle and McEvoy, 1994; Mondal et al., 1999; Guo, 2001; Guo and Waser, 2006), there are two semicircles assigned to the impedance response of the gases chemisorption on the silver electrode, diffusion of gases through the silver electrode and gas conversion process in the silver electrode, respectively. The intercept Rs with the real axis at high frequency is related to the YSZ electrolyte resistance. Fitting the experimental impedance spectra with an equivalent circuit, the resistances and capacitances from diffusion (RD and CD), chemisorption (RA and CA) and conversion (RC and CC) are shown in Table 3 (Yan et al., 2013). Consistent with a previous study (Van Herle and McEvoy, 1994), the resistance corresponding to the gas diffusion through electrodes is much larger than chemisorption resistance and gas conversion resistance. Resistance increase is observed in all the elements in the equivalent circuit after L4 contamination. The diffusion resistance increase is more dominant than the other types. This illustrates that besides deposition on the pellets’ surface, the siloxane deposition also prefers to cover the silver current collector which is also the electrode in this setup. As a result, the diffusion process through the electrode is blocked due to siloxane deposition around silver, eventually causing a significant increase in the diffusion impedance. Besides the diffusion process, a slight ohmic resistance and gas conversion resistance increase can also be noticed from the change of Rs and RC. For ohmic resistance, it is likely due to the obstruction of the conductive network among the silver grains associated with the siloxane deposition process. When the gas concentration cannot be maintained in the electrodes, the gas conversion loss appears. The increase of the gas conversion resistance indicates the concentration change of gases supplied to the surface of the electrode. The siloxane deposition may prevent sufficient flow of gases through the electrodes. This is also in good agreement with the results found in Figure 4 that show siloxane deposition is more significant around the edge of the pellet covered by silver.
TABLE 3 | Equivalent circuit fitting results from EIS results.
[image: Table 3]DISCUSSION
Based on the SOFC siloxane contamination studies, the experiment with L4 as contamination source had less performance degradation compared with D4. To confirm this phenomenon and also investigate the mechanism causing cyclic and linear structure siloxane deposition, the YSZ pellet experiments were completed. From previous siloxane adsorption studies (Finocchio et al., 2008; Vaiss et al., 2020), hydroxyl groups play an important role in the siloxane chemical adsorption process. It has been established in previous research that YSZ has hydroxyl groups on its surface (Kogler et al., 2014). To assess the role of hydroxyl groups on the YSZ surface in the siloxane chemisorption process, different fuel mixtures were prepared. Based on the experimental conditions, the quantity of hydroxyl groups on the YSZ pellets’ surface should follow the sequence: H2+N2+H2O+siloxane > H2+N2+siloxane > N2+siloxane. Hydroxyl groups can be formed on YSZ, based on Eqs 4, 5, through reduction of YSZ by hydrogen, which only occurs near the surface, or through reaction with oxygen ions transported through the YSZ (Ong et al., 2016). Alternatively, H2O can form hydroxyl groups directly according to Eq. 6 at a faster rate compared to the previous mechanism.
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Based on the photos of YSZ pellets after experiments (shown in Figure 4) and the SEM/WDS results (shown in Figures 5, 6), the extent of surface hydroxylation influences the siloxane deposition. The experiment with H2+N2+H2O+siloxane as the fuel, which is considered to have the maximum hydroxyl groups among all conditions, had the most serious siloxane deposition on the pellets’ surface. In comparison, with N2+siloxane as the fuel, which does not result in any surface hydroxyl groups, no significant siloxane deposition is observed in the middle of the YSZ pellet surface. This demonstrates that siloxane chemical adsorption is essential to the entire deposition process.
Following the same trend with the SOFC results, L4 contamination experiments also had less siloxane deposition on the YSZ pellet surface than D4. This phenomenon can also be verified by XRD and Raman results in Figures 5–10, in which the YSZ pellet with D4 deposition always resulted in stronger signal during characterization than the YSZ pellet with L4 deposition. From a chemical reaction perspective, L4 as a linear structure siloxane is less stable compared with D4, with its cyclic structure (Gun’ko et al., 2007). As a result, L4 as a linear structure siloxane can be dissociated more easily compared to the stable D4 structure (Gun’ko et al., 2007). However, the results are opposite of what might be expected. Considering the influence of hydroxyl groups on the siloxane deposition, the chemical adsorption process should be the rate determining step for the siloxane deposition reaction. This can also be proved by results in Figure 4.
The deposition in Figure 4 appears as a yellow/brown color. The visual inspection of the color change may only provide qualitative analysis. From XRD results in Figure 7 and Figure 8, SiC and SiO2 are deposited on the surface. Considering the interaction of atoms and their electrons with light waves, the band gap of a semi-conductor material can determine its color. For 3C-SiC, which correlates to 3.26 eV bandgap value, its color should be in the range of yellow to green (Zhao and Bagayoko, 2000). In this case, the color of deposition may determine the extent of SiC deposition. However, SiO2 is always reported as white or colorless crystalline. Different colors can also be observed because of light scattering from the small particles. In this case, further quantitative analysis of deposition extent can be conducted in future work.
For the experiment with H2+N2+siloxane and N2+siloxane as the fuel, which had lower hydroxylation of the surface, deposition resulting from L4 is much less than from D4. After introducing H2O in the fuel, which results in more hydroxyl groups, the chemical adsorption process accelerated and the extent of L4 deposition increased significantly.
