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ABSTRACT 

 Biogas’s potential as a renewable fuel source has been an area of increased research 

in recent years. One issue preventing wide-spread use of biogas as a fuel is the trace 

amounts of impurities that damage fuel-burning equipment by depositing silicon, sulfur, 

calcium and other elements on their surface. This study aims to analyze the effects of a 

high concentration of L4 linear siloxane on solid oxide fuel cell performance until failure 

occurs. L4 siloxane has not been extensively researched previously, and this investigation 

aims to provide new data to support similar, though slower, degradation compared to D4, 

D5 and other siloxanes in solid oxide fuel cells. The experiments were conducted inside a 

furnace heated to 800℃ with an Ni-YSZ-supported (Nickel-yttria-stabilized zirconia) fuel 

cell. A fuel source with a flow rate of 20 mL/min of hydrogen gas, 10 mL/min of nitrogen 

gas and 0.15 mL/min of L4 siloxane was used. Air was supplied to the cathode. The effects 

of siloxane deposition on cell voltage and power density degradation and resistance 

increase were studied by using techniques like the current-voltage method, electrochemical 

impedance spectroscopy, and gas chromatography. The results of the experiment after 

reduction show roughly constant degradation of 8.35 mV/hr, followed after approximately 

8 hours by an increasing degradation until cell failure of 130.45 mV/hr. The initial 

degradation and stagnation match previous research in siloxane deposition on SOFCs, but 

the sharp decline to failure does not. A mechanism for solid oxide fuel cell failure is 

proposed based on the data.  
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1. INTRODUCTION 

 In both landfills and wastewater treatment plants (WWTPs), biogas is created as a 

byproduct. In landfills, natural organic decomposition creates this gas, while in WWTPs, 

sludge that is filtered out of the process from clarifiers is piped into an anaerobic digester, 

where micro-organisms convert that sludge into biogas in an oxygen-deficient 

environment. This biogas in both landfills and wastewater treatment plants is a methane-

dominant gaseous mixture, also consisting of carbon dioxide, nitrogen, and trace amounts 

of impurities like hydrogen sulfide, water, and various siloxanes. Biogas from WWTPs is 

roughly 55-65% methane (CH4), with 35-45% carbon dioxide (CO2) and trace amount of 

these impurities [1] while biogas from landfills is closer to 50% CH4, 45% CO2 and roughly 

5% nitrogen (N2) and other gases and impurities [2]. Because of the high methane content, 

biogas has the potential to be utilized as a fuel source in heating and power-generating 

processes, as its calorific value sits between 19.7 and 23.3 MJ/m3 [1]. This is lower than 

that of natural gas’s average heating value in the United States (roughly 38.6 MJ/m3 in 

2020) [3], but is still significant. 

 One downside to using biogas as a fuel source is the trace amounts of impurities. 

Sulfides, siloxanes, calcium, water and other impurities can all lead to deposition on 

equipment, which can lead to reduced performance and reduced equipment lifespan. Prime 

movers are typically used in conjunction with biogas to convert its chemical energy into a 

useable work, but all are susceptible to this deposition. Internal combustion engines, gas 

turbines, micro-turbines and Stirling engines are currently being utilized commonly as 

prime movers with biogas as a fuel source [4]. However, one alternative that is increasing 
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in popularity and feasibility are fuel cells, and specifically solid oxide fuel cells (SOFCs). 

Like other prime movers, SOFCs are susceptible to reduced life and performance from 

siloxane and sulfide buildup.  

 SOFCs operate similarly to other fuel cells, but must operate at higher temperatures 

due to their ceramic oxide electrolyte. Their usage as a prime mover in WWTPs, and the 

effects of siloxanes on cell performance has only begun being researched in the last two 

decades [5]. Nickel-based anodes with the cyclic D4 siloxane have been studied the most 

thoroughly [6–8], as D4 siloxane is the most common siloxane associated with biogas from 

WWTPs. Nickel anodes are utilized as nickel is widely commercially available, 

inexpensive, and the nickel acts as an electrocatalyst for hydrogen oxidation so no 

additional electrocatalyst is required [9,10]. 

 While several studies on the effects of cyclic siloxanes like D4 on SOFC 

degradation have been completed, only one has been done on linear siloxanes like L3 and 

L4 [11]. Linear siloxanes typically appear at significantly lower concentrations than D3, 

D4, and D5 cyclic siloxanes in both landfill and wastewater biogas [12,13]. Tian and 

Milcarek did recently compare the effects of D4 and L4 siloxane on SOFC degradation and 

determined that L4 siloxanes showed lower degradation rates in SOFC performance, and 

showed less siloxane deposition on the surface of the anode [11].  
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2. LITERATURE REVIEW 

 This section includes the literature review for this thesis project, which provides 

background on the problem being addressed. This review will begin with an introduction 

into SOFCs: how they operate, and current usage, followed by a section on various 

fabrication techniques for SOFCs, and their strengths and weaknesses. Following this 

SOFC review, a review on various siloxanes will be presented, including where they are 

found, how they are formed, and their chemical compositions. Their usage and applications 

with SOFCs will then be addressed, as well as the degradation issues that plague SOFCs 

when a fuel source with siloxanes is utilized.  

Solid Oxide Fuel Cells 

 Fuel cells are an electricity-producing device that use chemical energy via 

electrochemical reactions between elements from a fuel source and oxidant to produce 

power. Like a standard battery, fuel cells typically consist of two porous electrodes (one 

positive: the cathode, and one negative: the anode) split by an electrolyte. An external 

circuit connects the anode to the cathode and allows the flow of electrons from the anode 

to the cathode. A fuel source containing hydrogen molecules is fed to the anode side while 

an oxidant is fed to the cathode side. Figure 1 shows this set up and the electrochemical 

reactions associated with the fuel cell.  
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Figure 1: Solid Oxide Fuel Cell Schematic [14] 

