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DISCLAIMER  

This report was prepared as an account of work sponsored by an agency of the United 

States Government.  Neither the United States Government nor any agency thereof, nor any of 

their employees, makes any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe privately owned rights.  

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessarily constitute or imply endorsement, 

recommendation, or favoring by the United States Government or any agency thereof.  The 
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1.0  EXECUTIVE SUMMARY  

The U.S. Department of Energy’s SECA program envisions the development of high-

efficiency, low-emission, CO2 sequestration-ready, and fuel-flexible technology to produce 

electricity from fossil fuels. One such technology is the integrated gasification-solid oxide fuel 

cell (SOFC) that produces electricity from the gas stream of a coal gasifier. SOFCs have high 

fuel-to-electricity conversion efficiency, environmental compatibility (low NOx production), and 

modularity.  Naturally occurring coal has many impurities and some of these impurities end in 

the fuel gas stream either as a vapor or in the form of fine particulate matter.  Establishing the 

tolerance limits of SOFCs for contaminants in the coal-derived gas will allow proper design of 

the fuel feed system that will not catastrophically damage the SOFC or allow long-term 

cumulative degradation. The anodes of Ni-cermet-based SOFCs are vulnerable to degradation in 

the presence of contaminants that are expected to be present in a coal-derived fuel gas stream.  

Whereas the effects of some contaminants such as H2S, NH3 and HCl have been studied, the 

effects of other contaminants such as As, P, and Hg have not been ascertained. 

Objectives 

The primary objective of this study was to determine the sensitivity of the performance of 

solid oxide fuel cells to trace level contaminants present in a coal-derived gas stream in the 

temperature range 700° to 900°C.  The results were used to assess catastrophic damage risk and 

long-term cumulative effects of the trace contaminants on the lifetime expectancy of SOFC 

systems fed with coal-derived gas streams.   

Literature Review and Thermodynamic Calculations 

The concentrations of many trace contaminants in coal-derived gas streams are not 

known accurately.  The expected levels depend on the type of coal, coal gasifier, and gas stream 

cleanup technology. Both warm gas cleanup and cold gas cleanup technologies are being 

investigated to remove the contaminants from the coal gas. The warm gas cleanup systems 

(>200°C) preserve the enthalpy of steam condensation and are expected to reduce H2S, HCl, and 

other major contaminants to ppm levels.  The cold gas cleanup systems such as Selexol or 

Rectisol that are in commercial use operate at ambient or sub-ambient temperatures and have the 

ability to remove the impurities to sub-ppm levels.   

Prior to the start of this project, only a limited number of investigations have been 

conducted to determine the effect of contaminants in coal-derived gas on the performance of 

SOFCs.  Of these, H2S has received the most attention, followed by NH3 and HCl vapor.  H2S at 
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1 ppm level showed an immediate degradation, but then the performance stabilized with no long-

term ill effect (Singhal and Kendall, 2003). Higher levels of H2S and HCl and lower operating 

temperatures can lead to a significant degradation of SOFC performance. HCl at 1 ppm level did 

not affect the performance of the SOFC at 750°C either, although higher levels were assumed to 

have long-term effects. NH3, at about 5,000 ppm levels, did not have a measurable effect at 

1000°C.  Recently, Trembly et al. (2007) studied the effect of trace levels of HCl, AsH3, PH3, 

and H2Se on the performance of solid oxide fuel cells.  They found that HCl vapor at 4 ppm did 

not cause degradation in short-term exposure tests. AsH3 at 2 ppm caused a noticeable 

degradation in 100 h.  Although PH3 after 100 h exposure did not affect the fuel cell performance 

at 5 ppm level, formation of Ni3P was observed at the anode. Cells exposed to H2Se at 5 ppm 

levels showed an immediate degradation at 750°C.  Several recent studies have been reported 

that AsH3 and PH3 cause severe degradation in the performance of SOFC at ppm levels (Marina, 

2008). 

Thermodynamic equilibrium calculations indicated that gaseous hydrides such as AsH3, 

PH3, and H2Se and carbonyl vapors such as Ni(CO)5 will remain in the gas phase when the coal-

derived gas is cooled to ambient or sub-ambient temperatures to remove most of the H2S, HCl 

and other minor impurities using Selexol or Rectisol solvents.  Similar calculations also indicated 

that AsH3 will decompose to As2(g) and PH3 will hydrolyze to form HPO(g)  and HPO2(g) when 

the fuel gas is heated to the SOFC operating temperature. Similarly, the calculations predict that 

CH3Cl and CH3F will hydrolyze to form HCl(g) and HF(g), respectively as the coal-derived gas 

is heated to the operating temperature of the SOFC.  Fe(CO)5, and Ni(CO)4 will decompose to 

the corresponding metals as the gas is heated.  If thermodynamic equilibrium is not achieved in 

the gas manifold, these contaminants may deposit on the anode and affect fuel cell performance. 

A high temperature Knudsen cell mass spectrometer was used to determine the stability 

of AsH3, PH3, and CH3Cl at 750° to 800°C in H2 gas with containing steam.  This instrument is 

used at SRI to determine the thermodynamic properties of many inorganic materials at high 

temperatures.  In dry H2, the decomposition of the above vapors was very slow and equilibrium 

was not achieved; only a small fraction (~10%) of AsH3, PH3, and CH3Cl were converted to 

As2(g), P2(g), and HCl(g), that are predicted by the calculations.  In the presence of H2O(g) the 

conversion of the species was more rapid, but the concentrations of As2(g), HPO2(g), and 

HCl(g), the expected reaction products were still lower than predicted by the equilibrium 

calculations.  These measurements, which are performed in quasi-equilibrium conditions, 

indicate that thermodynamic equilibrium is difficult to achieve with these trace-level 

contaminants under anode conditions. 
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Accelerated Tests with Individual Contaminants 

In consultation with the Program Manager at DOE-NETL, we procured 1-inch diameter  

solid oxide fuel cell samples from InDec B.V., Netherlands, for experimental determination of 

the effect of trace contaminants on fuel cell performance.  They produce 0.15, 0.27, and 0.35 

W/cm2 at 700°, 750°, and 800°C, respectively, in a H2 anode feed. They are expected to be stable 

within 10% of the original performance over a period of 2000 h. 

In a laboratory-scale test, a simulated coal-derived gas was blended from components 

stored in high-pressure gas cylinders, and the contaminants were introduced into the gas mixture 

at various temperatures.  During the gas transport to the fuel cell anode, we used alumina or 

zirconia components for the gas manifold to prevent loss of contaminants by reaction with the 

surfaces of the gas manifold.  The fuel cell sample was mounted on a zirconia ring and the 

assembly was kept inside a furnace at the desired temperature. We used the following simulated 

coal-derived gas composition: 30.0% CO, 30.6% H2 11.8% CO2, 27.6% H2O at a rate of ~100 

standard cm3/min.  Mixed gas cylinders were used to introduce trace level impurities such as 

HCl, CH3Cl, and H2S which are stable gases under ambient conditions. AsH3 and PH3 at sub-

ppm levels were generated using calibrated permeation sources. For higher levels of As and P- 

vapors, we vaporized As2O3 or P2O5 in an Ar stream, which were reduced to As2(g) or HPO2(g) 

when blended with the anode feed gas at 700°C, as indicated by the thermodynamic equilibrium 

calculations.  Similarly, other condensable vapors such as Zn(g), Hg(g), SbO(g) or Cd(g) were 

generated by passing a small stream of H2 or Ar through a bed of the corresponding metal or 

oxides maintained at an appropriate temperature that provided the desired vapor pressure. This 

small gas stream was then mixed with the main gas anode gas inlet.  The side gas containing the 

contaminant was kept at elevated temperature to prevent vapor condensation during transport.  

We investigated the effect of several contaminants including As2(g). HPO2(g), Cd(g), 

CH3Cl(g), HCl(g), Hg(g), SbO(g), and Zn(g) in a simulated coal-derived gas atmosphere in the 

temperature range 750° to 850°C.  Initially, we performed accelerated tests, where the 

contaminant levels were set at relatively high levels (5 to 40 ppm v/v depending on the 

contaminant) so that their effect can be ascertained in a short period of time (~100 h).  We did 

not include H2S as one of the contaminant in the accelerated tests as its effect on the SOFC 

performance is well known.  Of the contaminants tested, As and P species degraded the 

performance rapidly.  Both these species resulted in a severe decrease in the observed cell power 

density with time of exposure.  The As vapor species reacted with the Ni current collector to 

form nickel arsenides such as Ni5As2 causing electrical connectivity problems and eventual cell 

failure.  The P-species reacted with both Ni to form nickel phosphides such as Ni3P and may 

have reacted with YSZ to form zirconium phosphates.  The presence of CH3Cl(g) and Cd(g) 
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affected the cell power density only at 850°C; at a concentration of 5 ppm Cd(g), the power 

density declined by about 8% after 100 h.  At that temperature, at a concentration of 40 ppm 

CH3Cl(g), the decline in power density was 4% after 100 h.  The presence of Hg(g), Zn(g), and 

SbO(g) resulted in <1% degradation in the power density after 100 h exposure in the temperature 

range 750°to 850°C.  Zn, Cd, and Sb species will be present in negligibly small quantities if the 

coal gas is treated with Selexol or Rectisol solvents to reduce H2S levels in the gas. 

Long-Term Tests with Trace-Level Contaminants 

The accelerated tests showed that As, P, and CH3Cl, may have a significant effect on the 

performance of the SOFC. However, in these tests, the levels of these contaminants were higher 

than expected if the coal gas is treated with Selexol or Rectisol solvents to reduce H2S levels 

to 1 ppm or less.  To ascertain whether such effects occur at concentrations (sub-ppm) typical of 

a clean coal-derived gas stream, we initiated long-term (1000 h) tests.  However, at about 1 ppm 

level of PH3 at 750°C, the cell power density decreased at a rate of 0.06 mW/cm2/h. AsH3 at 0.5 

ppm level did not have an observable effect in the cell power density in a 1000-h test. 

To determine the synergistic effects when multiple contaminants are present in the anode 

feed gas, we performed tests with anode gas containing mixtures of H2S +AsH3, H2S+PH3, or 

H2S+AsH3+PH3+CH3Cl each at about 1 ppm level.   The cell that was exposed to or PH3+H2S 

mixture degraded somewhat more rapidly than a similar cell that was exposed to PH3 alone.  

Similar results were also observed when a cell was exposed to a gas containing AsH3 and H2S.  

When a cell was exposed to a gas that contained H2S, AsH3, and PH3 the cell power output 

degraded at more than twice the rate than that with the binary contaminants.  In some tests with 

the gas that contained H2S, PH3 and CH3Cl, we observed that the presence of CH3Cl may reduce 

the rate of cell degradation.  This observation is preliminary and needs to be confirmed. 

These results suggest that As and P compounds react irreversibly with nickel particles in 

the anode forming nickel phosphides (Ni3P and Ni2P) and arsenide (Ni5As2).  The phosphorous 

and arsenic species accumulate from the top of the anode into the cell. These compounds are 

poor electrical conductors and brittle in nature.  Cell failure occurred catastrophically often when 

the contact nickel mesh was broken at the lead wire.  These results are in agreement with the 

results reported by Marina et al. (2008).  Based on these results, AsH3 and PH3 concentrations in 

the coal gas must be reduced to sub-ppm or ppb levels to prevent long-term degradation of the 

Ni-cermet based SOFC. 

Conclusions and Recommendations 

The following conclusions were derived from the results of the study: 
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1. In short-term accelerated tests in the temperature range 750° to 850°C, we 

identified H2S, AsH3, PH3, and CH3Cl as the potential contaminants that can 

affect the electrical performance of SOFCs.  The effect of some of these 

contaminants varied with the operating temperature.  Catastrophic cell failure due 

to contact break inside the anode chamber occurred when the cell was exposed to 

arsenic or phosphorous species. 

2. The electrical performance of SOFC samples suffered less than 1% in 100 h when 

exposed to contaminants such as HCl(g), Hg(g), and Zn(g), and SbO(g) at levels 

of 8 ppm and above. 

3. AsH3 vapor at 0.5 ppm did not affect the electrical performance of an SOFC 

sample even after 1000 h at 750°C.  PH3(g) at 1 ppm level caused the cell power 

density to decrease rapidly (0.01% per 100 h).   

4. When the anode fuel gas contains H2S and AsH3 or PH3 at 1 ppm level, the cell 

power density decreased more rapidly than with one contaminant alone. 

5. The cell power density degraded rapidly when the anode gas contained multiple 

contaminants including H2S, AsH3 and PH3 at 1 ppm level.  Chloride containing 

gases such as CH3Cl may reduce the degradation effect. 

6. The experimental results suggest that AsH3 or PH3 to sub ppm levels, preferably 

to less than 0.1 ppm is necessary to prevent long-term degradation of the SOFC. 

7. The conversion of AsH3(g) to As2(g) and PH3(g) to HPO(g) at SOFC operating 

temperature is kinetically limited.  If they are formed during the coal gas cleaning 

step at low temperatures, the hydrides may be present in the anode chamber to 

react with nickel particles. 

We recommend the following for further studies: 

1. Perform long-term tests with multiple contaminants at a temperature range of 

750° to 850°C, preferably using a gas from an operating gasifier.   

2. Validate the observation that chloride species may reduce the degradation effects 

of PH3(g) and AsH3(g) with a detailed study of the mechanisms and apply the 

results to mitigate the poisoning effects of the As- and P-species contaminants. 

3. Identify the chemical nature of the trace-level contaminant species in the coal-

derived fuel gas from an operating gasifier after the gas has been treated to 

remove H2S and other minor contaminants.   
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2.0  INTRODUCTION 

Advanced electric power generation systems use a coal gasifier to convert coal to a gas 

rich in fuels such as H2 and CO.  Solid oxide fuel cells (SOFC) convert this fuel gas into 

electricity with very high efficiency in the range 60% to 80%.  The integration of coal 

gasification with solid oxide fuel cells represents a highly efficient technology for generating 

electricity from coal that is in abundant supply in USA.  Successful development of this 

technology will increase (1) America’s domestic energy supplies by efficient use, (2) protect 

America’s environment by reducing the emission of carbon dioxide and nitrogen oxides, and (3) 

enhance national energy security by using domestic supplies. 

The Solid State Energy Conversion Alliance (SECA) program of U.S. Department of 

Energy is committed to develop solid oxide fuel system that will produce distributed and 

stationary power sources at a cost $400/kW.  Operating the SOFC with coal-derived gas stream 

will reduce the operating cost in comparison with other fuels.  Naturally occurring coal has many 

impurities and some of these impurities end in the fuel gas stream either as a vapor or in the form 

fine particulate matter.  Establishing the tolerance limits of SOFC for contaminants in the coal-

derived gas will allow proper design of the fuel feed system that will not catastrophically damage 

the SOFC or allow long-term cumulative degradation.   

2.1  SCOPE OF WORK 

The primary objective of the program was to determine the sensitivity of the performance 

of the solid oxide fuel cells on trace level contaminants present in a coal-derived gas stream in 

the temperature range 700° to 900°C.  The results are being used to assess catastrophic damage 

risk and long-term cumulative effect of the trace contaminants, and the life-time expectancy of 

solid oxide fuel cell systems fed with coal-derived gas streams.  

Initially, we reviewed the information available in the catalyst, SOFC, and other fields to 

identify the chemical nature and levels of major and trace contaminants in coal-derived gas 

streams.  We performed thermo-dynamic equilibrium calculations to create a frame of 

understanding for the results of the literature review and to determine the changes in the fate of 

the trace contaminants as the coal-derived gas stream travels through gas cleanup systems.   

We exposed small-scale SOFC anodes to a simulated coal gas containing individual 

contaminants at high temperatures and monitor the electrical performance of the cell for 

degradation.  The results of the accelerated tests were used to identify the sensitivity of SOFC for 

various contaminants.   
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In December 2006, we were informed by NETL that this work shall use gas stream 

representative of one that has undergone gas stream cleanup based on Selexol process.  It can 

reduce H2S, COS and HCl to ppm levels depending on the operating temperature and pressure.  

In Phase II of the program, we used a high-temperature Knudsen cell mass spectrometry 

to identify the chemical nature of AsH3, PH3, and CH3Cl at a temperature range 750 to 850°C 

and compare them with the available thermodynamic data.  Long-term exposure tests were 

conducted with trace levels (~1 ppm) of H2S, AsH3, PH3, and CH3Cl to determine their effects 

on the cell performance.  The anode material was analyzed by SEM and energy dispersive X-ray 

analysis to determine the changes in the morphology and chemical composition. 
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3.0  LITERATURE REVIEW 

In this section, we review the information available in the literature relating to the effect 

of trace element contaminants on the SOFC performance.  Selected information regarding the 

poisoning nickel catalysts is also included..   