M. Schweigkofler et al. reported that compared with linear siloxanes, many types of absorbents, including silicon and carbon-based material, show higher adsorption ability for cyclic siloxanes (Schweigkofler and Niessner, 2001). Besides the adsorption process, linear siloxanes also have much higher desorption efficiency than cyclic siloxanes because linear siloxanes can also be absorbed physically without any transformation. In some cases, large molecule linear siloxanes can convert to L2 after desorption from absorbents (Soreanu et al., 2011). Based on this insight, the assumed L4 and D4 adsorption and desorption processes on the YSZ pellet surface are presented in Jonsson Figure 12. The D4 contamination is believed to result in more degradation for SOFCs’ anode due to its high adsorption and low desorption ability on YSZ compared to L4. The pellets’ XRD results with D4 and L4 contamination in Figure 7 and Figure 8 show different deposition peak positions for SiO2 and SiC. The different positions refer to crystalline differences resulting from D4 and L4 deposition, even though they have similar composition. This may also be explained by the adsorption and desorption process difference for D4 and L4 on the YSZ pellets. As the initial step of siloxane deposition, the adsorption process difference may cause significant divergence in next deposition reaction steps.
[image: Figure 12]FIGURE 12 | D4/L4 chemical adsorption and desorption on the YSZ pellet surface.
Several evidences including previous studies along with the SOFC and pellet experimental results in this study derive the assumed mechanism. Direct evidence such as high spatial resolution imaging of the adsorption process by techniques like transmission electron microscopy (TEM) is still needed to prove the assumption. More studies like XPS analysis of deposition on SOFC and pellet surfaces and exhaust gas composition analysis from the SOFC experiment can also aid in understanding the siloxane deposition process.
Besides the differences in D4 versus L4 deposition, there are other interesting results to discuss. For siloxane pellet experiments, introducing H2O to the fuel accelerates the siloxane deposition which can be explained from the chemical adsorption process as discussed in the previous section. However, this can’t explain why the wet fuel reduces performance degradation with siloxane contamination which has been reported in previous work (Tian and Milcarek, 2020). There must be other factors also resulting in Ni/YSZ anode degradation besides siloxane deposition on the YSZ. Our previous work (Tian and Milcarek, 2020) suggested that sufficient H2O in the fuel could prevent carbon deposition on the Ni which is considered as a good catalyst for hydrocarbon reforming reactions (Hecht et al., 2005). In this study, some evidence can also be provided. For siloxane deposition composition analysis tests, XRD and Raman tests both show carbon-based compounds, such as SiC in XRD tests and strong amorphous carbon signals in Raman test after D4 deposition. Existing (-C=C-)n and CHx groups on YSZ surface are also evidence of early stages of carbon deposition.
Besides carbon deposition, degradation of silver current collector (also considered as electrode for pellet experiments) due to siloxane contamination is also demonstrated by this study. Silver, also known as an interaction catalyst of oxygen (Nagy and Mestl, 1999), can also be attacked by carbon and silicon, like Ni in the anode. From Figure 4, the siloxanes prefer to deposit around the silver/YSZ interface. The degradation of silver current collector/electrode can also be verified by electrochemical characterization analysis from Figure 11 in which an obvious impedance increase can be noticed after siloxane contamination. The composition map of the pellet after H2+N2+H2O+D4 exposure support significant silicon and oxygen deposition around the silver. These results all suggest that silver is extremely vulnerable to siloxane contamination. Moreover, for the setup in this study, the failure of the silver current collector not only leads to poor conductivity for electrochemical reactions, but also creates leakage around the anode. This can also cause a significant performance loss for the SOFC. In future work, siloxane deposition on silver and nickel still needs to be addressed.
CONCLUSION
In this study, D4 and L4 are used to represent cyclic and linear structure siloxanes, respectively, to investigate contamination of SOFCs utilizing biogas. SOFC degradation experiments with H2+N2+L4/D4 as the fuel were conducted. According to polarization curves and EIS results, the SOFC in the experiment with D4 as contamination source had higher degradation than with L4.
To reveal the mechanism causing the SOFC degradation difference by cyclic and linear structure siloxanes and also investigate the relationship between the chemical adsorption of siloxane and deposition process on YSZ, pure YSZ pellet experiments with H2+N2+H2O+D4/L4, H2+N2+D4/L4 and N2+D4/L4 as the fuel were conducted. Postmortem analysis including SEM/WDS, XRD and Raman all indicated that the deposition from D4 was more significant than from L4, in general. Among these experiments with different surface hydroxylation extent, H2+N2+H2O+D4/L4 experiment had the most deposition due to more hydroxyl groups. Considering that the siloxane deposition process is highly dependent on the extent of the surface hydroxylation, it can be concluded that the YSZ surface chemical adsorption process is a critical step. Thus, the high adsorption and the low desorption rates of cyclic siloxane compared with linear siloxanes on YSZ may explain the deposition and SOFC degradation.
Besides silicon deposition, carbon deposition including SiC and amorphous carbon was also noted from XRD and Raman results due to siloxane contamination. Electrochemical characterization results from the YSZ pellet experiments also support that silver current collector accelerated siloxane deposition which can cause the SOFC performance degradation.
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