During the course of the fuel cell’s electrochemical process, oxygen atoms from the 

oxidant travel into the cathode, where they are reduced using electrons provided by the 

external circuit to create O2- ions. These oxygen ions then pass through the electrolyte to 

the anode side, where they are met by hydrogen molecules from the fuel source. These 

hydrogen molecules and oxygen ions react at the anode to create water molecules with 2 

leftover electrons. The water exits as a fuel by-product and the electrons travel along the 

external circuit from the anode to the cathode in order to meet oxygen atoms from the 

oxidant, allowing for power production to occur. In lower-temperature fuel cells, an 

electrocatalyst is required to speed up this process to make the system viable [14]. By 

allowing oxygen ions to pass through the fuel cell towards the fuel source, chemical 

reactions with the hydrogen atoms can occur, producing power for a necessary electrical 

load. [14,15] 

 SOFCs are a specific type of fuel cell in which the electrolyte is a solid ceramic 

oxide material splitting the porous cathode and anode. This forces these fuel cells to operate 
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at a far higher temperature (700 – 1000 ℃) than standard fuel cells, though reducing the 

thickness of the electrolyte or using highly conductive electrolytes can reduce the overall 

temperature requirements [16]. The high temperature requirements drive the costs of SOFC 

production up significantly, and efforts to lower the required temperature for more practical 

usage of SOFCs have been a continuing point of research since their creation [15,17]. 

However, operation at high temperature also allows for a production of high grade waste 

heat, and if coupled with a CHP system, SOFC systems can reach efficiencies of 85-90% 

[18].  

 SOFCs can also take various shapes, with both planar and tubular modules being 

commonly used. Tubular SOFCs are typically closed at one end and require less sealant 

material, but often have larger stresses, cost more to produce, and have lower power 

densities than planar SOFCs [14,16,18,19]. They can be fabricated either cathode-layer or 

anode-layer first, and are then coated with electrolyte and the opposite electrode layer 

[19,20]. Both types of SOFCs can be built to be self-supporting. For this, the anode, 

electrolyte or cathode layer is typically significantly thicker than the other two in order to 

provide that self-support [16]. It should also be noted that the overall thinner thickness of 

planar SOFCs versus tubular SOFCs does allow for higher power densities in planar 

SOFCs. With planar SOFCs, a large cost is required due to sealing requirements of the cell. 

The oxidant being supplied to the cathode must be kept away from the fuel source being 

supplied to the anode, which requires a sealant that will not crack, even at high 

temperatures. Previously, special metal alloys and ceramic materials have been used for 
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sealing [15], though their high costs have recently pushed glass-ceramic material research 

[21–23] as these can be significantly more cost effective [24].  

SOFCs are typically fueled with a hydrocarbon fuel source. Due to this, the most 

common SOFC anode material, Ni-YSZ has large carbon deposition issues, as the nickel 

left in the anode is a strong catalyst for C-H and C-C bonds. This can degrade SOFC 

performance if the active sites become blocked with carbon, and finding stronger resistance 

to carbon deposition has been a priority in SOFC research [8,25,26]. 

Single SOFC cells can typically produce up to a maximum of 1.2 V of electricity  at 

ambient temperatures using air as the oxidant [18]. As such, typical useable SOFCs are 

found in a stack in series in order to combine the voltage across cells to a useable amount 

[15]. This does depend heavily on temperature, pressure, fuel fed to the cell, and the load 

on the cell however. The high temperatures SOFCs are required to run at decrease this 

theoretical reversible cell electric potential to around 1 V instead of 1.2 V.  

Fuel Cell Measurement Methods 

1. Open Circuit Voltage 

 Open Circuit Voltage (OCV) testing is also a basic test used in fuel cell monitoring. 

The OCV is the potential difference across the cells electrodes when no current bias is 

applied. In fact, the theoretical maximum voltage per cell is in reference to the OCV [27], 

and the OCV is typically what is used in reference to the working voltage of a fuel cell in 

general. By examining the OCV of the cell over time, the degradation of the cell can be 

monitored. Additionally, after initial reduction, a working fuel cell should have an OCV 

somewhere close to the theoretical maximum – any OCV significantly lower could equal 
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any number of issues with the fuel cell, sealant, or reactor set up [26,28,29]. It could also 

however signify changes in ambient temperature and pressure. At higher temperatures for 

example, like with SOFCs, a lower overall OCV is to be expected. The opposite goes for 

pressure – lower pressures reduce the OCV potential of an SOFC system [30]. 

2. Polarization Curve 

 In order to test the performance of fuel cells, several standard tests can be utilized. 

A commonly used data tool in fuel cell performance analysis is the polarization curve. This 

plot will show the voltage output of the fuel cell versus specific current density loadings 

on the cell. This can then be compared to other polarization curves from other research to 

compare a fuel cell’s performance. This test is done by slowly increasing the current 

density on the fuel cell. A typical polarization curve shows three stages of voltage dropping 

as the current density is increased on the cell. At very low current densities, the voltage 

will drop due to activation polarization or kinetic losses due to the energy required to begin 

or activate the chemical reactions required for fuel cell power production. At high power 

densities the voltage will rapidly drop due to concentration polarization or mass transfer 

losses due to the mass transfer resistance of the cathode and anode. Between these two 

extremes, the voltage typically drops linearly due to ohmic losses, or the electron and ion 

flow resistance in the fuel cell. By examining this polarization curve, the type and 

magnitude of the fuel cell’s losses can be determined [31].  
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Figure 2: Polarization Curve Example [32] 

Mass transfer, or concentration losses occur where there is a limitation on the rate 

of mass transfer; in fuel cells, this often happens at the anode. This occurs at higher current 

and power densities, as the flow rate through the anode cannot keep up with the required 

current rate. This can cause a sharp decrease in cell voltage, as the current is no longer able 

to be drawn compared to the gas flow rate [33].  

 

Figure 3: Example of Mass Transfer Losses’ Effect on Fuel Cell Voltage [33] 
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3. Electrochemical Impedance Spectroscopy 

Another test that is commonly run in fuel cells is an Electrochemical Impedance 

Spectroscopy (EIS) test. While EIS testing has been extensively used recently in the 

biological field to test tissues and cells for various cancers and other diseases [34–36], it 

can also be used to determine impedance in fuel cells. As frequency is adjusted, EIS 

determines the overall impedance of the fuel cell. This is typically plotted in a Nyquist or 

Bode plot. By examining these EIS plots, a fuel cell equivalent circuit can be built using 

resistors for the real impedance and capacitors and inductors for the imaginary impedance. 