3.1  COMPONENTS OF COAL-DERIVED GAS STREAMS 

The major components of a coal-derived gas stream are H2, CO, CO2, and H2O with 

minor amounts of H2S, NH3, and HCl vapors.  Depending on the gasifier type, hydrocarbons 

such as CH4, C2H6, and C2H4 and tars may be present also (Table 3.1).   Typically the gas 

streams from an advanced coal gasifier such as fluidized- or entrained bed gasifiers are low in 

hydrocarbons that have carbon numbers higher than methane.  The gasifiers can be air-blown or 

oxygen-blown.  The gas streams from oxygen-blown gasifiers have a higher heating value than 

those from air-blown gasifiers.   

3.2  CONTAMINANTS IN COAL-DERIVED GAS STREAM 

Coal contains many elements other than carbon and hydrogen.  Although the species of 

many of these elements such as Si, Al, and Ca remain in the ash phase, species of other elements 

such as As, Se, Sb, Pb, Hg, Cd, Zn, S, and Cl remain partially in the gas phase at the gasification 

temperature.  At the present state of technology, many impurities, including fly ash particles, 

which are present in the coal-derived gas must be removed before the gas can be used as a fuel in 

a solid oxide fuel cell.  Currently, low-temperature processes such as reaction with polyethylene 

glycol ethers (Selexol) or methanol (Rectisol) are used to remove the major contaminants.   

H2S, a major gaseous contaminant in the coal-derived gas, is removed by several 

techniques because it is a toxic gas and gets converted to sulfur oxides when the coal-derived gas 

is burnt in a gas turbine.  It is also a severe poison for fuel cell anodes.  Conventionally, H2S is 

removed from natural gas by amine or other liquid sorption methods.  For use with catalysts for 

production of chemicals or hydrogen, H2S is further reduced to sub-ppm levels by using a zinc 

oxide guard bed.  
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Table 3.1 

Typical Characteristics of Gas Streams from Coal Gasifiers   
 

 

System Characteristics 
 

Moving-Bed 
Gasification 

 
Fluidized-Bed 
Gasification 

 Entrained-Bed 
Gasification 

 

Process  Lurgi Oxygen-
Blown 

 KRW Air-Blown  Texaco 
Oxygen-Blown 

 

        
Exit Temperature (°C)  450-600  700-1000  1100  
Pressure (psig)  300  300  450  
        
Gas Composition(%v/v)        

H2  16.1  14.5  29.8  
CO  5.8  23.9  41.0  
CO2  11.8  5.5  10.2  
CH4  3.3  1.4  0.3  
C2H4  0.1  <0.01  <0.01  
C2H6  0.2  <0.01  <0.01  
H2S  0.5  0.4  1.0  
COS  0.05  <0.1  0.1  
N2/Ar  0.1  49.2  0.8  
NH3  0.3  0.02  0.2  
H2O  61.8  5.5  17.1  

 

Note:  The compositions of the gas streams from the gasifier vary significantly depending on the coal and 
operating conditions (Simbek et al., 1983).   The data for KRW air-blown gasifier is taken from the Clean 
Coal Technology Topical Report #8 on Pinon Pine Project, December 1996.  

However, several high-temperature sorption processes using metal oxide sorbents are 

being developed under the sponsorship of the U.S. Department of Energy.  RTI International 

(RTI) has developed a zinc titanate-based desulfurization process that is being tested at Eastman 

Kodak gasifier.  These processes can remove the H2S to less than 10 ppm levels in coal-derived 

gas streams, especially when a polishing step is included. 

NH3 and HCl vapors are present in the range 10-300 ppm levels depending on the type of 

coal that is being used.  SRI International has identified low cost disposable sorbents for the 

removal of HCl vapor from coal gas streams (Krishnan et al., 1986).  NH3 can be catalytically 

decomposed at temperatures above 800°C in the presence of H2S.  Molecular sieves can adsorb 

NH3 at temperatures of ~200°C and they can be regenerated at about 350°C reducing NH3 levels 

in the coal gas streams to less than 100 ppm. 

Although the temperature of the gas stream exiting the coal gasifier and the operating 

temperature of SOFC are similar, no one envisions, at present or in the near future, introducing 
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the syngas stream from a coal gasifier directly into the anode of an SOFC because of the high 

levels of particulate matter and gaseous impurities present in the gas.  Although the levels of the 

fly ash and unburnt carbon vary significantly depending on the type of the gasifier, the levels are 

sufficiently high enough to clog the SOFC anode passages immediately if the fly ash particles 

are not removed.  While the coarse particles are removed by cyclones, barrier filters are needed 

to remove fine particulate matter.  The high-temperature metal barrier filters operate at about 

350°C while ceramic filters have the potential to operate at somewhat higher temperatures.  

While these barrier filters remove more than 99% of the particulates, the remainder (3-30 ppmw) 

may affect the operation of the SOFC anodes.   

The fine particulate matter is enriched in trace metal components.  In addition to direct 

vaporization of volatile elements during coal gasification, refractory oxides can also be 

transported by vaporization (Haynes et al., 1982).  During gasification, the partial coal 

combustion generates such oxides, which in the general gasifier reducing atmosphere can be 

reduced to volatile species that escape from the burning particle.  These vapor species can form a 

sub-micron aerosol (fume) with a mean particle diameter of 0.02-0.1 µm.  Although these fume 

particles account for less than 1wt% of the fly ash, they provide a large sink for condensation of 

any trace element vapor because of their high number density and high specific surface area.  

Enrichment of As, B, Cd, Cu, Pb, Sb, and Zn are found to be enriched in the fume (Clarke, 

1991).  The fume particles are the most difficult to capture and a small fraction that escape the 

barrier filters, if transported to the SOFC anodes, may seriously affect the performance of SOFC.  

The presence of fume particles, even at extremely low levels, can also compromise the 

measurement of trace metal vapor levels in a coal gas stream. 
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3.3  NATURE OF TRACE CONTAMINANTS IN COAL-DERIVED GAS 

In addition to the major impurities such as H2S, NH3, HCl, several trace metal impurity 

species can be present in the coal-derived gas stream.  They include alkali metals such as Na and 

K, volatile metals such as Zn, Cd, and Hg, and metalloids such as As, Se, and Sb, and transition 

metals such as Ni, Cr, V, and Mn.  Some of these elements such as Cd and Hg are present as 

metal vapors whereas others can be present as chloride or hydride vapors (Pigeaud and Helble, 

1994). 

Benson et al. (1996), Helble et al. (1996), and Diaz-Somonao and Martinez-Tarazona 

(2003) estimated the fate of trace element species in coal gasification systems using 

thermodynamic equilibrium calculations.  In these studies, several trace elements including As, 

Be, Cr, Mn, Co, Ni, Se, Cd, Sb, Hg, Pb, Zn, V, and B were considered.  In general, the fate of the 

trace element species in a gasification system is closely related to their volatilization behavior in 

the gasifier and subsequent condensation or reaction with fly ash particles.  As shown in Table 

3.2, several of these elements are present in the gas phase as oxide, sulfide, chloride, or element 

at high temperatures typical of a coal gasifier.  As the gas stream is cooled, some of these 

elements condense and they are likely to deposit on the fly ash particles.  Although U.S. 

Department of Energy sponsored research and development programs in the past to remove 

contaminants in the temperature range of 400° to 800°C (‘Hot Gas Cleanup”), the studies have 

shown that such a removal is not economically feasible at this time.  Recently, the R&D effort is 

being focused on removing these contaminants in the range 200° to 400°C (“Warm Gas 

Cleanup”).  Conventional gas purification is performed at temperatures lower than 100°C. 

As shown in Table 3.2, the gaseous species that remain in the gas phase in the 

temperature range 100° to 400°C include Hg, Se, Ni, Sb, and Cd.  At temperatures lower than 

100°C, the trace elements in the gas phase include Hg, Se, and Ni.  Depending on the 

temperature and the extent to which the fly ash particles are removed, fine fly ash particles that 

may contain trace element constituents. 
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Table 3.2 

The Chemical Nature of Gaseous Trace Element Species in a Coal Gas Stream 

 

Element >1000°C 400° to 800°C 100° to 400°C <100°C 

As AsO, AsS, As AsO, As, As2S3 Condensed 
Species 

AsH3 

Be Be(OH)2 Condensed 
Species 

Condensed 
Species 

Condensed 
Species 

Hg Hg, HgS, HgO Hg Hg, HgCl2 Hg, HgCl2 

B HBO HBO HBO - 

V VO2 Condensed 
Species 

Condensed 
Species 

Condensed 
Species 

Se H2Se, Se, SeO H2Se H2Se H2Se 

Ni NiCl Condensed 
Species 

Ni(CO)4 Ni(CO)4 

Co CoCl2, CoCl Condensed 
Species 

Condensed 
Species 

Condensed 
Species 

Sb SbO SbO Sb2S3 Sb4S3 solid 

Cd Cd Cd CdCl2 Condensed 
Species 

Pb PbS, Pb, PbCl2 PbS, Pb, PbCl2 Condensed 
Species 

Condensed 
Species 

Zn Zn  Zn, ZnCl2 Condensed 
Species 

Condensed 
Species 

 

Definitive data on the concentration of the trace element species from a clean coal gas 

stream is lacking.  The best data is from a process that is being used for the production of 

methanol from coal-derived gas at the Eastman Chemical Company’s chemicals from coal 

complex at Kingsport, TN.  Table 3.3 lists the trace-level contaminants and their concentration in 

the Kingsport gasification stream and an estimate from University of North Dakota Energy and 

Environmental Research Center. As shown in the Table 3.3, the concentrations of the various 

contaminants in the coal-derived gas are very low when a low temperature process such as 

absorption in Rectisol solvent is used.  However, it is likely that contaminants such as CH3Cl, 

CH3F, Fe(CO)5, and Ni(CO)4 are formed when the coal-derived gas is cooled at high pressures 

during the purification process.  Thermodynamic equilibrium calculations predict that these 

contaminants will decompose as the coal-derived gas is heated to the operating temperature of 

the solid oxide fuel cell. 
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Table 3.3 

The Concentration of Trace Element Species in a Coal-Derived Gas Stream 

 

Contaminant Concentration (ppmv) at 

the Kingsport Facility 

UND-EERC Estimate 

As (AsH3) 0.15 to 0.58 0.2 

Thiophene  1.6 

Chlorine  120 

CH3F 2.6  

CH3Cl 2.01  

HCl <1  

Fe(CO)5 0.05 to 5.6  

Ni(CO)5 0.001 to 0.025  

CH3SCN 2.1  

PH3 1.9  

Antimony 0.025 0.07 

Cadmium  0.01 

Chromium <0.025 6.0 

Mercury <0.025 0.002 

Potassium  512 

Sodium  320 

Selenium <0.15 0.17 

Vanadium <0.025  

Lead  0.26 

Zinc 9.0  

 

3.4  EFFECT OF CONTAMINANTS ON SOFC ANODE PERFORMANCE 

The most active component and therefore the most vulnerable in the SOFC anode is the 

nickel metal particle dispersion on an YSZ matrix that allows the reaction between the H2 and 

CO in the gas and the oxygen ions transported through YSZ electrolyte to generate electrons, 

CO2 and H2O.  The nickel particle network also carry the electrons to the interconnect plate 

resulting in an electrical current for the external circuit.  The contaminants in the fuel stream to 

the anode can affect the (1) ability of nickel particle to promote the electrochemical reactions. (2) 
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ability of the YSZ to transport the oxygen ions, and (3) electrical conductivity of the nickel 

particle network and interconnect plate.   

Of the several potential contaminants in the coal-derived gas that could impact the 

performance of SOFC, H2S has received most attention followed by NH3 and HCl vapor (EG & 

G Technical Services, 2002).  At 1000°C, NH3, at about 5,000 ppm levels, did not have a 

measurable effect.  H2S at 1 ppm level showed an immediate degradation, but then the 

performance stabilized with no long-term ill effect.  Higher levels of H2S and lower operating 

temperatures can lead to a significant degradation of SOFC performance (Singhal and Kendall, 

2003).  The reported effect of contaminants other than H2S is summarized below. 

Recently a number of studies have been reported relating to the effect of trace 

contaminants on the SOFC performance.  They include chlorine, arsenic, phosphorous, selenium, 

and other trace metal species.  The effects of a few trace contaminants on the SOFC anode 

performance can be inferred from their known effect in steam-reforming catalysis.  Nickel is the 

preferred catalyst for high-temperature steam reformers for the production of H2 from methane 

and they operate at about 850°C.  Poisoning of nickel catalysts has been shown to occur at an 

H2S level of 5 ppm at 800°C (Twigg, 1996).  Since the effect of H2S on the activity of the nickel 

catalysts and nickel anodes of SOFC are similar, we can expect continued degradation effects of 

the SOFC at H2S levels higher than 1 ppm.  Studies of nickel reforming catalysts have also 

shown that the presence of 1 ppm of As2O3 in the feed steam will impair the performance of the 

reformer in a matter of few days and the effect is irreversible (Twigg, 1996).  

Chlorine Species:  The performance of SOFC anodes using a simulated coal-derived 

syngas containing 20 to 160 ppm hydrogen chloride (HCl) vapor was studied by Trembly et al. 

(2007).  In the temperature range 800° to 900°C, the presence of HCl vapor caused performance 

losses in the SOFCs that increased with temperature and the amount of HCl vapor present. Haga 

et al. (2008) reported that formation and vaporization of NiCl2 occurred with an anode gas 

containing 5 ppm of Cl2(g) in H2(g) at 800°C.     

In other studies, Kishonova and Goodman (1981) studied the adsorption-desorption 

behavior of H2 and CO on chlorine-adsorbed nickel surfaces using thermal desorption, low 

energy electron diffraction, and Auger electron spectroscopy techniques.  Both H2 and CO 

adsorption and initial sticking coefficients decreased on the Cl-covered surfaces.  H2 

chemisorption declined to nearly zero when the Cl coverage on the Ni(100) surface reached 

about 0.2.  McKinley (1964) reported that NiCl2 evaporated from a Ni surface saturated with Cl 

atoms at temperatures between 527° and 877°C.  At temperatures between 877° and 1177°C, 

evaporation of both NiCl and NiCl2 was observed.  Richardson et al. (1996) studied the effect of 

chloride poisoning of Ni/Al2O3 catalyst during steam reforming of methane and they reported 
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that the reforming activity decreased by 16% and 59% at temperatures of 700° and 800°C, 

respectively.  They observed that the catalytic activity was restored when CH3Cl was removed 

from the gas phase and the catalyst was treated with steam for 16 h.  They postulated that strong 

chemisorption of Cl atoms occurs on the Ni surface even in the presence of H2 resulting in an 

equilibrium coverage of Cl.  The most energetic sites, being occupied by Cl, resulted in the 

reduction in the catalytic activity. 

Phosphorous Species:  Marina et al. (2007) reported recently the performance of a 

SOFC at 800° C in the presence of 2 ppm PH3 in the anode gas.  Anode degradation occurred in 

the presence of PH3 and the degradation is irreversible due to the formation of Ni5P2 phase.  

Researchers at West Virginia University have also studied the effect of PH3 on the performance 

of Ni-YSZ anode (Zhi et al., 2008).  After exposure to a syngas containing 20 ppm PH3, the 

morphology of the Ni-YSZ anode surface significantly changed leading to a reduction in the 

porosity.  XRD analysis has revealed that P has reacted with Ni and Zr, leading to the formation 

of Ni3(PO)4 and ZrP2O7.   

Kishonova and Goodman (1981) studied the adsorption-desorption behavior of H2 and 

CO on phosphorous-adsorbed nickel surfaces using thermal desorption, low energy electron 

diffraction, and Auger electron spectroscopy techniques.  Although the initial sticking coefficient 

and H2 uptake are inhibited when P atoms are adsorbed on the Ni surfaces, their effect was 

significantly less than when Cl or S atoms are adsorbed on the surface.  The H2 uptake and initial 

sticking coefficient for H2 were decreased by ~ 50% when the P atom coverage was ~ 0.5 of a 

monolayer. 

Arsenic Species:  The performance of solid oxide fuel cells (SOFCs) using simulated 

coal-derived syngas containing arsine (AsH3) was studied by Trembly et al. (2007). Anode 

supported SOFCs were tested galvanostatically at 0.25 and 0.5Acm2 at 750 and 800°C with 

simulated coal syngas containing 0.1, 1, and 2 ppm AsH3. The tests with simulated coal syngas 

containing 1 ppm AsH3 show little degradation over 100 h of operation. The tests with simulated 

coal syngas containing 2 ppm AsH3 show some signs of degradation, however no secondary 

arsenide phases were found. Extended trial testing with 0.1 ppm AsH3 showed degradation as 

well as the formation of a secondary nickel arsenide phase in the anode of the SOFC. 