By showing the equivalent circuit and the inductance and capacitance of different parts of 

the fuel cell, a better understand of the type of losses in the fuel cell system can be found  

[37].  The equivalent circuit depend on the types of materials used in the SOFC, and the 

EIS results obtained during the fuel cell experimentation [38]. An example of an equivalent 

circuit based on EIS results can be seen in Figure 4. 
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These equivalent circuits allow for a better understanding of the ohmic and 

polarization resistance, as well as those at the cathode and anode. For example, at high 

frequencies, the capacitors in the equivalent circuit act as shorts, so the response is solely 

based on pure resistance, not impedance. This gives the ohmic resistance of the fuel cell 

(the point where initially, the Nyquist EIS plot crosses the 0 on the y-axis) [39]. The 

polarization resistance is where the Nyquist plot cross the 0 on the y-axis at the end of the 

plot, at a low frequency. At low frequencies, the capacitors in the equivalent circuit become 

‘open’ circuits, so the total polarization resistance becomes the sum of the resistances in 

series, rather than the sum of the resistances with shorts like the ohmic resistance. 

Additionally, the anode and cathode each can act as one R-C circuit each in the equivalent 

circuit, allowing for calculation of the capacitance and resistance of each electrode in the 

fuel cell. 

By plotting the EIS data at different stages in a fuel cell’s experimentation, the 

resistance over time can be observed. This is especially apparent in the Bode plots for EIS. 

It has been suggested, for example, that at low frequencies, any significant changes in the 

cell’s resistance could be due to differences in the diffusion process in the anode [40]. 

Additionally, at higher frequencies, changes in the cell’s resistance could be from changes 

in the cathode activation polarization [41] and from variations in the internal fuel cell 

temperatures [42]. This typically implies some change in the oxygen’s molecular and 

charge diffusion ability within the cathode has occurred, and partial pressure of the oxygen 

is also reduced. Figure 5 below shows the resistance increase of an SOFC over time during 

a siloxane deposition experiment through a Nyquist EIS plot, showing the degradation of 
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the cell due to this deposition [43]. These plots allow for better understanding of ohmic 

and polarization resistance, as well as locating the resistances at the anode and cathode.  

 

Figure 5: Electrochemical Impedance Spectroscopy Curve Example [43] 

4. Gas Chromatography 

 Gas chromatography is a process in which individual compounds in a gas mixture 

are separated and analyzed to identify the compounds inside the mixture, typically done 

inside a gas chromatograph (GC). Inside the GC, the gas mixture passes through a long 

column, which is coated with a ‘stationary phase’ material. Typically, the gas mixture is 

made up of the gas or liquid being tested and a carrier gas which helps guide the mixture 

through the column. As the gaseous mixture passes through the column, each individual 

compound adsorbs differently with the stationary phase due to their individual chemical 

and physical properties, slowing some compounds down more than others and separating 

them out by the time they reach the end of the column. At this point, the gases are detected 

and analyzed, and based on the time at each large detection, the gases can be identified by 

comparing to calibration standards [44,45]. One type of common detector system used (and 

the type utilized during this thesis) is a Flame Ionization Detector. This detector combusts 
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the gas, emitting electrons to produce ions, which can then be measured directly as current. 

This system is especially sensitive to compounds containing carbon atoms, and is relatively 

low-cost [44,46]. A sample diagram detailing this system can be seen below (Fig. 6). 

 

Figure 6: Example Gas Chromatography Schematic [44] 

5. Scanning Electron Microscopy 

Running an analysis with a scanning electron microscopy (SEM) wallows for 

understanding the surface topography and chemical structure make up of a given sample. 

SEM is able to look at samples on a micro-scale, getting resolution down to 1 nm, compared 

to standard optical microscopes which might only reach 1 μm instead [47]. In an SEM, a 

focused electron beam is utilized to view the surface of the sample, by reflecting off the 

various molecules and elements present. As a result of the electrons from the beam hitting 

the surface of the sample, various signals can be read and analysis completed [48]. These 

signals vary from backscattered and secondary electrons to x-rays and light [47]. The 

signals can then be detected and compiled into an image to show specific information about 

the sample surface. Elemental mapping specifically can be done by energy dispersive 
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spectroscopy (EDS) or wavelength dispersive spectroscopy (WDS), which uses the x-rays 

returned from the surface of the sample to map quantities and locations of various elements.  

In SOFCs, using SEM has allowed for a better understanding of how contaminants 

deposit on the anode surface, such as carbon, silicon, and sulfur atoms, which are most 

commonly found on the anode material. For example, Madi et al. reported a large amount 

of SiO2 among the nickel foam used for their anodes [49] and Tian et al. found the silicon 

bonded near the Ni-YSZ triple-phase boundary interface [43]. Additionally, when using 

SEM, WDS can be more accurate for SOFCs, as yttria and silicon elements have been 

noted to have signal overlap, resulting in potentially overestimating the amount of both 

elements [50].  

Siloxanes and Biogas 

Siloxanes are man-made chemical compounds that are characterized by having 

alternating silicon and oxygen atoms bonded to various alkane compounds. Siloxanes are 

classified based on their structures: either linear (L) or cyclic (D) as seen below in Figure 

5, and by their number of silicon atoms present in each molecule. For example, D4 

represents a cyclic siloxane with 4 silicon atoms per molecule for example.  

 

Figure 7: Examples of Linear and Cyclic Siloxanes [51] 
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Siloxanes also make up silicones, a polymer made up of siloxanes; these are 

commonly found in a vast array of hygiene products [52], frying oils [53], and contact 

lenses [54] among others. These siloxanes then end up in wastewater and in landfills – as 

hygiene products go down sinks, frying oils are dumped into septic tanks, and contacts and 

other silicon-based products end up in the trash in landfills. Siloxanes are a large 

contaminant in wastewater treatment processes around the world [55–57] alongside 

hydrogen sulfide, water, and other small impurities. They have also been found to be a 

contaminant in both indoor and ambient air [58,59].  