Studies of nickel reforming catalysts have also shown that the presence of 1 ppm of 

As2O3 in the feed steam will impair the performance of the natural gas steam reformer catalyst 

(Ni/Al2O3) in a matter of few days and the effect is irreversible (Twigg, 1996).   In a study of 

arsenic poisoning of nickel catalyst for the adsorption of ethane, Ng, et al. (1998) found that the 

arsenic preadsorbed on the surface of Ni inhibited dissociation and hydrogenation of ethene.  

Molina et al. (2004), using EXAFS technique, showed that in a sulfided Ni-Mo catalyst, the As 
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atoms are surrounded by two sulfur atoms and the As atoms block the active site.  In a study of 

arsenic contamination of NiMo hydrotreating catalysts, Gripka and Torrisi (1999) found that the 

accumulation of As on the catalyst decreased the performance of the hydrotreating catalyst and 

its activity was decreased by ~50% when the accumulation of As in the catalyst reached about 1 

wt%. 

Selenium Species:  Gerdes et al. (2007) studied the performance of an anode-supported 

SOFC in a simulated coal gas containing 0.5 and 5ppm levels of H2Se.   The introduction of 

0.5ppm H2Se caused the power density to be degraded steadily. Increasing the H2Se 

concentration to 5ppm leads to a significant loss of the power density of ~ 25% after 75 h of 

exposure. 

Bismuth Species:  Panja et al. (2000), in a study of CO chemisorption on Ni(100) 

surfaces showed that the chemisorption of CO on Ni is inhibited by Bi atoms and the CO surface 

coverage decreased linearly with Bi atom coverage.  Nearly complete blocking of CO adsorption 

occurred when the surface coverage of Bi reached about unity.   

Zinc Species:  In a study of formation of H2 during decomposition of kerosene on Ni on 

TiO2 catalyst, Takeneka (2003) observed that the H2 formation of activity is enhanced when zinc 

is added to the catalyst.  Although the initial activity of the Ni-Zn/TiO2 catalyst was lower than 

that of Ni/TiO2 catalyst, the Ni-Zn catalyst maintained the activity for a longer time than Ni 

catalyst for the decomposition of diethylbenzene in kerosene.  They postulated that the enhanced 

performance of Ni-Zn on TiO2 catalyst is due to the formation of zinc titanate phase which 

decreased the average crystallite size of the Ni phase.  Rodriguez et al. (1997) also found that the 

Ni crystallites were smaller on Ni-Zn/Al2O3 catalyst than on a Ni/Al2O3 catalyst.  They 

postulated that the Zn interacted with the alumina to form zinc aluminate and the interaction 

between the Ni and zinc aluminate is strong to prevent agglomeration of Ni crystallites.  The 

high dispersion of Ni atoms on Ni/Zn catalyst increased the resistance to coke formation during 

hydrogenation of acetylene.  Note that in the above studies, Zn is added as ZnO to NiO and TiO2
 

or Al2O3 mixture during the preparation of the catalyst and the mixture is then reduced to form 

Ni metal crystallites on the oxide substrate. 

The above results relating to the catalytic activity of Ni suggest that several of the 

contaminants present in the coal-derived gas can reduce the catalytic activity involving H2 or CO 

chemisorption.  However, except for S, As, and Cl, most of these studies relate to the catalytic 

activity at temperatures lower than the current operating temperatures (700° to 900°C) of 

SOFCs.  Hence, their effect at high temperatures is not known.   

Ash Species:  Yttria-stabilized zirconia is a chemically stable oxide and is amphoteric in 

nature which may indicate that it may not be affected by the components present in the coal-gas 
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stream.  However, thermodynamic calculations indicate that ZrO2 reacts with SiO2 to form 

zirconium silicate and the compound formation can inhibit the oxygen ion transport.   

ZrO2 + SiO2 = ZrSiO4  Keq (800°C) = 1.4 

Other alkaline earth oxides such as CaO and MgO form solid solutions with ZrO2, and 

their effect on the oxygen ion transport is only minor.  However, Na2O and K2O degrade the 

ionic conductivity of YSZ.  Acidic oxides such as phosphorous oxides may also react with YSZ 

to form phosphates. 

In summary, several contaminants can be present in a gas stream from a coal gasifier and 

the concentrations of these contaminants vary depending on the type of coal, the steps that are 

used to remove the contaminants.  Several trace contaminants such as species of arsenic, 

phosphorous, chlorine, sulfur, and other trace metals have been shown to affect the performance 

of the SOFC.     
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4.  CHEMICAL NATURE OF CONTAMINANT SPECIES UNDER SOFC 
ANODE CONDITIONS 

We performed thermodynamic equilibrium calculations using gas streams representative 

of an oxygen-blown, slagging gasifier to predict the chemical nature and abundance of relevant 

trace impurity species as a function of temperature range expected in a coal gasification system.  

Based on their abundance in coal, volatility during gasification, and their potential effect on the 

SOFC performance, the following components are likely to contribute to degradation when the 

SOFC anode is operated with coal gas stream. 

Metalloids:  As, P, Sb, and Se 

Vaporizable metals:  Zn, Cd, Hg, and Pb 

Transition metals:  Fe, Cr, and V 

Chlorine compounds:  HCl and CH3Cl 

For these calculations, we assumed that the system pressure will be 10 atm (expected 

pressure in advanced fuel cells) and the components will be initially present at 10 ppm level.  We 

calculated the most likely species that will be present at SOFC operating temperatures.   

4.1  THERMODYNAMIC EQUILIBRIUM CALCULATIONS 

Arsenic, Antimony, Phosphorus, and Selenium.  Coal contains arsenic compounds 

primarily in the form of oxides or sulfides.  During coal gasification, arsenic is converted into 

As2(g) which could form a hydride, most likely in the form of AsH3(g) as the gas is cooled.  

Analysis of the gas stream from Eastman gasifier facility showed the presence of 25 ppbv of 

arsenic in the syngas (Quinn et al., 2004).  However, depending on the type of coal and gas 

cleanup methods, arsenic levels may be higher than that value.  We calculated the fate of 

AsH3(g) in the gas stream as it is being heated to the SOFC operating temperature and the results 

are shown in Figure 4.1.  At these temperature the predominant species is As2(g).  

The results for the antimony species are shown in Figure 4.2.  Similar to As, Sb is most 

likely to be present as SbO(g).  Selenium is most likely to be present as H2Se in the gas stream, 

as the partial pressures of Se(g), Se2(g), Se4(g) species are extremely low (<10-12 atm). 
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Figure 4.1. The equilibrium level of arsenic species (inlet level 10 ppm) as a function 
temperature at 10 atm in a gas stream representative of an oxygen-blown slagging 
gasifier. 
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Figure 4.2. The equilibrium level of antimony species (inlet level 10 ppm) as a function 
temperature at 10 atm in a gas stream representative of an oxygen-blown slagging 
gasifier. 
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The nature of the phosphorous compounds in a coal-derived gas stream is not known 

accurately.  Phosphorous may exist as PH3(g) when the gas is cooled to low temperature at high 

pressures.  However, SOFCs operate at 700° to 900°C under atmospheric or slightly elevated 

pressures.  Under these conditions, PH3(g) is hydrolyzed to form mainly HPO2 vapor as shown 

by thermodynamic equilibrium calculations (Table 4.1). 

Table 4.1 

Calculated partial pressures of Phosphorous Compounds Under Anode Gas Conditions 
 

Gaseous 
Species 727°C 777°C 827°C 877°C 877°C 

CO 0.23 0.24 0.25 0.26 0.27 

CO2 0.19 0.17 0.16 0.15 0.15 

H2 0.37 0.36 0.35 0.34 0.33 

H2O 0.21 0.22 0.23 0.24 0.25 

HPO 6.75E-08 9.33E-08 1.24E-07 1.61E-07 2.04E-07 

HPO2 2.85E-05 2.83E-05 2.83E-05 2.82E-05 2.81E-05 

HPO3 1.64E-07 1.82E-07 2.02E-07 2.23E-07 2.44E-07 

PH3 1.00E-09 7.72E-10 5.96E-10 4.68E-10 3.75E-10 

Zinc, Cadmium, Mercury, and Lead.  Mercury and Lead compounds are present in the 

coal and several active programs are currently underway to determine the chemical nature and 

the amount of mercury species during coal gasification and combustion. Under gasification 

conditions, the most predominant species is Hg(g).  Similarly, cadmium is likely to be present as 

Cd(g) or CdCl2(g).  The actual concentrations of these species will depend on the type of coal 

used. 

The promising sorbent for reducing H2S level in the coal gas stream at elevated 

temperatures contains zinc compounds (e.g. zinc titanate or zinc aluminate).  In the coal gas 

streams and HCl levels, zinc can be present as Zn or ZnCl2 vapors.  The most likely form of Pb 

species are Pb(g), PbCl(g) and PbCl2(g) (Figure 4.3) 
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Figure 4.3. The equilibrium level of lead species (inlet level 10 ppm Pb and a HCl level of 300 
ppm) as a function temperature at 10 atm in a gas stream representative of an oxygen-
blown slagging gasifier. 

Iron, Chromium, and Vanadium.  In the presence of high levels of CO of gas streams 

representative of slagging gasifiers, Fe can be present as the carbonyl species Fe(CO)5.  The 

carbonyl species are formed at low temperatures as the gas stream is cooled to remove 

contaminants.  As the gas stream is heated back to the operating temperatures, the carbonyl 

species decompose to form iron metal and CO(g).  Under thermodynamic equilibrium 

conditions, the expected level of carbonyl species at the operating temperatures of SOFC is 

extremely low (<1 x 10-12 atm).  However, the transition metal species can be transported in the 

fine ash fume if they are not effectively removed by barrier filters. 

Chloride species.  HCl(g) is a known contaminant in the coal derived gas stream and it is 

thought to be present in the range 10 to 300 ppm.  Although the preliminary results indicate that 

HCl may not be a serious poison at levels of about 1 ppm, HCl(g) can aid in the transport other 

impurities such as Fe, Cr, Zn, and Pb as volatile chloride species.  In desulfurization systems 

using organic solvents such as monoethyl amine (MEA), HCl can react with the solvent to form 

CH3Cl species at low temperatures.  Our calculations indicate the trace levels of CH3Cl will be 

converted to CH4 and HCl gases under anode conditions. 

4.2  EXPERIMENTAL DETERMINATION 

A key issue in dealing with trace level (sub-ppm) species in a high-temperature gaseous 

environment is the chemical identity of the species. Whereas compounds such as H2S and HCl 
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are relatively stable during transport to the anode surface, the fate of other vapor species such as 

AsH3, PH3, and CH3Cl is not known. For example, thermodynamic equilibrium calculations 

show that in a coal-derived gas, the predominant As- and P-containing species are As2(g) and 

HPO2(g). However, similar calculations indicate that AsH3 and PH3 are the dominant species 

under gas cleanup conditions. The nature of the chemical species has an important effect in how 

they affect the fuel cell performance. Furthermore, the nature of the chemical species may 

change as a function of gas utilization as the oxygen activity in the gas phase changes. So the use 

of the correct chemical species as a contaminant is critical in the evaluation of the effect of the 

contaminant on the performance of SOFC. 

We used high-temperature Knudsen cell mass spectrometry to identify the chemical 

nature of AsH3, PH3, and CH3Cl at a temperature range 750° to 850°C and compare them with 

the available thermodynamic data. 

4.2.1  Experimental Details   

We used a 30.5 cm radius, single focusing, magnetic deflection mass spectrometer 

containing a high temperature Knudsen cell source and the details of this instrument are 

described in the literature (Hildenbrand, 1970; Lau and Hildenbrand, 1987).  A photograph of the 

mass spectrometer system is shown in Figure 4.4.  The system has been used to measure the high 

temperature thermodynamic properties of many inorganic chemicals for 30 years. 

The spectrometer is equipped with a molecular effusion-beam vapor source (Knudsen 

cell) and an electron impact ion source.  The ion source is equipped with a high-capacity 

cryogenic pump that facilitates accurate measurements on non-condensable beam species such as 

H2 and allows higher amount of H2O vapor admitted to the system.  A schematic of the gas 

introduction system and ion source arrangement is given in Figure 4.5. 



 
 

.   
Figure 4.4.  A photograph of the high temperature mass Spectrometer. 
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Figure 4.5  A schematic illustration of the effusion source inside the mass spectrometer 
chamber. 

The Knudsen cell configuration is a direct molecular beam sampling system, in which the 

sample beam has a line-of-sight path from cell orifice to ion source, without intervening surface 

collisions.  The reactant gases such as Ar + PH3 and water vapor are admitted to the base of the 

cell from an external gas handling system.  The Knudsen cell with gas inlet tube was fabricated 

from quartz with a 1.0 mm orifice diameter on the center top of the cell.  Gaseous species exit 

the orifice in a collision free molecular beam (P ≤ 10-4 atm), are ionized by electron impact, and 

then mass analyzed and collected.  Effusion beam species from the cell can be clearly 

distinguished from instrument background by the response to movement of a beam-defining slit 

interposed between cell and ion source.   
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The molecular species are identified by their mass/electron (m/e) ratios, which are unique 

for many molecules.  In cases where more than one species have the same m/e ratio, they were 

distinguished using threshold appearance potential (AP) measurements, and from careful 

checking of isotopic distributions.  After vapor components are identified and the neutral 

precursors of observed ion species are clarified, the abundances of gaseous species can be 

determined by measuring ion signals of each identified vapor species at a small energy increment 

(e.g., 3 eV) above the AP of the parent ion.  Partial pressures, Pi, of each species are then 

evaluated from the relationship 

 Pi = (k/σi) x Ii
+ x T                                               (1)  

where I+ is the ion intensity, T is the temperature in Kelvin, σi is the relative ionization cross 

section, and k is an instrument sensitivity constant evaluated using a high-purity sample such as 

Au or Sn as a vapor pressure standard. The derived partial pressures are estimated to be accurate 

within a factor of five or better.  The lower detection limit for most observed species is on the 

order of 5 x 10-11 atm. 

Trace contaminant vapors such as PH3 gas mixture was admitted to the inlet of the quartz 

effusion cell through a precision molecular leak valve from an external Ar carrier system.  Trace 

levels of PH3 gas was generated by passing Ar through a PH3 permeation device with a known 

permeation rate.  The concentration, C, of the PH3 can be calculated from the following equation: 

  C = K x P/F                                                   (2) 

where K is a constant (0.719 for PH3), P is the permeation rate of 160 ng/min for the G-Cal 

permeation device at room temperature and F is the Ar carrier gas flow rate in ml/min. To 

maximize the PH3 concentration in the mixture, 2-3 ml/min of Ar carrier gas was used to 

maintain the PH3 concentration in between 40-60 ppm by volume for all the experiments.  

Deionized H2O was frozen and then held under vacuum to remove dissolved gases and it was 

added separately to the Ar + PH3 mixture from an external metering system with a precision 

needle valve.  The cell was packed with quartz chips to insure temperature equilibration of the 

gas mixture.  For the thermal decomposition studies, the cell was heated by radiation from the 

tantalum heater, and temperatures were measured by optical pyrometry sighting on a blackbody 

cavity on the cell lid; for quartz cell, a graphite cap containing the cavity was placed over the cell 

body.  Ion signals derived from the cell beam were differentiated from possible background by 

noting the response to translation of the moveable beam defining slit. 

 Similarly, we used a permeation device for introducing trace levels of AsH3(g).  Trace 

levels of CH3Cl(g) was introduced into the mass spectrometer from a certified gas mixture 

cylinder.   
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STANJAN program developed at Stanford University was used for calculating chemical 

equilibria in complex systems.  The thermodynamics data for the H-P-O species are selected 

from the compilation of Gurvich, Veyts and Alcock (1989), and the new values for HPO, HPO2 

and HPO3 are from our previous study (Lau and Hildenbrand, 1994).  We have developed a new 

STANJAN-compatible data base for species in the H-P-O system for equilibrium calculations. 