 Siloxanes have been studied especially in regard to biogas, a potential fuel source 

created by putting various organic compounds through a process known as anaerobic 

digestion (AD). AD is typically done in wastewater treatment plants towards the end of the 

process with sludge that is pulled from clarifiers and is one way WWTPs can dispose of 

their sludge. Sludge is pumped into an anerobic digester for this process to occur. Inside 

the digester, microorganisms break down the sludge into this biogas, while in the absence 

of oxygen. There are two main types of anaerobic digestion. Mesophilic digestion occurs 

around 30-38℃ while thermophilic digestion requires some additional heat and runs 

around 50-60℃ [4]. Biogas is also generated from the organic decomposition of solids in 

landfills [60]. Biogas from wastewater treatment plants is roughly 55-65% methane (CH4) 

and 35-45% carbon dioxide (CO2), which has similar constituents to another fuel source: 

natural gas. However, biogas also contains trace amounts of several contaminants including 

ammonia, oxygen, hydrogen sulfide and siloxanes [1]. The contaminants found in the 

biogas severely limits its potential use as a fuel source, as the siloxanes and other impurities 
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can deposit on the boilers, CHP prime movers, heat exchangers, and any other equipment 

that might utilize biogas, which will decrease performance and lifespan of the equipment 

[4,61]. It has been found specifically that silicon deposits typically form first in 

reciprocating engines, allowing for increased deposition of the other impurities like 

calcium and sulfur [62].  

 There are also several different siloxanes that can be present in biogas, depending 

on the source of the gas. D4 (octamethylcyclotetrasiloxane) and D5 

(decamethylcyclopentasiloxane) siloxanes are typically the most commonly found as 

contaminants in wastewater and landfills [4,13], though other siloxanes, particularly linear 

siloxanes have been found to be more abundantly used in products that might end up in 

landfills and wastewater [63]. D4, D5, and other cyclic siloxanes have been suggested to 

be the most prevalent siloxane contaminants due to their structural stability, which may 

explain their prevalence in landfill and wastewater biogas compared to linear siloxanes 

[13]. Because of D4 and D5’s prevalence in both landfill and wastewater biogas, 

experiments run to determine siloxane degradation’s effects on SOFCs and other power-

producing prime movers, typically focus on these two siloxanes [11,43,64,65]. Table 1 

below gives some approximate values for various siloxanes found in both landfill and 

wastewater biogas. While the values themselves vary largely from study to study, some 

interesting trends develop. For example, in both landfill and wastewater-produced biogas, 

D4 and D5 siloxanes have the largest concentrations, and often by magnitudes of 5 or more. 

Additionally, D3 (and D6 siloxane where studied) also had larger concentrations than both 

L3 and L4 siloxanes for both landfill and wastewater-produced biogases. In biogas from 
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WWTPs, L2 was also lower than D3, though this did not always hold true for biogas from 

landfills. 

Table 1: Siloxane Concentrations in Landfill and Wastewater Biogas (in mg/m3) 
Biogas 
Source 

L2 L3 L4 D3 D4 D5 D6 Source 

Landfill n.d. 
0.837 ± 
0.151 

0.565 ± 
0.154 

n.d. 
0.614 ± 
0.089 

0.023 ± 
0.007 

n.d. 
0.506 ± 
0.104  

0.006 ± 
0.004 

5.9 ± 0.3 
0.874 ± 
0.180 

0.129 ± 
0.083 

49.1 ± 0.2 
4.159 ± 
0.627 

1.083 ± 
0.276 

16.6 ± 0.1 
2.896 ± 
0.448 

1.135 ± 
0.293 

n.d. 
0.659 ± 
0.153 
n.d. 

[12] 
[13] 

 
[66] 

Waste 
water 

n.d. 
<0.01 
0.05 

n.d. 
0.28 
0.03 

n.d. 
0.31 

0.13-0.15 

0.7 ± 0.2 
0.12 

0.14-0.17 

2.6 ± 0.2 
1.9 

6.40-6.98 

11.6 ± 0.3 
124 

8.96-9.65 

n.d. 
n.d. 
n.d. 

[12] 
[67] 
[68] 

 

Siloxane use with SOFCs  

 When biogas is utilized in SOFC systems without cleaning, the siloxanes will 

deposit on the surface of the anode which will reduce the cell’s performance. As the fuel 

source’s hydrogen atoms meet oxygen ions in the anode, water molecules and electrons are 

created as follows: 

𝐻𝐻2 + 𝑂𝑂2− → 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒− 

 However, with additional impurities like siloxanes and sulfides, these output 

molecules may react to create silicon oxide on the anode surface. Haga et al. in 2008 

proposed the following chemical reaction equations to show how D5 siloxane would 

deposit silicon dioxide molecules into the anode [5]: 

𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆 1: [(𝐶𝐶𝐻𝐻3)2𝑆𝑆𝑆𝑆𝑂𝑂]5(𝑔𝑔) + 25 𝐻𝐻2𝑂𝑂 → 5 𝑆𝑆𝑆𝑆(𝑂𝑂𝐻𝐻)4(𝑔𝑔) + 10 𝐶𝐶𝑂𝑂 + 30 𝐻𝐻2 

𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆 2: 𝑆𝑆𝑆𝑆(𝑂𝑂𝐻𝐻)4(𝑔𝑔) → 𝑆𝑆𝑆𝑆𝑂𝑂2(𝑠𝑠) + 2 𝐻𝐻2𝑂𝑂 
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 From these proposed equations, it was assumed that silicon dioxide would deposit 

on the anode surface, which can decrease overall gas diffusion through the anode and 

increase overall polarization resistance of the SOFC [69]. Additionally, silicon-carbon 

bonds from the siloxanes can break off and deposit on the anode, depositing silicon not 

only as SiO2 but also as SiC [43]. It has also been suggested that CH4 can be deposited on 

the anode due to siloxane degradation [43].  
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3. FUEL CELL FABRICATION 

Ni-SDC SOFC Fabrication 

 Anode-supported SOFCs were fabricated using a process from previously reported 

work [50].  

1. Anode Fabrication 

The anode was fabricated first using a mix of nickel oxide (NiO, Fuelcellmaterials) and 

samarium-doped ceria (SDC, Sm0.20Ce0.80O2-X, Fuelcellmaterials). The NiO and SDC 

powders were mixed using a mortar and pestle at a 60:40 weight ratio, respectively, until a 

homogenous mixture was created.  

 

Figure 8: Mortar and Pestle Used for Nio+SDC Powder Mixing 
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Figure 9: Dry Press and Dry Pressing Die Used to Create Ceramic Anode Discs  

After pre-sintering, an SDC electrolyte was prepared for use in a wet powder spray machine 

by using a mixture of SDC, ethyl alcohol, ethylene glycol, and glycerol and running that 

mixture in a ball mill for roughly 24 hours. Once the wet spray was mixed, a spraying 

machine (Sono-Tek) was utilized to spray even layers of the SDC wet powder spray onto 

the NiO+SDC ceramic discs. These discs were placed on a heating plate as seen below in 

Figure 8 and heated to roughly 90℃ through the spraying process. One layer of spray was 

administered to the cells, then the heating plate temperature was increased to roughly 

160℃ before being decreased back to 90℃. This process between each individual spray 

layer allowed for the evaporation of ethyl alcohol and ethylene glycol from the sprayed 

layers. 17 layers of SDC wet spray material was sprayed onto the NiO+SDC ceramic discs. 

The anode-electrolyte discs were then pre-sintered at 1350℃ for 4 hours.  
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Figure 10: Sono-Tek Spraying Machine and Hot Plate Used for Wet Powder Spray 

A yttria-stabilized zirconia (YSZ, (ZrO2)0.92(Y2O3)0.08, Fuelcellmaterials) buffer 

layer wet powder spray mixture was then created using ethyl alcohol, ethylene glycol, and 

glycerol and left in a ball milling machine for 24 hours. This mixture was then sprayed 

onto the anode-electrolyte discs using the same process as before for 6 layers. The anode-

electrolyte-buffer layer disc was then co-sintered at 1400℃ for 4 hours.  

4. Cathode Fabrication 

Finally, a lanthanum strontium manganite (LSM, (La0.80Sr0.20)0.95MnO3-X) + YSZ 

(Fuelcellmaterials) cathode wet powder spray was also then produced using the same 

process as before. This was sprayed onto the ceramic discs using a hand sprayer as seen 

below.  
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Figure 11: Hand Spray Machine Used for Cathode Wet Powder Spraying 

6. Fabrication Failures 

 These SDC-supported fuel cells were to be used for experimentation, however due 

to electrical and physical failures, other, YSZ-supported fuel cells were utilized for 

experimentation. The first attempt at creating SDC-supported fuel cells used the dry press 

for the anode and electrolyte layers, instead of just the anode. For this first batch, the anode 

was dry pressed exactly as described previously, but then 0.04 g of SDC ceramic powder 

was dry pressed on top of the un-sintered anode layer. This anode-electrolyte pressed disc 

was then pre-sintered at 1100℃ for 2 hours. Due to differences in material porosity, 

density, and the thickness of the electrolyte layer, these cells all curled inwards and most 

cracked, preventing testing. Some of these cells can be seen below.  
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Figure 12: Double-Pressed SOFC Fabrication Attempt Results 

 

Figure 13: Fabricated SDC-Supported Fuel Cells 
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materials may have been less smooth and had higher potential for large peaks and valleys. 

This could potentially allow for easier transport of electrons throughout both the anode and 

electrolyte layers. When the buffer layer was sprayed onto the surface of the electrolyte as 

a full-stop for the electrons, some of these porous valleys may not have been filled fully in, 

allowing for electrons to pass through the fuel cell directly from the anode to the cathode 

side, rather than being stopped by the buffer layer. This may be one cause of the reduced 

performance. SOFCs were produced with 12 layers of buffer layer spray instead of the 6 

layers originally used which did produce a higher OCV; however these results were still 

significantly lower than the 1 volt SOFC maximum at 800℃ and were also ruled not 

significantly testable (maximum OCV of 0.63).  

These failures could also simply be the result of human inaccuracy – any slight 

imperfection could be a cause of the decreased performance. The sizing of each individual 

planar layer was also estimated based on previous work with YSZ-supported cells [43,50] 

and will need additional research to confirm the optimum size of each portion of the cell. 

Additionally, while Ni-YSZ anodes for SOFCs have been thoroughly researched, Ni-SDC 

anodes have been researched significantly less over the last 30 years [25,26,70,71], and 

will need further research to solidify a dry-pressing and wet powder spraying method to 

make them feasible for experimentation. 

Thus, after testing these SDC-supported cells post-reduction with EIS tests, OCV 

tests, and polarization curves, they were found to be inadequate for our experiments. 

Several sets of these SDC-supported fuel cells were produced, each of which had similar 
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poor electrical results. As such, YSZ-supported SOFCs were instead used for 

experimentation. These were produced a similar process to that presented above [50].  

Ni-YSZ SOFC Fabrication 

 A 60/40 weight ratio mixture of NiO and YSZ was first mixed in a mortar and 

pestle to create the Ni-YSZ homogenous mixture that would be used for the anodes. This 

powder mixture was then dry pressed with 0.3 g of material, and was then pre-sintered at 

1100℃ for 4 hours to allow for densification of the powder particles. This created a ~ 380 

μm thick anode layer for the anode supported SOFC. These ceramic discs were also 0.712 

cm2 in surface area. 

Once the anode had been sintered, a YSZ electrolyte mixture was sprayed onto the 

anodes using the same Sono-Tek spraying machine set up as before, using a similar mixture 

of YSZ powder, ethyl alcohol, ethylene glycol, and glycerol as the spray mixture. Between 

each layer of spray, the heating plate was again heated to roughly 160℃ before being 

allowed to cool to 90℃ for evaporation of ethyl alcohol and ethylene glycol. Once the 

electrolyte had been sprayed onto the cells, they were once again pre-sintered to allow for 

densification of the electrolyte. The electrolyte ended up around ~ 10 μm thick. 