4.2.2  Results with Phosphine Gas 

The mass spectra of the Ar + PH3 mixture at an ambient temperature of 293 K (20°C) and 

at cell temperature of 995 K (722°C) are shown in Tables 4.2 and 4.3, respectively.  Included in 

the tables are the observed ions, the ion appearance potentials (AP), the assigned neutral 

precursors, and the ion relative intensities at both AP + 3 eV and at 30 eV ionizing energies.  The 

intensities at AP + 3 eV are more representative of sample vapor composition since 

fragmentation (bond breaking) processes are minimized, while 30 eV is used when the signal is 

too small to measure at AP + 3 eV.  Note that the ion signal ratio of PH3
+/Ar+ = 4.1 x 10-5 (41 

ppm) at AP + 3 eV shown in Table 4.2 is in good agreement with the calibrated mixture 

calculated from equation (2) with the Ar carrier gas flow rate between 2-3 ml/min.  The flow of 

the gas mixture was admitted into the vacuum system almost to the upper limit of 5 x 10-4 atm of 

the system to increase PH3
+ signal intensity for measurements.  The ion intensities for observed 

parent ions shown in Tables 4.2 and 4.3 are converted to the corresponding partial pressures and 

they are listed in Table 4.4 together with the calculated equilibrium partial pressures for PH3 

decompositions.  As seen from Table 4.4, only very small amount of PH3 decomposes to P2 and 

P4 at 995 K (722°C) although the equilibrium calculations show that PH3 should decompose to 

P2, P4 and H2 even at room temperature.  The results clearly indicate that PH3 does not reach 

equilibrium decomposition under neutral conditions. 
 



 36 

Table 4.2 
 Mass Spectrum of Ar + PH3 gas mixture at Ambient Temperature 

 
 

Ion AP (eV) Neutral AP + 3 eV 
(293 K) 

30 eV 
(293 K) 

PH3
+ 10.0 PH3 0.31 1.5 

PH2
+ 13.4 PH3 0.12 0.45 

Ar+ 15.7 Ar 7500 a 

      a- Not measured. 
 
 

Table 4.3 
Mass Spectrum of Ar + PH3 gas mixture at 995 K 

 
 

Ion AP (eV) Neutral AP + 3 eV 
(293 K) 

30 eV 
(293 K) 

PH3
+ 10.0 PH3 0.34 1.5 

PH2
+ 13.4 PH3 0.12 0.45 

Ar+ 15.7 Ar 7640 a 

P2
+ 10.6 P2 b 0.015 

P4
+ 10.0 P4 b 0.05 

H2
+ 15.4 H2 ≤0.1 a 

a- Not measured; b: Too small to be measured. 

Water vapor was added to the Ar + PH3 mixture at 995 K.  In the presence of steam, 

HPO2 and HPO3 species are formed by the reaction of PH3 with steam: 

PH3(g) + 2H2O(g) = HPO2(g) + 3H2(g) 

PH3(g) + 3H2O(g) = HPO3(g) + 4H2(g) 

The HPO2 and HPO3 species may react with the YSZ phase forming yttrium or zirconium 

phosphate compounds that could decrease the ionic conductivity of the YSZ phase.  The 

measured and calculated vapor pressures are shown in Table 4.5. 



Table 4.4 
Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 

Species for Ar + PH3 Mixture  
 

Species 
Partial Pressure (atm) 

 293 K 995 K 
 Measured Calculated  Measured  Calculated 

Ar 1.16 x 10-4 1.00 x 10-4  3.96 x 10-4 5.00 x 10-4 

PH3 6.36 x 10-9 1.13 x 10-19  2.36 x 10-8 8.63 x 10-19 

P2  1.46 x 10-21  5.57 x 10-11 1.00 x 10-8 

P4  1.00 x 10-9  2.13 x 10-9 1.07 x 10-12 

H2  6.00 x 10-9   3.00 x 10-8 
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Table 4.5 

Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 
Species for Ar + PH3 + H2O Mixture at 995 K 

 

Species 
Partial Pressure (atm) 

Measured  Measured  Calculated 
(without H2O)  (With H2O) 

 Ar 3.96 x 10-4 3.96 x 10-4 4.17 x 10-4 

 PH3 2.36 x 10-8 1.26 x 10-8 1.51 x 10-28 

 H2O  7.60 x 10-5 8.33 x 10-5 

 HPO   1.22 x 10-15 

 HPO2  1.70 x 10-9 1.20 x 10-9 

 HPO3  7.20 x 10-9 1.54 x 10-8 

 H2   6.55 x 10-8 

 O   1.27 x 10-16 

 OH   4.30 x 10-12 

 O2   8.97 x 10-14 

 PO   1.12 x 10-14 

 PO2   3.20 x 10-12 

 P2 5.57 x 10-11  2.95 x 10-27 

 P4 2.13 x 10-9  9.29 x 10-51 

 



The results shown in Table 4.5 indicate that the decomposition of PH3(g) is limited 

kinetically even at 995 K.   In the presence of highly excess steam (H2O/PH3 ~ 6000), we 

observed formation of HPO2(g) and HPO3(g), but the observed fraction of these vapors is 

significantly less than that predicted by the equilibrium calculations.  These results indicate that 

some fraction of unreacted PH3 may reach the anode to react with Ni phase.  HPO2 and HPO3 

species are also formed in the presence of steam.  Although the thermodynamic equilibrium 

calculations predict the formation of these species, the extent of formation was less than 

predicted. 

4.2.3  Results with Methyl Chloride Vapor  

Thermodynamic equilibrium calculations predicted that under anode gas conditions, 

CH3Cl(g) will be converted to HCl(g).  To determine experimentally the fate of CH3Cl(g), we 

introduced it along with H2 and H2O into the Knudsen cell of the mass spectrometer and 

determined the reaction products.  Table 4.6 illustrates the results when CH3Cl is heated with H2.  

At 1023 K (750°C), we observed the formation of HCl, but the fraction of HCl formed was less 

than predicted by the equilibrium calculations. 

In Table 4.7, we summarize the results when CH3Cl(g) we introduced it with both H2 and 

H2O.  The amount of HCl(g) has increased by a factor of 2 indicating that steam accelerates the 

conversion of CH3Cl(g).  Again, the extent of conversion is less than predicted by the 

equilibrium calculations. 

Table 4.6 
Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 

Species For H2 + 500 ppm CH3Cl Mixture  
 

Species 
Partial Pressure (atm) 

                  293 K                                                       1023 K 
  Measured         Calculated                    Measured        Calculated 

CH3Cl 7.59 x 10-8 1.91 x 10-26  2.12 x 10-7 9.85 x 10-34 
H2 7.61 x 10-5 3.00 x 10-4  2.56 x 10-4 3.00 x 10-4 
P(CH3Cl)/P(H2) 9.98 x 10-4   8.29 x 10-4  
CH4 0 1.50 x 10-7  3.49 x 10-8 6.97 x 10-9 
HCl 0 1.50 x 10-7  8.43 x 10-8 1.50 x 10-7 
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Table 4.7 
Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 

Species for H2 + 500 ppm CH3Cl + H2O Mixture at 1023 K 
 

Species 
Partial Pressure (atm) 

   Measured               Measured          Calculated 
 (without H2O)         (Add H2O)                (a) 

CH3Cl 2.12 x 10-7 9.54 x 10-8 3.05 x 10-17 
H2 2.56 x 10-4 2.59 x 10-4 2.18 x 10-4 
P(CH3Cl)/P(H2) 8.29 x 10-4 3.65 x 10-4  
CH4 3.49 x 10-8 9.89 x 10-8 3.69 x 10-9 
HCl 8.43 x 10-8 1.57 x 10-7 6.82 x 10-8 
CO 0 1.84 x 10-7 8.18 x 10-5 
CO2 0 0 2.43 x 10-9 
H2O 0 3.91 x 10-5 4.97 x 10-9 

1. Calculation was based on C/H2/H2O/CH3Cl = 1/1/0.6/500 ppm mole ratio for using 
graphite Knudsen cell and at 3.0 x 10-4 atm total pressure. 

4.2.4  Results with Arsine Gas   

The mass spectrum of the H2 + AsH3 mixture at an ambient temperature of 293 K (20°C) 

is shown in Table 4.8.  In the mass spectrum, As+, AsH+, and AsH2
+ are all fragment ions from 

the parent, AsH3, species.  The AsH3 vapor pressure was derived from the sum of all the As-

containing ions species.  Note that the ratio of P(AsH3)/P(H2) = 18.1 x 10-5 (18.1 ppm) from 

Table 4.8 is in good agreement with the calibrated mixture calculated from equation (1) having 

H2 carrier gas flow rate between 2-3 ml/min.   

H2 mixture containing 14.6 ppm of AsH3 was admitted to the quartz Knudsen cell at 

room temperature.  After careful measurements of the ion intensities of the observed species, the 

Knudsen cell temperature was quickly raised to 725°C.  The observed species and their partial 

pressures for the ambient and high temperatures are shown in Table 4.9, together with the 

predicted vapor species from equilibrium calculations.  As shown from Table 4.9, the AsH3 

concentration decreases slightly to 14.2 ppm at elevated temperature, almost no effect with the 

temperature increase.  The equilibrium calculations predicted that AsH3 will be completely 

decomposed to As(s) + H2 at room temperature, and to As2, As4 and H2 vapor species at elevated 

temperature.  .  

The effect of H2O on the thermal decomposition of AsH3 was studied at different levels 

of H2O vapor additions to the H2+ AsH3 mixture at 725°C.  The results are summarized in Table 

3, together with the equilibrium prediction.  As shown from the Table 4.10, AsH3 was decreased 

to 10.9 ppm when the amount of H2O vapor was added to  21% (v/v) of the gas.   The AsH3 level 

further decreased to 4.7 ppm when H2O level was increased to 45%.  As2(g) was clearly 
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identified at 1.8 x 10-10 and 2.3 x 10-10 atm respectively as the gaseous reaction product in both 

cases.  When H2O vapor addition was terminated, AsH3 concentration was increased back to 

15.1 ppm.  The present results clearly confirm that AsH3 alone is very difficult to reach thermal 

equilibrium at elevated temperature.  H2O vapor accelerates the decomposition of AsH3 but still 

difficult to reach total chemical equilibrium.  The AsO or AsO2 vapors were not detected by the 

mass spectrometer indicating that H2O vapor acts as a catalyst in the decomposition of AsH3.   

Table 4.8 
Mass Spectrum of H2 + AsH3 gas mixture at 293K 

 
Ion AP (eV) Neutral Ion Intensity 

(AP + 3 eV) 
Partial Pressur

(atm) 

AsH3
+ 10.0 AsH3 0.22 3.66 x10-9 

AsH2
+ 13.4 AsH3 0.12  

AsH+ 12.5 AsH3 0.11  

As+ 15.0 AsH3 0.01  

H2
+ 18.4 H2 2150 2.02 x 10-4 

 
 

Table 4.9 
Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 

Species for H2 + AsH3 Mixture  
 

Species 
Partial Pressure (atm) 

 293 K   998 K 
 Measured Calculated  Measured  Calculated 

AsH3 (g) 2.20 x 10-9 8.30 x 10-18  4.99 x 10-9 1.2 x 10-13 

As2 (g)  5.80 x 10-26   2.63 x 10-9 

As4 (g)  7.01 x 10-19   7.49 x 10-14 

H2 (g) 1.51 x 10-4 1.51 x 10-4  3.52 x 10-4 3.52 x 10-4 

As(s)  1.46 x 10-5   0 

P(AsH3)/P(H2) 14.6 x 10-6   14.2 x 10-6  
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Table 4.10 

Comparison of the Measured and Calculated Partial Pressures of the Observed Vapor 
Species for H2 + AsH3 + H2O Mixture 

 

  Vapor Species 
 Partial Pressure (atm) 
 Measured Measured  Measured  Measured  Calculated   
 (No H2O) (Added H2O)  (More H2O) (No H2O)  (added 
H2O) 

AsH3 4.99 x 10-9 3.66 x 10-9 1.66 x 10-9 5.82 x 10-9 1.19 x 10-13 

H2 3.52 x 10-4 3.36 x 10-4 3.36 x 10-4 3.84 x 10-4 3.36 x 10-4 

H2O  8.92 x 10-5 2.72 x 10-4 0 8.92 x10-5 

As2  1.84 x 10-10 2.31 x 10-10 0 3.01 x 10-9 

As3     5.15 x 10-14 

As4     9.79 x 10-14 

As     1.12 x 10-11 

AsH     2.02 x 10-12 

AsO     1.73 x 10-12 

AsO2     3.28 x 10-21 

P(AsH3)/P(H2)  14.2 x 10-6  10.9 x 10-6   4.9 x 10-6  15.1 x 10-6 
 

P(AsH3)/P(H2O)    4.1 x 10-5   6.1 x 10-6  
 

 

In summary, thermodynamic equilibrium calculations predict that volatile species such as 

As and P will be present in the coal gas as the corresponding hydrides AsH3(g) and PH3(g).  As 

the coal gas is heated to the anode temperatures, the equilibrium calculations predict that 

AsH3(g) will be converted to As2(g).  Similarly, PH3(g) will hydrolyze to form HPO2(g) and 

HPO3(g).  However, mass spectrometer measurements with a Knudsen effusion cell indicate that 

thermodynamic equilibrium is difficult to achieve with these hydrides.  Although the presence of 

As2(g), HPO2(g), and HPO3(g) were detected in the mass spectra taken at 750°C, their 

concentration were significantly less than that predicted by the calculations.  Alternatively, the 

measured levels of PH3(g) and AsH3(g) were higher than predicted.  The equilibrium calculations 

indicate that CH3Cl(g) will be converted to HCl(g) at elevated temperatures, the measurements 

indicate that the kinetics of reaction is not rapid. 
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5.0  EXPERIMENTAL TESTING OF SOLID OXIDE FUEL CELLS 

In consultation with the Program Manager at the NETL of U.S. Department of Energy, 

we procured 50 solid oxide fuel cell samples from InDec B. V., Netherlands for experimental 

determination of the effect of trace contaminants on the fuel cell performance.  These cells are 

2.5 cm in diameter and are anode supported.  They have an electrolyte layer of dense YSZ of 4 to 

6 μm in thickness, a porous anode layer of 5 to 10 μm, a porous anode support layer of 520 to 

600 μm, and a porous LSM-YSZ cathode layer of 30 to 40 μm thick.  They produce 0.15, 0.27, 

and 0.35 W/cm2 at 700°, 750°, and 800°C in a H2 anode feed.  They are expected to be stable 

within 10% of the original performance over a period of 2000 h. 

5.1  EXPERIMENTAL SETUP 

In a laboratory-scale testing, a simulated coal-derived gas is blended from components 

stored in high pressure gas cylinders and the contaminants are introduced into the gas mixture at 

various temperatures.  During the gas transport to the fuel cell anode, the contaminants may react 

with the surfaces of the gas manifold and they may be consumed before reaching the anode.  To 

prevent such a loss, we used alumina or zirconia components for the gas manifold.  These 

ceramics are very stable and are unlikely to react with many potential contaminants with the 

exception of some oxide vapors. 

The Ni cermet cell was mounted on a zirconia ring (2.9 cm OD, 2.3 cm-ID, 2.5 mm 

thick) using ARAMCO 516 high temperature cement as shown in Figure 5.1.  The cathode 

electrode contacts were made with a gold wire bonded to the LSM layer with platinum paint.  

Additionally, the LSM cathode was painted with platinum to improve the lateral electrical 

conductivity.  The anode side electrical contacts were made with a Ni mesh bonded to the anode 

with a Ni cermet slurry.  The Ni mesh was attached to a gold wire lead.  On each side, there were 

two contact leads for current and potential, so the lead resistances in the measurements were 

eliminated.  The ring mounted cell was sealed to a zirconia plate to which zirconia tubes are 

cemented to form the gas inlet and outlet (Figure 5.2).   The anode of the cell was heated air flow 

to 500◦C at 1◦C/min for removing the binder in the Ni-cermet paste and then at 2◦C/min to 800◦C 

in hydrogen for nickel oxide reduction.  The active cell area is about 4.5 cm2. 
 
 



 
 

Figure 5.1. Photograph of a Ni cermet cell and the cell mount. 
Note:  Ni-cermet anode side, LSM cathode side, zirconia support ring, and the mounted 

cell(from L to R). 
 

       

Figure 5.2.  Cell mount and the gas manifold, top and side view 

 

5.2  GENERATION OF TRACE LEVEL IMPURITY VAPORS 

Trace level impurities such as HCl, CH3Cl, H2S are stable gases under ambient 

conditions.  We procured gas mixtures containing 500 ppm of HCl or CH3Cl in H2 from gas 

supply vendors.  However, for other condensable vapors such as Zn (g), Hg (g),  Cd(g), HPO2(g), 

or As2(g) we passed a portion of the anode feed gas (H2) through a bed of the corresponding 

metal or oxides maintained at an appropriate temperature that will provide the desired vapor 

pressure. 