A ~ 3 μm buffer layer of SDC was then sprayed onto the electrolyte, using a spray 

mixture of SDC powder, ethyl alcohol, ethylene glycol, and glycerol. This was also done 

with the Sono-Tek spray machine, and again the heating plate was heated to 160℃ and 

allowed to cool to 90℃ between sprays. The anode-electrolyte-buffer layer discs were then 

co-sintered at 1400℃ for 4 hours. After this, the hand spray machine was used with a 
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mixture of lanthanum strontium cobalt ferrite (LSCF, (La0.6Sr0.4)0.95Co0.2Fe0.8O3-X, 

Fuelcellmaterials) + SDC (70/30 weight ratio), ethyl alcohol, ethylene glycol, and glycerol 

to create the cathode layer. Again, the edges were taped off of each cell to prevent the 

cathode from slipping down the side of the SOFC and creating a short with the anode. The 

discs were sprayed on the heating plate and between each layer of spray, the plate was 

heated to 160℃ and allowed to cool to 90℃. The SOFCs were then sintered to 1100℃ for 

2 hours, creating a ~ 17 μm thick cathode and finishing the fabrication of the Ni-YSZ 

SOFCs used in this experiment.  
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4. EXPERIMENTAL SET UP 

 For this investigation, degradation in a YSZ-supported SOFC using L4 siloxane 

(C10H30O3Si4) is being tested. As such, for the experiment, L4 siloxane along with H2 and 

N2 gases were used as the fuel source. An experimental set up as shown below in Figure 

14 was established.  

 

Figure 14: Experimental Setup 

The fuel cell was sealed to a quartz tube using silver paste, which served both to 

prevent any leakage of the fuel source and to act as the current collector connecting the 

anode to the cathode. The quartz tube reactor was then placed inside the sealed quartz tube, 

which allowed for the fuel to flow towards the fuel cell through the reactor and back out as 

exhaust through the sealed quartz tubing. The exhaust was left open inside a fume hood 
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and was used later for GC testing using sealed bags to collect it. Siloxane was directly 

pumped through piping into the reactor via a syringe pump system (Pump Systems Inc. 

Ne-300 Just Infusion), while both N2 and H2 gases were pushed through piping and Brooks 

Delta II smart mass flow controllers (MFCs). Air was used as the oxidant for these 

experiments. The fuel cell and quartz tubing was placed inside a furnace (MTI Corp 

GSL1100X) and heated slowly up to 800℃, at a rate of roughly 5℃ per minute. All 

experiments were run continuously with a furnace temperature of 800℃. The gas flow 

rates were held constant by the MFCs and syringe pump system for each experiment at 20 

milliliters per minute (mL/min) of H2, 10 mL/min of N2 and 0.15 mL/min of Siloxane for 

0.5% impurity in the fuel source.  

 The cells’ performances were measured using the 4-probe technique with the I-V 

(current-voltage) method. Silver and steel wiring was used. The probes were connected to 

an Electrochemical Impedance Analyzer (Solartron Analytical Energylab XM), which was 

connected to a computer for testing the EIS of the fuel cells. 

The experiments were run as follows: 

1. H2 and N2 was supplied as the fuel source with no siloxanes for roughly 2 hours 

after the furnace reached 800℃, allowing for reduction of the anode. The siloxane 

pump was still connected to the system to avoid the H2 and N2 gases from escaping 

before the reactor, but was powered off. 

2.  Once reduction was complete, the siloxane pump was initiated, allowing for 

siloxane degradation of the SOFC to begin. Every 30 minutes, an EIS test and 
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polarization curve were completed, and a sealed bag of exhaust was collected for 

use in the GC. OCV was monitored continuously for each 30 minute interval.  

3. After the first 4 hours of siloxane poisoning, not including the reduction time, a 

continuous current density of 100 mA/cm2 was applied and a continuous data-

reading of the voltage until the cell’s failure was recorded. 
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5. RESULTS 

 Several papers have previously researched the effects of D4 siloxane contamination 

on Ni-YSZ based SOFCs [43,49,50], but as far as can be found, only one has been done on 

L4 siloxane [11]. As such, the focus of these experiments was to determine the effects of 

L4 siloxane on the SOFC degradation. To accomplish this, several tests were completed to 

test the power density and voltage over time as well as the composition of the exhaust 

gases. These results were only gathered once the anodes had been reduced for 2 hours, 

though this may not have been enough time to fully reduce the cells. An Electrochemical 

Impedance Analyzer (Solartron Analytical Energylab XM) with its XM-Studio Software 

was utilized to gather data on fuel cell impedance, voltage, and power density. Uncertainty 

is rated for this equipment at 0.1% for polarization and 0.01% for frequency [72]. As such, 

no error bars or uncertainty analysis will be presented on the plots for the results. 

OCV and Constant Current Curves 

This is potentially evident in the OCV curve seen in Figure 13, as the OCV increases 

for roughly 80 minutes after the tests began before stabilizing then starting to decrease due 

to the siloxane deposition. Typically, as the anode reduces, the OCV will increase until full 

anode reduction, when siloxane deposition begins to occur and degrade the SOFC’s 

performance. This can be seen around the 100 minute mark, as the cell’s performance levels 

out before beginning to degrade. It should also be noted that the OCV recorded during the 

first 240 minutes of experimentation still remains relatively stable, even though a slight 

degradation is observed after 100 minutes. The range for the OCV over the first 240 

minutes is only from 0.975 V to 1 V, a 2.5% difference.  
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Figure 15: OCV Curve and Constant Current Curve Showing Voltage Drop Over Time 

 After the initial tests were run for roughly 240 minutes, a constant current test was 

run until the cell’s  failure. The cell initially continued to decline at a steady rate until 

approximately 7 hours (420 minutes) into the experiment, when it began to steady out and 

then decline at an exponential rate until voltage reached 0 around 690 minutes (11.5 hours) 

into the experiment. These results indicate that siloxane deposition has a significant effect 

on the SOFC’s performance as other literature suggests that without siloxanes, or even with 

lower concentrations of siloxanes present, similar Ni-YSZ SOFCs can run for hundreds of 

hours [7,43,50].  

SOFC Coloration and Physical Results 

 Another SOFC was also run only to the full anode reduction stage in order to 

determine if any physical differences could be noted between the anode post-siloxane 

deposition and pre-siloxane deposition. Typically, it is expected that siloxane deposition 

results in a yellow/brown color being present on the anode [43], however as seen below in 

Figure 16, this was not present for this SOFC.  
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Figure 16: (1) SOFC Anode After Reduction, Before Siloxane Added to Fuel Source and 

(2) After L4 Siloxane Experiment 

 The SOFC on the left shows the SOFC post-siloxane deposition, but does not show 

the typical yellow/brown deposition associated with siloxanes. Instead, it shows as green 

with gray splotches around the edges, close to the silver paste sealant. Whereas, the SOFC 

that underwent only reduction shows as completely grey due to the reduction of the NiO 

inside the Ni-YSZ anode. This is especially intriguing, as the green coloration of the SOFC 

suggests the cell was not reduced. There are a few possibilities that may explain this 

coloration. 