A side tube made of pure alumina ceramic was cemented to the main anode gas inlet tube 

to allow contaminant vapors be introduced into the anode gas feed (Figure 5.3).  A small stream 

of H2 passing over the bed carried the vapor to mix with the main anode gas inlet.  The side gas 

containing the contaminant was kept at elevated temperature to prevent vapor condensation 

during transport. 
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Figure 5.3. Schematic diagram of the SOFC test system with a side port to allow the 
introduction of contaminant vapor. 

Zinc Vapor:  Zinc vapor was generated by heating a bed of zinc metal powder.  The 

equilibrium vapor pressure of Zn(g) as a function of temperature is shown in Figure 5.4.  The 

temperature of zinc bed was kept at 380°C and the vapor pressure at that temperature was 5.4 x 

10-5 atm.  The flow of H2 over the zinc bed was ~18% of the total flow and after this H2 gas 

stream is mixed with the rest of the anode gas stream, the partial pressure of zinc vapor was 9.7 x 

10-6 atm (~10 ppm).  Under anode gas conditions, the zinc vapor will remain as metal vapor in 

the gas phase under equilibrium conditions (Table 5.1). 
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Figure 5.4.  Equilibrium vapor pressure of zinc as a function of temperature. 
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Table 5.1 

Equilibrium Composition of the Anode Gas Containing Zn Vapor 

 
Gaseous 
Species  700°C 750°C 800°C 850°C 900°C 
H2(g)  0.38 0.37 0.36 0.35 0.34 
CO(g)  0.23 0.24 0.25 0.26 0.27 
CO2(g)  0.19 0.18 0.17 0.16 0.15 
H2O(g)  0.20 0.22 0.23 0.24 0.25 
Zn(g)  1.0E-05 1.0E-05 1.0E-05 1.0E-05 1.0E-05 
ZnO(g)  7.7E-18 3.9E-17 1.7E-16 6.5E-16 2.2E-15 
Zn(OH)2(g) 7.3E-12 8.1E-12 9.0E-12 9.9E-12 1.1E-11 
  

Phosphorous Oxide Vapor: The nature of the phosphorous compounds in a coal-derived 

gas stream is not known accurately.  Phosphorous may exist as PH3(g) when the gas is cooled to 

low temperature at high pressures.  However, SOFCs operate at 700° to 900°C under 

atmospheric or slightly elevated pressures.  Under these conditions, PH3(g) is hydrolyzed to form 

mainly HPO2 vapor as shown by thermodynamic equilibrium calculations. 

Because PH3(g) is highly toxic and converted to HPO3 at the anode temperature in the 

presence of steam, we decided to use P2O5 as the vaporizing species.  When P2O5 powder is 

heated it vaporizes as P4O9(g) and P4O10(g)as shown in Table 5.2.  All other phosphorous oxides 

are present at less than 1 x 10-12 atm.   The P2O5 bed was kept at 127°C which generated a vapor 

pressure of 9.8 x 10-5 atm of phosphorous compounds.  The H2 flowing over the P2O5 bed was 

9% of the total flow and we calculate the concentration of P over the anode to be about 35 ppm. 

Table 5.2 

Calculated Partial Pressure of Phosphorous Oxides in a Hydrogen Atmosphere 
 

Gas Species 107°C 127°C 147°C 167°C 187°C 207°C 
PH3 2.12E-07 1.51E-07 1.09E-07 8.07E-08 6.11E-08 4.68E-08 
P4O10 4.12E-06 2.05E-05 8.70E-05 3.20E-04 1.04E-03 3.06E-03 
P4O7 2.69E-11 8.26E-11 2.24E-10 5.50E-10 1.25E-09 2.64E-09 
P4O8 1.01E-07 3.09E-07 8.36E-07 2.05E-06 4.64E-06 9.75E-06 
P4O9 2.31E-05 7.71E-05 2.27E-04 6.00E-04 1.45E-03 3.24E-03 
Σ P(P-O-H) 2.75E-05 9.81E-05 3.15E-04 9.22E-04 2.50E-03 6.31E-03 

 

Mercury Vapor: To generate trace levels of Hg vapor, we used a bed of HgO powder as 

the source.  The oxide was vaporized using an inert gas at an appropriate temperature.  When 

mixed with the main anode gas stream at the operating temperature of the fuel cell, the oxide 

vapors will be reduced or converted to the corresponding metal vapor.  The equilibrium vapor 



pressure of HgO(g) as a function of temperature is shown in Figure 5.5.  The temperature of 

HgO bed was kept at 273°C and the estimated vapor pressure at that temperature was 1 x 10-4 

atm.  Argon was passed over the HgO bed so as to keep the oxide from being reduced.  The flow 

of Ar over the HgO bed was ~15% of the total flow and the partial pressure of HgO vapor was 

calculated to be 7 x 10-6 atm (7 ppm).  When the HgO vapor is mixed with the reducing gas it 

will be converted to atomic Hg vapor in the anode chamber under equilibrium conditions. 
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Figure 5.5.  Equilibrium vapor pressure of HgO(g) as a function of temperature. 

Cadmium  and Antimony Vapor: We generated Cd vapor by placing Cd metal powder 

in the auxiliary tube.  The vapor pressure of Cd as a function of temperature is shown in Figure 

5.6.  The Cd bed was kept at 278°C and the H2 flow through the bed was adjusted so that the Cd 

contaminant level in the anode gas stream will be at 5 ppm. 

The stable gaseous Sb species under the anode gas conditions is SbO(g).  To generate the 

species, we placed Sb2O3 powder in the auxiliary tube.  When this tube was heated to 

temperatures above 400°C, Sb4O6 (g) was generated.  The bed was kept at 476°C that 

corresponded to a vapor pressure of 2 x 10-5 atm (Figure 5.7).  When the Sb4O6 (g) is mixed with 

H2 in the anode feed gas, it will be reduced to SbO(g).  The argon flow through the bed was 

adjusted so that the SbO(g) contaminant level in the anode gas will be at 8 ppm. 
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Figure 5.6.  The vapor pressure of Cd(g) as a function of temperature. 
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Figure 5.7.  The vapor pressure of Sb4O6(g) as a function of temperature. 
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5.3  ACCELERATED TESTING 

The manufacturer of the fuel cell samples indicated that the cells will be stable within 

10% of the original performance over a period of 2000 h under clean gas conditions and a 

temperature 800° C.  To assure such performance and to differentiate the effect of contaminants 

from that of aging, we conducted tests under clean gas conditions first.  In addition, all the tested 

cells were conditioned for a period of time (~150 h) before the contaminant was introduced into 

the gas stream. 

5.3.1  Clean Gas Testing 

To establish baseline performance standard, we tested cells at 800◦C in hydrogen and 

simulated coal-derived gas mixture (30.0% CO, 30.6% H2 11.8% CO2, 27.6% H2O) without any 

known impurities flowing at a rate of ~100 standard cm3/min.  Figure 5.8 shows I-V and power 

density plots for the Ni-ceremt cell.  The maximum power density for this cell was about 

360 mW/cm2.  Figure 5.9 shows the stability plot for the same cell with 1 A load over a 15 day 

test period.  The power density remained stable at 181 ± 4 mW/cm2 during this time. 
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Figure 5.8. Current-voltage, power density plot for Ni-cermet cell #3 at 800◦C with H2  
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Figure 5.9. The power density of a cell as a function of time at 800◦C with H2  

After about 388 hours of testing in H2(g), the feed gas was switched to the simulated 

coal-derived gas mixture flowing at a rate of 100 cc/min.  The average power density at 1A load 

with this gas mixture was 166 mW/cm2, slightly lower than that with hydrogen.  The cell power 

density data were noisier in the simulated gas most likely due to gas flow fluctuation arising 

from the steam injection.  The cell failed after 428 hours of testing due to steam injection line 

failure leading to coking in the gas inlet line.  As seen from Figure 5.10, no significant 

degradation occurred in the cell performance in the test duration. 

5.3.2  Effect of HCl(g) and CH3Cl(g) on the Cell Performance 

After stabilization in the simulated coal-derived gas mixture without known 

contaminants, the cell was exposed to a low level of HCl(g) in the simulated gas mixture.  No 

significant degradation was observed during the 100 h testing with 40 ppm of HCl vapor both at 

750° and 800°C (Figures 5.11 and 5.12).  A similar result was observed with CH3Cl at 800°C 

(Figure 5.13).  However, the presence of 40 ppm of CH3Cl vapor decreased the cell performance 

at 850°C significantly (Figure 5.14).   
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Figure 5.10.  The performance of a cell in H2 and the simulated coal-derived gas mixture at 

800◦C. 
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Figure 5.11. The variation of power density with time during exposure to 40 ppm HCl vapor in a 

simulated coal gas at 750°C at a current density of 0.2A/cm2  
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Figure 5.12. The variation of power density with time during exposure to 40 ppm HCl in a 

simulated coal gas at 800°C at a current density of 0.2A/cm2. 
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Figure 5.13. The variation of power density with time during exposure to 40 ppm methyl 

chloride in a simulated coal gas at 800°C.  Current = 0.2A/cm2 (constant); Voltage 
= ~0.7V 
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Figure 5.14. The variation of power density with time during exposure to 40 ppm methyl 

chloride in a simulated coal gas at 850°C at a current density of  0.2A/cm2.  

5.3.3  Effect of Addition of Zn Vapor on the Cell Performance  

Figures 5.15 and 5.16 illustrate the change in the power density as a function of time 

when the cell was exposed to ~10 ppm of Zn vapor at 750° and 800°C.  At 750°C, no significant 

decline in the power density was observed during the test period.  However, at 800°C, a very 

slow decline (~0.02% per h) was observed. 

Zn is highly soluble in Ni metal at elevated temperatures.  At 800°C, the solubility of Zn 

in Ni is reported to be ~35 wt% [ASM International (1992)].  During the test period of ~200 h, 

the amount of Zn added to the SOFC is less than 2% of the nickel present in the cell.  At this low 

level, the added Zn would have dissolved in the nickel matrix.  If the dissolved Zn does not 

segregate to the surface, then electro-catalytic activity of the Ni anode may not change 

significantly due to Zn addition. 

 
 

 52 



50

100

150

200

0 50 100 150

C
el

l P
ow

er
 D

en
si

ty
 (m

W
/c

m
2 ) 

Time (hours)  
Figure 5.15. The variation of power density with time during exposure to 10 ppm zinc vapor in a 

simulated coal gas at 750°C at a current density of 0.2A/cm2. 
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Figure 5.16. The variation of power density with time during exposure to 10 ppm zinc vapor in a 

simulated coal gas at 800°C at a current density of 0.2A/cm2. 
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5.3.4  Effect of Arsenic Compounds 

The effect of As2(g) on the performance of the cell at 750°C is shown in Figures 5.17 and 

5.18.  On the introduction of 10 ppm of As2(g), the power density of the cell declined during the 

initial 10 h.  After this initial decline, the cell performance remained steady over a period of 60 h.  

Following this exposure, the cell temperature was increased to 800°C.  At this higher 

temperature, the cell performance was erratic (Figure 5.19).  After a period of 46 h, we were 

unable to draw any current from the cell thereby terminating the test.  When the cell was 

disassembled, the cause was determined to be a break in the nickel current collector wire in the 

anode chamber.  The collector wire and the anode were examined by scanning electron 

microscopy and X-ray analysis to determine the cause of the failure. 
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Figure 5.17.  Performance of SOFC with 10 ppm As(g) vapor at 750°C at a current density of 
0.2A/cm2. 
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Figure 5.18. The I-V response of SOFC with 10 ppm As(g) vapor at 750°C initially and after 

60 h.  
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Figure 5.19.  Performance of SOFC with 10 ppm As(g) Vapor at 800°C.  The run was terminated 

at ~46 h when the internal lead was broken. 
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 56 

Figure 5.20 is a micrograph of the anode surface with the current collector partially 

peeled off.  Note that a nickel metal screen was attached to the anode surface with a nickel oxide 

paste to provide a conductive, strong bond   The nickel oxide was reduced to a porous nickel 

layer during initial conditioning of the cell.  In the top and right hand side of Figure 5.20, we 

observe the nickel screen and the porous nickel layer.  In the bottom left hand side is the anode 

surface.  We also observed the current collector became loose at the end of the test.  The current 

collector was brittle and broke easily.  Such behavior was not observed with cells that were not 

contaminated by arsenic. 

Figure 5.21 shows an enlarged image of the anode surface.  It shows several granules on 

the surface.  When this area is analyzed with EDX to determine elemental distribution on the 

surface, it showed the presence of Ni, As, and Zr (Figure 5.22).  These are images of X-rays that 

are characteristics of the detected elements (Note that the top left photograph marked with SE is 

the secondary electron image).  Note that there is a strong correlation between the Ni and As 

images.  These observations suggest that As is associated with Ni indicating that As is primarily 

deposited on the Ni granules.  The dissolution of As in Ni or the potential formation of nickel 

arsenides can embrittle the nickel metal screen or the porous nickel layer.  These changes can 

delaminate the current collector from the anode surface leading to erratic cell power levels. 

Figure 5.23 shows a magnified image of the cross section of the cell. The numbered 

features shown in Figure 26 are as follows: (1) crystallites observed on the top of the anode, (2-

6) anode body, (7) electrolyte, and (8) cathode.   

Table 5.3 shows results of EDX point analyses at the points shown in Figure 5.23. 

performed in the zones marked in Figure 19 (point 1 to 8).  It is clear from this analysis that  As 

is present primarily on the surface.   

  
 



 
 
Figure 5.20.   The top of the As-contaminated anode with the current collector removed.  Note: 

The top of the photograph is the nickel mesh current collector embedded in a Ni-
YSZ paste. 

 
 

 
 

Figure 5.21. A magnified image of the As-contaminated anode. 
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Figure 5.22.  The X-ray elemental mapping of a portion of the image shown in Figure 24. 
 

Table 5.3 
EDX analyses on marked points in Figure 5.2 

 
  Ni at% As at% Zr at% Mn at% La at% Pt at% 

Point 1 Anode top 35.6 64.4     
Point 2 Anode 29.4  70.6    
Point 3 Anode 38.6  61.5    
Point 4 Anode 41.1  58.9    
Point 5 Anode 58.4  41.6    
Point 6 Anode 95.6  4.4    
Point 7 Electrolyte 3.3  96.7    
Point 8 Cathode    53.9 42.7 3.4 
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Figure 5.23.  SEM Image of the cross section of the arsenic contaminated cell. 

 59 



5.3.5  Effect of Phosphorous Compounds:   

The effect of the addition of phosphorous compound vapor at 750°C is shown in Figure 

5.24.  At 750°C, the addition of 35 ppm P resulted in a 10 mW/cm2 reduction in power density 

during the initial 20 h.  After this initial decay, a small decline (0.05 mW/(cm2.h)) in the power 

density was observed during the next 80 h. 

At 800°C, the addition of P to the anode feed gas stream resulted in a steady decline in 

the observed power density (Figure 5.25).  A linear regression analysis showed that the decline 

was about 0.18 mW/(cm2.h), a significant decay of the cell performance. 

Unlike Zn, the solubility of P in Ni is very limited.  According to the published Ni-P 

phase diagram [ASM International (1992)], the solubility of P in Ni is only 0.17 wt% at 870°C.  

Even within the solubility limit, the P atoms segregate to the surface.  An Auger electron 

spectroscopic study showed that the segregation of P to the surface from the bulk was diffusion 

controlled and the P content of a Ni-P alloy at the surface increased with the square root of time 

at 850°C [(Lee and Park (1991)].  The same study also showed that P atoms were more surface 

active than S atoms.     
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Figure 5.24. The variation of power density with time during exposure to 35 ppm phosphorous 

oxide vapor in a simulated coal gas at 750°C at a current density of 0.2A/cm2.  
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Figure 5.25. The variation of power density with time during exposure to 35 ppm phosphorous 

oxide vapor in a simulated coal gas at 800°C at a current density of 0.2A/cm2.  

We were adding P to the anode at a rate of 3.5 x 10-4 g/h.  Assuming that the anode 

contains 50 wt% Ni, we estimate that the solubility limit will be reached in about 10 h.  Because 

P atoms segregate preferentially to the surface, we expect that the P atoms will remain mainly on 

the surface impeding the electrochemical activity of the Ni anode.  These experimental results 

show that P is a serious poison for Ni-cermet based SOFC. 

We examined the cells exposed to phosphorous oxide vapor by SEM and EDX methods.  

Figure 5.26 shows a top view of the anode side of the SOFC that was exposed to phosphorous 

oxide vapor at temperatures varying from 750° to 850°C. Section A is the cement used to seal 

the cell to the ceramic holder during exposure to the simulated anode gas.  Section B is the anode 

and Section C is the current collection layer containing a nickel grid sealed to the anode.  The 

anode is at the bottom of the grid.   

Figure 5.27 show an enlarged view of the Section B, which is the top surface of the ZrO2-

Ni2O3 ceramic part of the cell. As shown, the top layer consists of mainly Ni.  The bottom layer 

contains both Zr and P. The composition (atom%) of nickel-rich layer was 1.5 % P, 2 % Zr and 

balance Ni.  The three insets in Figure 30 depict the EDX map analyses for Ni, Zr and P 

elements.  Because the P Kα peak (2.014 keV) is very similar to the Zr Lα1 (2.042 keV), we 

cannot distinguish between the X ray emission peaks of P and Zr at that energy.   The observed 

similarity between Zr and P signals are coincidental. 
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Figure 5.26. Top view of the P-contaminated anode 
 

 

Figure 5.27. Magnified view zone B shown in Figure 2.26. 

We also analyzed the cross-section of the cell. Figure 5.28 is the SEM image of the cross 

section.  The top of the image is the Ni wire mesh and the porous Ni layer on the anode.  The 

bottom of the image is the dense YSZ electrolyte layer.   EDX analyses were carried out along 

two imaginary lines in the anode marked 1 through 11 and 12 through 22 points.  The results are 

presented in Table 8.  
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The elemental profiles between the two lines are not the same, presumably due to the 

differing amount of Ni and Zr along the analyzed lines.  This feature is not unusual in a porous 

matrix such as the SOFC anode.  The data also indicates that the P contamination, in general, is 

high at the top layer and gradually diminishing toward the interior (Figure 32).  In the point 

analysis mode, the detector setting can be made more precisely to distinguish the P Kα signal 

from the Zr Lα1 signal.  Such a precision may not be achievable in the mapping mode. 

We believe that under the anode condition, P is being present as an oxide and it is likely 

to have reacted with the zirconia (YSZ) layer, presumably forming zirconium phosphates.  Such 

interaction will reduce the ability of the YSZ to conduct oxygen ions for electrochemical reaction 

with the H2 or CO present in the anode gas. 
 

 
Figure 5.28. Scanning electron microscope picture and X-ray mapping of a cell exposed 

to P-containing vapor at 750° and 800°C.   
 Note:  The similarity between P and Zr signals are coincidental because the 

P Kα line coincides with Zr Lα1 line. 
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Table 5.4 
Results of EDX analyses of the Cross Section of the P-exposed cell 

 
Point Atom%   

P 
Atom% 

Ni 
Atom% 

Zr 
Point Atom%   

P 
Atom% 

Ni 
Atom% 

Zr 
1 17.3 79.1 3.6 12 4.4 90.1 5.6 
2 25.2 51.1 23.7 13 0.0 99.5 0.5 
3 3.1 89.8 7.1 14 2.4 84.9 12.7 
4 12.7 53.9 33.5 15 2.5 90.3 7.2 
5 4.0 87.9 8.1 16 13.4 58.4 28.2 
6 4.0 83.4 12.7 17 8.4 69.8 21.9 
7 4.2 80.8 15.1 18 9.4 71.1 19.5 
8 15.9 46.7 37.5 19 2.6 93.6 3.8 
9 0.0 99.1 0.9 20 2.5 95.2 2.3 
10 8.1 74.8 17.1 21 7.7 76.0 16.3 
11 0.5 94.0 5.5 22 1.9 89.9 8.1 
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Figure 5.29.  The observed P/Ni atomic ratio as a function of anode depth in the P-contaminated 
cell. 

We also analyzed the Ni wire used connecting the anode to the exterior of the cell.  The 

EDX analysis showed that the wire contained ~1.5 atom% P, again indicating the metal does not 

contain high levels of P.  Because the P is being present as an oxide vapor, it may not react 

strongly with the nickel metal to form a nickel phosphide. 
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5.3.5  Effect of Addition of Hg Vapor:   

Figures 5.30 and 5.32 illustrate the change in the power density as a function of time 

when the cell was exposed to ~7 ppm of Hg vapor at 750° and 800°C.  At these temperatures, no 

significant decline in the power density was observed during the test period.  The I-V curves 

taken after 150 h is nearly identical with the initial data (Figure 5.31). A similar comparison at 

800°C shows a small decline in the performance at high current levels (Figures 5.33).  Long 

duration tests are necessary to quantify the extent of degradation. 

5.3.6  Effect of Cadmium Vapor:   

The effect of the addition of Cd vapor at 750° is shown in Figures 5.34 and 5.35.  While 

the power density at 200 mA/cm2 did not show a significant change as a function of time, the I-V 

data showed a small decrease in power density at high current density levels (Figure 5.35).  

However, when the cell temperature was increased to 800°C, the power density declined with 

time at a constant current load (Figure 5.36).  The I-V data taken after 50 and 120 h show the 

declining trend in the performance clearly (Figure 5.37). 

Figure 5.38 shows a top view micrograph of the anode side of the cell, showing the Ni 

mesh current collector embedded in a Ni-YSZ paste.  We did not observe detectable levels of Cd 

in the porous anode, in the current collector or on the anode surface.      

Figure 5.39   shows a cross section of the cell exposed to Cd.  EDX analyses were carried 

out at several depths in the anode and the only elements found were Ni and Zr, in changing 

proportion due to the inhomogeneous constitution of the anode. 
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Figure 5.30. The variation of power density with time during exposure to 7 ppm Hg vapor in a 

simulated coal gas at 750°C at a current density of 0.2A/cm2.   
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Figure 5.31. The I-V curve of the cell after 150 h of exposure to 7 ppm Hg vapor in a simulated 

coal gas at 750°C.  
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Figure 5.32. The variation of power density with time during exposure to 7 ppm Hg vapor in a 

simulated coal gas at 800°C at a current density of 0.2A/cm2. 
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Figure 5.33. The I-V curve of the cell after 150 h of exposure to 7 ppm Hg vapor in a simulated 

coal gas at 800°C. 
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Figure 5.34. The variation of power density with time during exposure to 5 ppm Cd vapor in a 

simulated coal gas at 800°C at a current density of 0.2A/cm2. 
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Figure 5.35. The I-V curve of the cell after 120 h of exposure to 5 ppm Cd vapor in a simulated 

coal gas at 800°C. 
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Figure 5.36. The variation of power density with time during exposure to 5 ppm Cd vapor in a 

simulated coal gas at 850°C at a current density of 0.2A/cm2.  
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Figure 5.37. The I-V curve of the cell after 50 and 120 h of exposure to 5 ppm Cd vapor in a 

simulated coal gas at 850°C. 
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Figure 5.38.  The top of the Cd-vapor exposed anode with the current collector.  Note:  The top of 

the photograph is the nickel mesh current collector embedded in a Ni-YSZ paste. 
 

 
 

Figure 5.39. Cross section of the cell exposed to Cd vapor 
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5.3.7  Effect of Antimony Compounds 

 The effect of the addition of SbO vapor at 750°, 800°, and 850°C is shown in Figures 

5.40 through 5.45.  The observed power densities at constant current did not show any significant 

decline during the test period.  The I-V data show a small decline at high current density levels.  

Long duration tests are necessary to quantify the extent of degradation. 
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Figure 5.40. The variation of power density with time during exposure to 8 ppm SbO vapor in a 

simulated coal gas at 750°C at a current density of 0.3A/cm2.  
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Figure 5.41. The I-V curve of the cell after 100 h of exposure to 8 ppm SbO vapor in a simulated 

coal gas at 750°C. 
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Figure 5.42. The variation of power density with time during exposure to 8 ppm SbO vapor in a 

simulated coal gas at 800°C at a current density of 0.3A/cm2. 
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Figure 5.43. The I-V curve of the cell after 160 h of exposure to 8 ppm SbO vapor in a simulated 

coal gas at 800°C. 
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Figure 5.44. The variation of power density with time during exposure to 8 ppm SbO vapor in a 

simulated coal gas at 850°C at a current density of 0.3A/cm2. 
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Figure 5.45. The I-V curve of the cell after 120 h of exposure to 8 ppm SbO vapor in a simulated 

coal gas at 850°C. 
 
5.3.7  Relative Effects of Tested Contaminants on the SOFC Performance 

In the accelerated testing, we have tested eight (8) different potential contaminants that 

can be present in the anode feed gas from a coal gasifier.  Table 5.5 summarizes the observed 
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degradation in the power density after 100 h of exposure.  Of the contaminants tested, As and P 

species are likely to degrade the performance at temperatures 800°C and below.  Both these 

species resulted in severe decrease in the observed cell power density with time of exposure.  

The As vapor species reacted with the Ni current collector causing electrical connectivity 

problems and eventual cell failure.  The presence of P species reacted with the Yttria-stabilized 

ZrO2 phase, presumably causing oxygen ion transport problems in the electrolyte membrane.  

The presence of CH3Cl(g) and Cd(g) affected the cell power density only at 850°C.  The 

presence of Hg(g), Zn(g), and SbO(g) resulted in <1% degradation in the power density after 

100 h exposure in the temperature range 750°to 850°C. 

 
Table 5.5 

Degradation of the SOFC Coupons on Exposure to Coal Contaminants after 100 h 
 

  Observed Degradation (%) after 100 h at  
Contaminant Exposure Level (ppm) 750°C 800°C 850°C 
As (As2(g)) 10 10 Cell Failure*  
P (HPO2(g)) 40 7.5 10  
Cd(g) 5  <1 8 
CH3Cl(g) 40  <1 4 
HCl(g) 40 <1 <1  
Hg(g) 7 <1 <1  
Hg(g) 0.18 <1 <1 <1 
Sb (SbO(g) 8 <1 <1 1 
Zn(g) 10  <1 <1 

* The cell exhibited intermittent anode contact after ~6 h exposure and completely failed after 45 

h exposure at 850°C due to a break in the anode contact wire. 

5.4.  LONG-TERM TESTS WITH TRACE-LEVEL CONTAMINANTS 

The accelerated tests were conducted with anode fuel gas containing several ppm levels 

of the contaminants.  However, such high levels are unlikely if the coal gas is purified before it is 

introduced into the anode.  In December 2006, we were informed that the contaminant testing 

shall be focused on using the gas composition representative of a gas stream after processing in a 

Selexol cleanup.  The Selexol absorption removes essentially all the flyash particles and may 

reduce many of the contaminant levels to ppm or sub-ppm levels.  The actual contaminant levels 

vary according to the process conditions of the Selexol process. Hence, long-term tests were 

initiated using sub-ppm levels of the contaminants that were shown to cause degradation in the 

accelerated short-term tests. 
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5.4.1 Test with Mercury Vapor 

Tests with sub-ppm levels of Hg vapor (~180 ppb) were performed at RTI International, 

Research Triangle Park, NC.  In these tests, the SOFC samples were maintained at a constant 

temperature of 750°, 800° or 850°C.  Initially, the cells were kept at the operating temperature in 

a contaminant-free simulated coal-derived gas stream for more than 50 h to obtain steady state 

conditions at a constant current load of 1A (222 mA/cm2).   After this initial break-in period, the 

contaminant was introduced and the change in the power density as a function of time was 

recorded.  Previously, we have shown that the cells were stable for 400 h in the absence of any 

contaminants. 

Figure 5.46 illustrates the cell power density as a function of time when the cell was 

exposed to ~180 ppb of Hg vapor at 750ºC.  At this temperature, no decline in the power density 

was observed during the test period.  The I-V curve taken after 150 h is nearly identical with the 

initial data (Figure 5.47).  Similarly, when the cell was exposed to 180 ppb of Hg vapor at 800ºC, 

we did not observe any decay of cell performance as shown in Figure 5.48.  Also, the I-V curves 

taken before and after the exposure test were nearly identical, confirming the stability of the cell 

under test conditions (Figure 5.49).  Figure 5.50 shows the cell power density variation with time 

when the cell was exposed to simulated coal gas containing 180 ppb of Hg at 850ºC.  Figure 5.51 

shows the I-V curves taken before and after exposure to the contaminant.  Both the power 

density as a function of time and the I-V curve show a very slight decline in the performance 

over 100 hours.  We have seen similar behavior with some cells that were operated in feed gas 

without any contaminants.  Thus, the small decline in cell power is most likely due to other 

changes (e.g., sintering) in the cell at high operational temperature.  After a slow decline at the 

beginning of high temperature testing, the cells have shown to be stable. 
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Figure 5.46. The variation of power density with time during exposure to 180 ppb Hg vapor in a 

simulated coal gas at 750°C at a current density of 0.2A/cm2. 
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Figure 5.47. The I-V curves of the cell before and after 140 h of exposure to 180 ppb Hg vapor 
in a simulated coal gas at 750°C.  
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Figure 5.48. The variation of power density with time during exposure to 180 ppb Hg vapor in a 

simulated coal gas at 800°C at a current density of 0.2A/cm2. 
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Figure 5.49. The I-V curve of the cell after 120 h of exposure to 180 ppb Hg vapor in a 

simulated coal gas at 800°C. 
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Figure 5.50. The variation of power density with time during exposure to 180 ppb Hg vapor in a 

simulated coal gas at 850°C at a current density of 0.2A/cm2.  
 

0

200

400

600

800

1000

0

50

100

150

200

250

300

0 100 200 300 400 500 600 700

Potential, MV
Potential after 100 hours, mV

Power Density, mW/cm2

Power density after 100 hours, mW/cm2

P
ot

en
tia

l, 
M

V
P

ow
er D

ensity, m
W

/cm
2

Current Density, mA/cm2

 
Figure 5.51. The I-V curve of the cell after 100 h of exposure to 180 ppb Hg vapor in a 

simulated coal gas at 850°C. 
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5.4.2  Tests with Arsine Gas 

 AsH3 was introduced using a permeation cell, procured from VICI Metronics.  A 

calibration sheet was also included with the permeation cell providing the rate of release of AsH3 

from the cell (Figure 5.52).   

 

Figure 5.52.  The permeation rate of AsH3 through the permeation device.   

The SOFC samples were maintained at a constant temperature of 800°C.  Initially, the 

cells were kept at the operating temperature in a contaminant-free simulated coal-derived gas 

stream for more than 200 h to obtain steady state conditions at a constant current load of 1A (222 

mA/cm2).  After this initial break-in period, the contaminant was introduced and the change in 

the power density as a function of time was recorded.   

Figure 5.53 shows the cell performance variation during the over 1000 h exposure to 

0.5ppm AsH3, and Figure 5.54 shows the I-V curves taken at intervals during the test.  As seen 

from the figures, the power density didn’t decrease at all, instead, a slight increase was observed.  

It is indicated that the addition of 0.5ppm AsH3 doesn’t affect the cell performance at 750oC 

within 1000h duration. 
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Figure 5.53. The change in the power density of an SOFC sample at 750°C in the presence of a 
simulated coal-derived gas containing 0.5 ppm AsH3 contaminant. 

0.000

50.00

100.0

150.0

200.0

250.0

0 100 200 300 400 500 600 700

Day 1
Day 5
Day 11
Day 15
Day 22
Day 29
Day 39

P
ow

er
 D

en
si

ty
 (m

W
/c

m
2)

 

Current(mA/cm2)  

Figure 5.54. The change in the I-V curves of an SOFC sample at 750°C in the presence of a 
simulated coal-derived gas containing 0.5 ppm AsH3 contaminant. 
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5.4.3.  Tests with Phospine Gas 

Tests with trace levels of PH3 vapor was performed at 750°C.  Initially, the cell was kept 

at the operating temperature in H2 for 50 h. It was then kept in a contaminant-free simulated 

coal-derived gas stream for more than 100 h to obtain steady state conditions at a constant 

current load of 1A (222 mA/cm2).   After this initial period, PH3 vapor (1.4 ppm) was introduced 

and the change in the power density as a function of time was recorded.   

Figure 5.55 illustrates the cell power density as a function of time when the cell was 

exposed to 1.4 ppm of PH3 vapor at 750ºC.  During the initial 200 h, only a slight decline in the 

power density was observed.  After this time, the power density declined with time at a rate of 

about 0.06 mW/cm2.h (0.04%).  These results are confirmed by the I-V curves taken at different 

intervals (Figure 5-56).   
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Figure 5-55. The variation of the power density as a function of time during exposure to a 
simulated coal gas containing 1.4 ppm PH3 at 750°C 
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Figure 5-56. I-V plots of the cell at various times during exposure to a simulated coal gas 
containing 1.4 ppm PH3. 