 The first possibility is simply that the silver sealant required to stop the flow of 

oxygen to the anode was not fully sealed. This would result in oxygen flowing to both the 

cathode and the anode, and no cell reduction would occur. However, it is clear that some 

reduction occurred at the anode, due to the gray splotches around the edges. Another 

possibility theorized was that the silicon or carbon created a thin, clear layer across the 

entire anode. This in turn trapped the oxygen ions flowing across the electrolyte in the 

anode, rather than allowing it to fully escape in water molecules, re-oxidizing the anode. 

Noting from the OCV and constant current curves that there was swift cell deterioration of 
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performance, the second option seemed more plausible than the first. In order to determine 

the actual effects, several further tests were completed. 

Polarization Curves 

 The polarization curves for the cell under siloxane deposition can be seen below. 

These curves suggest a degradation in overall fuel cell performance as the voltage and 

power density both decreased with elongated exposure to L4 siloxane. The degradation 

rate for the SOFC after 30 minutes with 0.5% siloxane contamination shows roughly an 

8%/30 min decrease in power density as the maximum power density drops from 238 

mW/cm2 to 218 mW/cm2. Additionally, after 4 hours of siloxane deposition, the cell’s 

maximum power density had dropped 38.7% from 238 mW/cm2 to 146 mW/cm2, 

suggesting additional cell degradation. It  should be noted that the degradation slowed 

significantly after two hours of experimentation, though the siloxane feed rate was not 

modified during the experiment. Due to this decreased degradation, after 120 minutes, the 

next data point was gathered at 240 minutes, or 120 minutes after the previous data point. 

This matches similar findings in other research, noting that the initial degradation was 

much larger, then was stabilized over time [50,73].  However, the rapid drop-off of voltage 

as seen above in Figure 15 has not been presented in similar literature. This is most likely 

due to mass transfer losses in the cell, as after running for extended amounts of time, 

deposition of silicon and carbon may have prevented the gas flow rate from penetrating the 

anode enough to keep up with the required high constant current density. It should be noted 

that polarization curves were not able to be collected after the cell’s failure and thus are 

not presented in Figure 17.  
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Figure 17: Polarization Curves for Siloxane Degradation 

EIS Test Results and Voltage Degradation Rates 

EIS test results were also recorded at each of these intervals in order to determine the 

SOFC’s area specific resistance (ASR) increase rate, which is calculated by subtracting the 

initial cell resistance from the final resistance found in the EIS test. The ASR results for 

each time interval are seen below in Table 2 based on the results shown in Figure 18 below. 

Additionally, the voltage rate change per hour was also determined based on the previous 

OCV curve results. As seen in Table 2, the voltage continued increasing until around 90 

minutes when it started decreasing. Additionally, the ASR increases rapidly through the 

first 60 minutes of the experiment, before beginning to increase more and more slowly as 

the experiment went on. By 240 minutes, the resistance was hardly increasing. This makes 

sense – as the initial deposition begins, a larger amount of surface area is present for 

deposition, allowing for a rapid increase in cell resistance. However, as more and more 

silicon and carbon are deposited on the cell surface, there is less area for flow rate-blocking 

deposition to occur, slowing that increase in resistance overall. It still increases, as there is 

additional deposition occurring, but not as significantly. Once the cell fails, resistance 
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spikes as very little voltage is able to be carried by the cell. As some current is running, 

this means a required higher resistance must occur due to the high current and low to 

nonexistent voltage.   

 EIS tests confirmed this deposition’s effect on degradation. As seen below in Figure 

18, at low frequencies, the resistance increases over time during the experiment. Once the 

cell has failed, resistance increases across all frequencies as well. As previously mentioned, 

changes in the SOFC’s resistance at low frequencies has been suggested to represent 

changes in the diffusion process in the anode [40], which would suggest deposition of some 

material on the anode was reducing the total mass transport available to the SOFC. 

 

Figure 18: EIS Bode Plots for Siloxane Degradation 
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Figure 19: EIS Nyquist Plots for Siloxane Degradation 

Table 2: Voltage Degradation Rate and Area Specific Resistance Increase Rates 

Time 0 min 30 min 60 min 90 min 120 min 240 min Failure 

Voltage 

Decreasing 

Rate (mV h-1) 

-- -- -- -- -3.82 -8.35 -130.45 

ASR (Ωcm2) 2.324 2.788 3.460 3.755 3.973 3.987 37.612 

% Increase 

ASR / Hour 
-- 39.9% 48.2% 17.1% 11.6% 0.2% 129.7% 
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Similarly to the OCV results shown above, the degradation rate from the EIS test 

shows slowly increasing degradation, before a period of slowing degradation, followed by 

a rapid degradation until SOFC failure. Again the degradation from 120 minutes to 240 

minutes was very minimal, but a large drop-off occurred between 240 minutes and failure 

at 690 minutes.  

The voltage degradation rates can be compared to those given by running a similar 

Ni-YSZ anode SOFC without siloxane in the fuel source. As seen below in Figure 20 from 

data gathered by Jiashen Tian, over a 50 hour time period, there was significantly less 

degradation in the SOFC without siloxanes being present in the fuel source. Degradation 

here was roughly 0.26 mV per hour over the course of 50 hours, versus the 3.82 and 8.35 

mV/hr rates found in this experiment with siloxanes in the fuel source.   