5.5  LONG-TERM TESTS WITH MULTIPLE TRACE-LEVEL CONTAMINANTS 

The coal-derived gas from a coal gasifier contains multiple contaminants.  The results of 

the accelerated tests indicated that AsH3, PH3, and CH3Cl will have a significant effect on the 

performance of the SOFC anodes.  The results of the tests with combinations of these 

contaminants at trace levels together with 1 ppm of H2S are described below.  These tests used 

the SOFC cells procured from InDec B. V., Netherlands that were described previously.  As in 

previous tests, simulated coal-derived gas mixture (30.0% CO, 30.6% H2 11.8% CO2, 27.6% 

H2O) was passed over the anode chamber of the SOFC at a rate of ~100 standard cm3/min. PH3, 

AsH3, and H2S were introduced into the gas stream using  permeation cells, procured from VICI 

Metronics.  The source of CH3Cl was a dilute mixture of CH3Cl and H2 in a mixed gas cylinder. 

5.5.1  Results with a Gas containing H2S and PH3  

Figure 5.57 illustrates the I-V curve for the cell when exposed to the simulated coal gas 

stream without the addition of any contaminant.  It shows a peak power density of 191 mW/cm2.  

On addition of H2S at 1.3 ppm and PH3 at 1 ppm, the cell power density at the constant current of 

1A also decreased, as shown in Figure 5.58. 

The voltage and power density continued to decrease with exposure time.  At about 360 

h, the cell failed.  Figure 5.60 shows the decline in the power density as a function of time up to 
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the point of failure.  The cause of the failure appears to be a break in the current lead within the 

anode chamber.   

The power density loss was about 24 mW/cm2 or 16% of the initial value during the test 

duration of 360 h.  The decline in the power density appears to be linear with time at an average 

rate of 0.07 mW/cm2/h.  This degradation level is somewhat higher than to the one observed with 

the simulated coal gas containing about 1 ppm of PH3 (Figure 5.55).  The above results indicate 

that the Ni-cermet based SOFC coupons continue to degrade in the combined presence of 1 ppm 

of H2S and PH3 each.  
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Figure 5.57.  The cell potential and power density as a function of current when exposed to a 
simulated coal gas stream without any contaminant.     
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Figure 5.58. The change in the cell potential of an SOFC sample at 750°C when exposed to a 
simulated coal-derived gas containing 1.3 and 1.0 ppm H2S and PH3 contaminants, 
respectively. 
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Figure 5.59. The change in the initial power density of an SOFC sample at 750°C on addition of 
1.3 and 1.0 ppm H2S and PH3 contaminants respectively. 

We used the SEM  to examine the anode surface of the cell that was exposed to 1.0 ppm 

H2S and 1 ppm PH3 at 750° C for 350 h.   Some of the nickel current collector wires were found 
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to contain phosphorous (P) species in the range 4 at% to 15 at% (Energy dispersive X-ray 

analysis) whereas other wires had a P level in the range 30 at% to 40 at%.   Figure 5.60 and 5.61 

are the SEM images of the surface of wires with low P and high P levels, respectively.   Note that 

the surface with a high P level appears to be relatively rougher than the surface with a low P 

level.  In high magnification observation of the Ni wires with high P level, we observed the 

formation of nano-wiskers whose tips appeared to be rounded (Figure 5.62).   Such a 

morphology may be indicative of a liquid formation near the tip.  Because of the small size of 

these tips we were unable to measure the composition of the solidified droplet by means of EDX 

in our SEM system. Other areas such as the porous nickel paste on the top of the anode surface 

also showed accumulation of P in the range 5 to 30 at%, depending on the analyzed area. By 

closer examination of the porous Ni, we found that nano-sized whiskers in some zones similar as 

the ones described above. 
 

 

 
 

Figure 5.60.  A SEM image of a Ni wire with a low P content (~7 at% of P). 
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Figure 5.61.  A SEM image of a Ni wire with a high P content (~41 at% of P). 
 

 
 

Figure 5.62.  A magnified SEM image of a Ni wire with a high P content (~41 at% of P). 
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5.5.2  Tests with a Gas containing AsH3 and H2S  

In this test we investigated the interaction of the SOFC anode for synergistic effects 

between AsH3 and H2S.  This test was intended to observe whether the adsorption of AsH3 at the 

Ni catalyst surface could reduce the surface adsorption of H2S, so that the initial power density 

drop after the introduction of H2S would be less than that without the surface being previous 

covered by AsH3.  Figure 5.63 shows the performance of the cell during the exposure to 0.5ppm 

AsH3.  The cell was stable over a period of 100 h, as observed in previous experiments.  After 

100 h, 1 ppm H2S was added to the anode feed gas which resulted in a decrease in the cell power 

density (Figure 5.64).  This initial decrease from 139 to 133.5 mW/cm2 is similar to cells that 

were exposed to 1 ppm H2S alone (Figure 5.60).  After this initial decline, the cell power density 

stabilized after about 10 h.  After exposing the cell to both AsH3 and H2S for 80 h, the H2S 

contaminant was removed from the feed gas.  Figure 5.65 illustrates the cell performance during 

the test period. 
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Figure 5.63. Cell performance during the exposure to 0.5 ppm AsH3 in a simulated coal gas at 

750°C. 
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Figure 5.64.  Cell performance after the addition and removal of 1 ppm H2S to a simulated coal 

gas containing 0.5 ppm AsH3. 
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Figure 5.65.  Cell performance during the exposure to 0.5 ppm AsH3 and 1 ppm H2S in a 

simulated coal gas. 
 

After the removal of the 1 ppm H2S contaminant, the cell power density increased 

initially to even higher than the value observed before the introduction of H2S, but then it 

decreased.  Slowly, the power density dropped to another level and then it stabilized at 

~128 mW/cm2.  It’s not sure whether this decrease in power density is due to the effect of 

continued exposure to 0.5 ppm AsH3, or the latent synergetic effect of AsH3 and H2S.  But it 

seems that 0.5 ppm of AsH3 did not mitigate the effect of 1 ppm H2S.  It may be postulated that 

the adsorption of S atoms at the anode surface caused surface restructuring either during the 
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adsorption process or during the desorption process, which rendered the surface more vulnerable 

to the attack of As. 

5.5.3  Results with a Gas containing H2S, PH3, and AsH3 

The SOFC sample was maintained at a constant temperature of 750°C.  Initially, the cell 

was kept at the operating temperature in a contaminant-free simulated coal-derived gas stream 

for more than 20 h to obtain steady state conditions at a constant current load of 1A (222 

mA/cm2).  After this initial break-in period, the contaminants were introduced.  AsH3, PH3 and 

H2S were introduced into the gas stream using  permeation cells, procured from VICI Metronics.  

The permeation cells release H2S and PH3, and AsH3 at rates of 178, 135, and 154 ng/min, 

respectively.  When these contaminant vapors are mixed with the rest of the gas, the 

concentrations of H2S and PH3, and ASH3 were 1.2 0.9, and 0.5 ppm, respectively.  The change 

in the power density as a function of time was recorded at a constant current level of 0.22 A/cm2. 

Figure 5.66 illustrates the voltage of the cell as a function of exposure time.  At the 

constant current load, the cell voltage declined continuously.  Figure 5.67 represents the power 

density of the cell calculated from the cell voltage and the current.  Because the cell voltage 

decreases with exposure time, the power output of the cell also decreases with time.  After about 

250 h of exposure time, the power density declined from an initial value of ~135 to 90 mW/cm2.  

The calculated average power density loss is 0.18 mW/cm2/h, which is a significant degradation 

rate. 

A cell that was exposed to H2S (1.3 ppm) and PH3 (1 ppm) showed a degradation rate of 

0.07 mW/cm2 (Figure 5.59).  When the performance of cells that were exposed to either a 

mixture of H2S and PH3 or a mixture of H2S, PH3, and AsH3 are compared, it indicate that the 

cell that was exposed to AsH3, PH3 and H2S simultaneously exhibited a more rapid decline in the 

power density than a cell that was exposed to only PH3 and H2S.  The rate of decline was more 

than doubled when only 0.5 ppm AsH3 was added to the simulated coal gas stream.  This 

observation is puzzling because that AsH3 alone at a level of 0.5 ppm did not degrade the 

performance of the cell even after 1000 h of exposure, as reported previously (Figure 5.53).  

These results indicate that the combined poisoning effect of some of these contaminants is more 

severe than individual contaminants alone.   
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Figure 5.66.  The cell potential and current density as a function of time when exposed to a 

simulated coal gas stream containing 1.2 0.9, and 0.5 ppm of H2S, PH3, and AsH3, 
respectively.     
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Figure 5.67. The power density of a cell as a function of time when exposed to a simulated coal 

gas stream containing 1.2 0.9, and 0.5 ppm of H2S, PH3, and AsH3 respectively. 
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5.5.4  Results with a Gas containing H2S, AsH3, PH3, and CH3Cl 

H2S was introduced at 1 ppm level into a cell that was stabilized in syngas for over 130 h.  

The power density decreased gradually within the first several hours of addition (Figure 5.68).  

Then the cell output stabilized and remained a constant over the 100 h time period.  After this 

period, AsH3 was then introduced at a level of 0.5 ppm.  The power density on exposure to both 

H2S and AsH3 did not show any further degradation during the first 120 h of exposure 

(Figure 5.69), but after that period it decreased with time at a rate of 0.054 mW/cm2/h.  After 

over 240 h of exposure to H2S and AsH3, 0.5ppm level of PH3 was introduced.  The power 

density showed a gradual decrease (0.045 mW/cm2/h) with time (Figure 5.70).  However, the 

degradation seems to stop after about 80 h in PH3, and the power density remained stable over 

the additional 90 h of exposure in PH3.  At the end of this period, 1 ppm of CH3Cl was 

introduced.  A slight decrease over time was noticed initially.  Figure 5.71 illustrates the 

cumulative change in the power density as the cell is exposed to the contaminants in sequence.  

The I-V curves shown in Figure 5.72 also illustrate the degradation in the cell performance 

which mirrors the change in the power density curves obtained at a constant current. 
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Figure 5.68. The variation of the power density on exposure to 1 ppm of H2S in a simulated coal 
gas. 
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Figure 5.69. The variation of the power density on exposure to 1 ppm of H2S and 0.5 ppm AsH3 
in a simulated coal gas. 
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Figure 5.70. The variation of the power density on exposure to 1 ppm of H2S, 0.5 ppm AsH3, 
and 0.5 ppm PH3 in a simulated coal gas. 
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Figure 5.71. The change in the power density as a function of time on cumulative exposure to 

H2S, AsH3, PH3, and CH3Cl at 750°C. 
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Figure 5.72.  The I-V curves on cumulative exposure to H2S, AsH3, PH3, and CH3Cl at 750°C. 

AC impedance spectra were measured by a Solatron impedance/gain-phase analyzer SI 

1260 using four point measurement method with the frequency swept from 10kHz to 0.1Hz.  The 
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cell was polarized at 1A (0.222A/cm2), and the perturbation current is set at the amplitude of 

20mA.  The current measurement resistor used is 0.1Ohm. 

Figure 5.73 shows the complex plot and bode plot of the impedance data measured after 

100 h of exposure in ~1 ppm of H2S, 240 h of exposure after the superimposition of 0.5ppm 

AsH3, and 165 h of exposure after further superimposition of 0.5 ppm PH3.  Three distinctive but 

depressed arcs can be seen from both plots, representing three different controlling processes for 

the cell reactions (both the anodic and cathodic reactions are included).  The low frequency arcs 

are somewhat scattered, due to the steam injection perturbation from the liquid pump.  However, 

from the frequency dispersion of the phase/theta diagram in the bode plot, an arc is clearly seen 

at the low frequency range.   
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Figure 5.73. Effect of contaminants to the impedance spectra of the solid oxide fuel cell shown 

as complex and bode plots. 

Note that the impedance spectra for the cell fed with syngas and without any 

contaminants were measured when the power density was still in the ramping up period.  Hence 

it does not compare well with the others, and therefore it is not shown in Figure 5.70. However, 

the frequency dispersion of the impedance data is similar with that of others, having three 

distinctive arcs representing three controlling processes for the cell reactions. 

An equivalent circuit model (Figure 5.74) consisting of three parallel combinations of 

electrode resistance R and constant phase elements CPE.  Ri and CPEi are labeled for each arc 

from high frequency to low frequency accordingly, and Rs is the ohmic resistance of the 

electrolyte and other resistances (e.g. contact and current collecting).  The series resistance Rs 

includes all the ohmic resistances of the electrolyte, contacts, current collectors, and the current 

measurement resistor (0.1Ohm).  R1, R2, and R3 represent the resistance for the high frequency 

arc, medium frequency arc, and low frequency arc, respectively.   

 

Rs R1
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R2

CPE2

R3
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Figure 5.74.  Equivalent circuit model. 
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The constant phase elements CPE1-3 are the impedance for each arc from high frequency 

to low frequency, which can be represented by an empirical equation:  

n
CPE jAZ −= )( ω  [1] 

 

where ω  is the angular frequency, 1−=j , A is a constant, and n is the frequency power which 

gives the depressed semicircles of the impedance spectra.  n is usually in the range of 0 to 1.  For 

n=1, the CPE is a pure capacitance, and for n=0.5, the CPE is a Warburg-type diffusion 

impedance.   

From the complex plot, it is seen that the extrapolation of the high frequency arcs 

intercept with the real axis at approximately 0.85 Ohm.cm2 (indicating Rs is approximately 0.85 

Ohm.cm2), and the intercept shifts toward the higher resistance values as more and more 

contaminants are added.  There’s not much variation of the impedance spectra with the addition 

of H2S and AsH3, but noticeable total resistance increase and frequency shift are observed after 

the superimposition of PH3.  Since the total resistance is less than 1.6 Ohm.cm2, and that Rs is 

approximately 0.85 Ohm.cm2, so the resistance for each arc/process Ri is in the range of 0.1-0.35 

Ohm.cm2.  An estimation of the capacitance value for each process can be obtained based on the 

apex frequency of each arc in the frequency dispersion of the phase/theta diagram: CPE1 is 

400 μF/cm2, CPE2 is ~30mF/cm2, and CPE3 is ~1F/cm2, approximately.  According to literature 

survey, CPE1 may be attributed to the space charge/double layer capacitance at the 

electrode/electrolyte interface, CPE2 may be associated with surface adsorption/desorption 

phenomena of the fuel gas, and CPE3 may be attributed to some bulk behavior.  Further analysis 

of the impedance spectra is convoluted due to the spectra including the phenomena of both the 

anodic and cathodic processes.    

5.5.5  Effect of CH3Cl in Mitigating the effects of AsH3 and PH3,  

We tested the hypothesis whether the addition of Cl species to the gas can mitigate the 

effect of As and P contaminants.  The SOFC sample was maintained at a constant temperature of 

750°C.  Initially, the cell was kept at the operating temperature in a contaminant-free simulated 

coal-derived gas stream for more than 200 h to obtain steady state conditions at a constant 

current load of 1A (222 mA/cm2).  After the cell stabilized in 0.5 ppm AsH3, CH3Cl at 1 ppm 

level was introduced in the anode feed gas.  After a slight initial degradation due to the surface 

adsorption of Cl atoms, the cell power density appeared to stabilize for 200 h.  After this period, 

the power density improved gradually to 132 mW/cm2 (Figure 5.75).  These results indicate that 

the presence of CH3Cl in the anode feed gas may mitigate the degradation effects of AsH3. 
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Figure 5.76 shows the power density of the cell after the addition of 0.7 ppm PH3 to the 

anode feed gas.  The power density increased gradually but at a slower rate than before the 

introduction of PH3.  So the amount of PH3 concentration was increased to 1.4 ppm after 95 h 

(595 h of cumulative time) of exposure.  Although the cell power density remained nearly stable 

for some time, it began to decrease rapidly after 330 h of PH3 exposure at 1.4 ppm level.  

Overall, during the exposure to the 1 ppm level of PH3, the power density increased from 132 to 

135 mW/cm2 over 330 h, and then decreased to 135 to 128 mW/cm2.  The concentration of 

CH3Cl exposure was then increased to 2 ppm at a cumulative exposure time of 900 h.  The 

power density remained stable at 131mW/cm2 for ~100h and the test was stopped.   
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Figure 5.75. Cell power density after exposure to 1 ppm CH3Cl in a simulated coal gas. 
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Figure 5.76.  Cell performance after combined exposure of AsH3, PH3, and CH3Cl in a simulated 

coal gas. 
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Figures 5.77 and 5.78 shows the overall performance for this cell during the 1100 h 

operation.  It illustrates that the synergistic effect of AsH3, H2S, PH3, and CH3Cl contaminants in 

coal gas streams.  After an initial decay at the introduction of H2S, the cell maintained the power 

density at ~130 mW/cm2 over 900 h.  The data suggest that the presence of gaseous chloride 

species such as CH3Cl may negate the detrimental effects of AsH3 and PH3 on the cell power 

density.  Additional experiments are needed to determine the mechanism of this effect. 
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Figure 5.77. Cell power density during the exposure to AsH3, CH3Cl and PH3 in a simulated coal 

gas at 750°C. 
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Figure 5.78. Cell power density during the exposure to H2S, AsH3, CH3Cl and PH3 in a 

simulated coal gas at 750°C. 