 

Figure 20: Polarization Curve for Ni-YSZ Anode SOFC without Siloxanes in Fuel 
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SEM / WDS Elemental Mapping  

 SEM results using WDS were also gathered at the electrolyte-anode interface, 

through a cross-section of the anode and at the bottom of the anode, where the fuel source 

interacted with it. As seen below in Figure 21, at the bottom of the anode, a layer of silicon 

is very clearly present. The silicon layer appears to have deposited on the surface of the 

anode, and the carbon layer seen is due to an epoxy used for SEM purposes, and is not 

indicative of carbon deposition. This would block hydrogen ions from being transported 

into the triple-phase boundary at the electrolyte-anode interface. This would also imply 

that with no hydrogens ions to bond with, the oxygen ions became locked in the anode, 

which could confirm the previously theorized reason for anode re-oxidization. Oxygen ions 

would still be flowing through the electrolyte, as current was still being applied throughout 

the SOFC.  

It is interesting to note that the oxygen mapped by WDS has the hightest intentsity 

in the nickel compared to yttria or zirconia, potentially showing that the oxygen did re-

oxidize the anode by bonding again with the nickel, creating NiO. This specifically can 

also be noted in Figures 22 and 23, at the electrolyte-anode interface and throughout the 

anode cross section suggesting this occurred throughout the entire anode, and not just at 

the surface. Oxygen is also heavily seen at the bottom of the anode, just above the silicon 

layer. This could suggest that the silicon and oxygen bonded to form SiO2, which has been 

documented previously for SOFCs under siloxane contamination [5,50].  
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Figure 21: WDS Elemental Mapping of the Bottom of the Ni-YSZ Anode with L4 

Siloxane Contamination after SOFC Failure 
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Figure 22: WDS Elemental Mapping of the Electrolyte-Anode Interface with L4 Siloxane 

Contamination after SOFC Failure 
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Figure 23: WDS Elemental Mapping Across the Anode Cross-Section with L4 Siloxane 

Contamination after SOFC Failure (Left Side Showing the Electrolyte, Right Side 

Showing the Bottom of the Anode) 
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Gas Chromatography 

 Additionally, GC results were obtained at 30 minute intervals during the 

experiment to determine the composition of exhaust gases. This allows for a better 

understanding of the chemical processes happening in the anode and at the fuel source. 

Input gases were H2 at 20 mL/min, N2 at 10 mL/min and L4 siloxane (C10H30O3Si4) at 0.15 

mL/min. As such, the input air would be expected to be roughly 66.3% hydrogen, 33.2% 

nitrogen, and 0.5% siloxane. The GC results can be seen in Figure 24. 

 

Figure 24: Gas Chromatography Results 

As seen in Figure 24, during the experiment, hydrocarbon exhaust tended to follow 

a similar trend across methane (CH4), ethane (C2H6), and ethylene (C2H4), though 

propylene (C3H6) concentration stayed the same throughout the experiment. This release 

of methane especially could be due to L4 siloxane reacting with the H2O coming from the 

fuel cell’s reaction to create D3 which was also noted at the 30 and 60 minute mark in a 

separate GC investigation. That reaction has been proposed before as [74]: 

𝐷𝐷3 + 𝑇𝑇𝑇𝑇𝑆𝑆𝑂𝑂𝐻𝐻 𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶: 𝐶𝐶10𝐻𝐻30𝑂𝑂3𝑆𝑆𝑆𝑆4 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶6𝐻𝐻18𝑂𝑂3𝑆𝑆𝑆𝑆3 + (𝐶𝐶𝐻𝐻3)3𝑆𝑆𝑆𝑆𝑂𝑂𝐻𝐻 + 𝐶𝐶𝐻𝐻4 
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 This reaction may give some indiciation of the increase in methane production 

during the first 60 minutes of the experiment. As seen in Figure 19, CH4, C2H6, and C2H4 

all follow an increase-decrease pattern over the course of the experiment. Additionally, the 

2nd rise and fall around 150 minutes is significantly smaller than the initial bump around 

60-90 minutes. 

Additionally, hydrogen in the exhaust was signfcantly lower from 90-120 minutes 

than before and after, while nitrogen and oxygen increased during that interval. This 

indicates that during this time, hydrogen gas was removed from the fuel source at large 

rates. This could be due to the unfinished reduction noted earlier. The large decrease in 

hydrogen is particularly noticeable around this time. It may be that once the reduction was 

closer to being finalized, oxygen ions were able to connect with hydrogen atoms at a higher 

rate, rapidly converting large amounts of hydrogen and oxygen ions into water. Water 

buildup was noted in the exhaust pipe at several points during the experiment, and was 

vaccuumed out during those points. Additionally, carbon monoxide from the siloxanes and 

hydrogen gas may have been reacting to form additional water and individual carbon 

atoms, which may have deposited on the anode instead. This could also decrease the overall 

hydrogen exhaust. Interestingly, during those times, nitrogen and oxygen were more 

prevalent in the exhaust gases – though if this is due to a lower amount of hydrogen being 

present, this could simply be due to the overall output of gas being signifcantly lower than 

before.  
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6. CONCLUSION 

L4 siloxane is one impurity found in biogas produced in landfills and WWTPs that 

can harm the lifespan and feasibility of prime movers, if biogas is utilized as a fuel source. 

As such, an experiment was completed to determine what effects L4 siloxane would have 

on a Ni-YSZ based SOFC. These tests utilized siloxane, N2, and H2 as a fuel source, and 

tested the siloxane deposition’s effect on the SOFC’s voltage and power density 

degradation, as well as overall resistance increase. These tests were calculated using EIS, 

OCV, and polarization curves. GC data was also gathered to determine the chemical 

composition of exhaust coming out of the SOFC system, to see what byproducts were being 

produced due to deposition and the chemical reactions at the cell. 

The results showed that the SOFC follows similar trends to other research: an initial 

decline in cell performance as initial siloxanes and carbons are deposited on the surface of 

the anode, blocking some gas flow rate from occurring. As the deposition process 

continues, eventually the cell performance stagnates, as fewer sites are available for new 

deposition to plug. This all occurred relatively quickly compared to other studies, due to 

the high concentration of siloxane used. At some threshold, the mass transfer became 

significantly less than the necessary amount to sustain a high current density, resulting in 

an increasingly quick cell performance failure, as voltage drops to zero as cell resistance 

spikes. This has not been previously noted for linear siloxanes in an SOFC. 
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Figure 1: Solid Oxide Fuel Cell Schematic 
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Figure 2: Polarization Curve Example 
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Figure 6: Example Gas Chromatography Schematic
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Figure 7: Examples of Linear and Cyclic Siloxanes
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