It is known that the effect of PH3 gas on the cell power density is very deleterious, even 

at 1 ppm level, phosphides are formed, thus deteriorate the structure and morphology of the 
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anode.  However, in this case, the cell had only very negligible performance loss during the 1000 

h test.  It seems that chlorine species may have suppressed the deleterious effect of PH3.  

Additional studies are needed to determine whether the mechanism is through the Cl species 

adsorbed on the surface prevent the adsorption of P species, or due to the formation of gaseous 

phosphor and chlorine compounds (PCl, PCl3 or PCl5 vapors) which could be carried away by 

the gas.   
 

5.6  Synergistic Effects of Trace-Level Contaminants 

The long-term tests with ~1 ppm level of contaminants, in general, confirmed the results 

of the accelerated tests.  AsH3 and PH3 even at 1 ppm level reacted strongly with nickel particles 

in the anode leading to a significant degradation in the cell output in several hundred hours of 

exposure.  When H2S is present at 1 ppm level, the cell power output decreases immediately, but 

it stabilizes at a slightly lower level.  However, when AsH3 or PH3 are present along with H2S, 

the decline in the cell output is more rapid than in the absence of H2S.  For example, when PH3 

and H2S were added to the anode gas at ~1 ppm level each, the degradation in the cell power 

density was somewhat higher than when PH3 alone was added to the anode gas (0.07 vs 0.06 

mW/(cm2/h).   Similarly, the cell power density in the presence of 0.5 ppm AsH3 decreased from 

135 to 130 mW/cm2 in 40 h when 1 ppm of H2S was added to the anode gas.  The synergistic 

effect of the contaminants was more apparent when H2S (1 ppm), PH3 (1 ppm), and AsH3 (0.5 

ppm) are present simultaneously.  In that case, the cell degraded at a rate of 0.18 mW/cm2/h, a 

nearly twice of the degradation rate when H2S and PH3 are present only.   

These results suggest that As and P compounds react strongly with nickel particles in the 

anode forming nickel phosphides and arsenides.  The phosphides and arsenides accumulate from 

the top of the anode into the cell. These compounds are poor electrical conductors and brittle in 

nature.  Cell failure occurred often when the contact nickel mesh was broken at the lead wire.  

These results are in agreement with the results reported by Marina et al. (2008). 

The reactions between nickel particles and PH3 and AsH3 are mainly irreversible.  The 

equilibrium constants for these reaction are extremely large. 

3 Ni + PH3(g) = Ni3P + 1.5 H2(g);  K750° C = 5.2 x 1011 

5 Ni + 2 AsH3 = Ni5As2 + 2 H2(g); K750° C = 9.7 x 1020 

Although PH3 gas is thermodynamically unstable at the SOFC operating temperature and 

will be converted to HPO2(g) or HPO(g).  the formation of a nickel phosphide is 

thermodynamically favored highly. 

6Ni +2 HPO(g) + H2(g) = 2Ni3P + 2H2O(g);  K750° C = 3.4 x 1030 
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These large rate constants imply that the PH3 and AsH3 must be present at levels below 

10-11 atm to prevent the formation of phoshpides and arsenides.   

The synergistic effect of H2S and PH3 was also apparent when the phosphide that was 

formed at 750°C was present as micro-whiskers indicating the formation of a liquid phase.  The 

Ni-P phase diagram indicates that Ni3P melts at 950°C and an eutectic composition of  19 atom% 

P-81 atom% Ni melts at 870°C (ASM, 1992).  The formation of a liquidus at 750°C indicates 

that the melting point of the phosphide may be lowered by a sulfur adsorbate.  Note that the 1 

ppm H2S level at 750°C is too low a concentration for the formation of Ni3S2 phase.  

Preliminary results suggest that the presence of gaseous chloride species such as CH3Cl 

may negate the detrimental effects of AsH3 and PH3 on the cell power density.  Additional 

experiments are needed to determine the mechanism of this effect. 

Based on these results,, AsH3 and PH3 concentrations in the coal gas must be reduced to 

sub-ppm levels to prevent long-term degradation of the Ni-cermet based SOFC.   
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6.0  CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions were derived from the results of the study: 

1. In short-term accelerated tests in the temperature range 750° to 850°C, we identified 

H2S, AsH3, PH3, and CH3Cl as the potential contaminants that can affect the electrical 

performance of SOFCs.  The effect of some of these contaminants varied with the 

operating temperature.  Catastrophic cell failure due to contact break inside the anode 

chamber occurred when the cell was exposed to arsenic or phosphorous species. 

2. The electrical performance of SOFC samples suffered less than 1% in 100 h when 

exposed to contaminants such as HCl(g), Hg(g), Zn(g), and SbO(g) at levels of 8 ppm 

and above. 

3. H2S at ppm level only caused immediate performance drop during the first several 

hours, but no long term effect has been observed. 

4. AsH3 vapor at 0.5 ppm did not affect the electrical performance of an SOFC sample 

even after 1000 h at 750°C.  PH3(g) at 1 ppm level caused the cell power density to 

decrease rapidly (0.01% per 100 h after 200 h).   

5. When the anode fuel gas contains H2S and AsH3 or PH3 at 1 ppm level, the cell power 

density decreased more rapidly than with one contaminant alone. 

6. The cell power density degraded rapidly when the anode gas contained multiple 

contaminants including H2S and AsH3 or PH3 at 1 ppm level.  Chloride containing 

gases such as CH3Cl and HCl at ppm level can also cause immediate but slight cell 

power density decrease.  However, chloride containing species may reduce the 

degradation effect of AsH3 and PH3 significantly.  So its overall effect may be 

beneficial. 

7. The experimental results suggest that AsH3 or PH3 to sub ppm levels, preferably to 

less than 0.1 ppm to prevent long-term degradation of the SOFC. 

8. The conversion of AsH3(g) to As2(g) and PH3(g) to HPO(g) at SOFC operating 

temperature is kinetically limited.  If they are formed during the coal gas cleaning 

step at low temperatures, the hydrides may be present in the anode chamber to react 

with nickel particles. 

9. The poisoning effect of S, Cl, As, and P containing species can be mainly 

differentiated into two categories: surface effect, or bulk effect.  S and Cl adsorb on 
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the anode surface, blocking the active catalyst sites for fuel adsorption and reaction, 

and their effect is recoverable.  Whereas As and P can react with the anode, forming 

irreversible compounds, and therefore, the effect is not recoverable. 

We recommend the following for further studies: 

1. Perform long-term tests with multiple contaminants at a temperature range of 

750° to 850°C, preferably using a gas from an operating gasifier.   

2. Validate the observation that chloride species may reduce the degradation effects 

of PH3(g) and AsH3(g). 

3. Identify the chemical nature of the trace-level contaminant species in the coal-

derived fuel gas from an operating gasifier after the gas has been treated to 

remove H2S and other minor contaminants.   
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Introduction 

The U.S. Department of Energy (DOE) is investigating technologies to produce 
electricity from coal that achieve higher efficiencies and lower emissions than conventional coal-
fired power plants. One such technology currently under study is solid oxide fuel cells (SOFCs) 
fueled with coal-derived synthesis gas (syngas). Unlike other types of fuel cells that require 
predominately hydrogen to produce electricity, SOFCs can produce electricity from both 
hydrogen and carbon monoxide.  This ability, when coupled with coal gasification, can achieve 
extremely higher overall efficiencies. Unfortunately to achieve high efficiency and cost-effective 
long term performance of SOFCs, coal-derived syngas streams must have many of the 
contaminants removed. The exact cleaning specifications required that will effectively balance 
the cost associated with syngas cleaning and replacement of the SOFC have not been fully 
defined.  
 

The primary objective of this project was to determine at what concentrations of 
elemental mercury and arsine affect the performance of SOFCs operating in the temperature 
range of 750 to 850ºC. To meet this objective, RTI International (RTI), under a subcontract 
agreement with SRI International (SRI), operated SOFCs with simulated syngas streams 
containing vapor phase elemental mercury and arsine and monitored performance at a specific 
set of testing conditions for periods of about 100 hours.  All data generated during this 
experiment was reported to SRI. The following sections describe the experimental procedures 
used to conduct these SOFC tests and summarize the results collected during these tests.  

Experimental Procedures 

The SOFCs used in this project were supplied by SRI and consisted of single-stack cells 
with nominal diameters of 1 in.  Each cell was fabricated with Ni-cermet anodes and lanthanum 
strontium manganate (LSM) cathodes. A box-type furnace specifically designed for testing these 
SOFCs was also provided by SRI. Although the primary function of this box furnace was to 
accurately and reliably control the temperature of the SOFC, the furnace chamber surrounding 
the SOFC also provided a means to expose the SOFC cathode on the outer surface of the SOFC 
to an oxidizing gas. This was accomplished by sweeping the furnace chamber with zero grade air 
at 300 mL/min.   

 
  The inlet and outlet ports for the anode chamber were made of 0.25 in O.D. ceramic 

tubes. The effluent gas from the anode chamber was cooled to room temperature in a 1000-mL 
round bottom flask where any condensed water was collected. Cells were operated at a 1-amp 
constant load and the cell potential was monitored to determine electrical performance (power 
density-vs-time).  
 

Simulated syngas mixtures for these SOFC tests were generated in two systems available 
at RTI that were modified to provide the desired simulated syngas composition. One system was 
designed to provide a simulated syngas mixture with controlled amounts of Hg, whereas the 
other provided a simulated syngas with controlled amounts of arsine.  All SOFC testing was 
conducted at, or near, atmospheric pressure. To comply with the approved safety protocol for 
these experimental systems, both systems used for SOFC testing were operated inside a chemical 
fume hood. 
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The SOFCs were first thermally conditioned to set the refractory materials used to hold 
the cell components together. During this thermal conditioning, zero-grade air was fed through 
the anode chamber at 10 mL/min in addition to sweeping out the furnace chamber at 300 
mL/min. The cell was then heated to 500°C at 1°C/min and maintained at 500°C for 10 hours. 
After the 10 hour hold period, the gas feed for the anode chamber was switched from zero-grade 
air to hydrogen to reduce the nickel anode.  The cell temperature was then increased to the 
desired exposure temperature at 1°C/min to complete thermal conditioning of the SOFC and 
reduction of the Ni anode. 

 
After thermal conditioning, the SOFCs were operated at a constant load of 1 amp for a 

burn-in period with a contaminant-free simulated syngas. The end of this burn-in period occurred 
when the electrical output stabilized. Electrical performance was monitored during the burn-in 
period to establish an operating baseline.  

 
Following the burn-in period, the SOFC was operated using a simulated syngas 

containing either elemental mercury or arsine.  The SOFC was maintained at the desired testing 
temperature with a constant load of 1 amp while the cell potential was measured and recorded 
every 28 seconds. Testing with a simulated syngas containing elemental mercury was operated at 
three different temperatures for about 100 hours at each temperature without any interruption of 
the simulated syngas flow. Because arsine has an OSHA personal exposure limit of 0.05 ppm, 
the approved safety protocol for this simulated syngas generation system required attended 
operation. Therefore, this system was operated only during normal business hours with the 
simulated syngas containing arsine. During unattended operation, the SOFC was fed the 
simulated syngas mixture minus the arsine.  The actual exposure time was measured based on the 
total accumulated exposure time with simulated syngas containing arsine. 

 
Because RTI’s contribution to this project was the experimental systems for generating 

and monitoring the simulated syngas mixtures with controlled concentrations of elemental 
mercury and arsine, these systems are described in more detail in the following sections.   

 

Simulated Syngas System for Mercury 
A schematic of RTI’s testing system designed to generate a simulated syngas mixture 

with a controlled amount of elemental mercury is shown in Figure 1. The main components of 
this system included the equipment necessary to blend a simulated syngas mixture with 
elemental mercury, the SOFC and associated box furnace, a system to measure elemental 
mercury concentration in the effluent syngas using a solid adsorbent, and a scrubbing system to 
remove any remaining mercury from the simulated syngas prior to release to the environment. 
The elemental mercury in the simulated syngas was provided by means of a commercially 
available mercury permeation system. At the heart of this mercury permeation system was a 
mercury permeation tube (VICI Metronics, INC), which contained elemental mercury sealed in a 
Teflon ™ tube capped at both ends with two non-permeating plugs. Mercury vapor permeated 
through the walls of the tube at a rate that was proportional to the surface area, temperature, and 
pressure inside the permeation chamber. Carbon dioxide, metered with a mass flow controller, 
was used to sweep the vapor phase mercury from the permeation tube maintained at an 
appropriate temperature using a permeation oven. Additional syngas components including 
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carbon monoxide, hydrogen, steam and additional carbon dioxide were blended with the carbon 
dioxide/mercury gas mixture to generate the simulated syngas. Steam was generated by 
vaporizing water supplied from a syringe pump. The simulated syngas target composition with 
elemental mercury is shown in Table 1. 
 
 

 

 70 °C 

Compressed 
CO2 

 Hg Permeation 
Source 

MFC #1 

Compressed 
Syngas 

Components 

MFC #2

Compressed 
H2 or N2 

Syringe 
Pump 

3-Way 
Valve SOFC 

Furnace 

Water 
Knock-out 

Adsorbent 
Cartridge 

Hg Scrubber 

 Figure 1. System for Testing SOFC with Simulated SyngasContaining 
Controlled Concentrations of Elemental Mercury  

 
 

Table 1. Composition of Simulated Syngas 
with Elemental Mercury 

Component Nominal Concentration 

Mercury 200 ppb 

Carbon dioxide 19.2 % 

Carbon monoxide 30.8 % 

Hydrogen 23.2 % 

Steam 26.8 % 
 

To analytically establish the concentration of elemental mercury in the simulated syngas, 
a solid adsorbent for mercury was used to sample the simulated syngas. In order to make the 
most accurate determination of the concentration of the elemental mercury being fed to the 
SOFC, two important aspects for sampling the simulated syngas were (1)  the simulated syngas 
was sampled downstream of the steam knockout trap to effectively demonstrate the amount of 
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elemental mercury reaching the SOFC  and (2) the SOFC was replaced with a short piece of 
stainless steel tubing to ensure any potential mercury adsorption by the SOFC was not affecting 
determination of the elemental mercury concentration.  The sampling procedure consisted of 
exposing 200 mg of the solid adsorbent (Carulite) to the simulated syngas mixture for 3 minutes. 
After 3 minutes, the solid adsorbent was removed and stored in a glass vial until it was analyzed.  

These adsorbent samples generated were analyzed for mercury content using a DMA-80 
(Milestone) direct mercury analyzer. Operation of the DMA-80 was based on liberating mercury 
from the sample matrix by combusting in an oxygen atmosphere. The released mercury was 
carried through a catalyst tube and finally collected on a gold amalgam trap at room temperature. 
The gold trap was then heated, releasing the mercury for analysis by cold vapor atomic 
absorption spectroscopy (CVAAS). 

Because the system components have a limited capacity to adsorb mercury, the entire 
system was exposed to the simulated syngas mixture with mercury to effectively saturate any 
active sites in the system. During this saturation period, a stainless steel spool piece was used 
instead of the SOFC and this spool piece was maintained at 100ºC using the box furnace. After 
the saturation period, a series of adsorbent samples were collected to establish the inlet mercury 
concentration in the syngas being fed into the SOFC.  

A similar adsorbent sampling procedure was used to determine elemental mercury 
concentration in the SOFC effluent gas at different periods during actual testing with simulated 
syngas.  

Simulated Syngas System for Arsine 
A schematic of RTI’s testing system designed to generate a simulated syngas mixture 

containing a controlled concentration of arsine is shown in Figure 2. The main components of 
this apparatus included a blending system to generate a simulated syngas with arsine, the SOFC 
and associated box furnace, a system to measure the arsine concentration in the effluent gas 
using a solid adsorbent, and a scrubbing system to remove the arsine prior to venting the gas.  
Because of the need to protect the operator from exposure to arsine, this system also included a 
six-port two-position valve (VICI, Inc), which was used to purge any gas mixture containing 
arsine from the system with nitrogen and place the system in a safe standby mode. All transfer 
lines leading into and out of this valve were constructed of stainless steel tubing maintained at 
100°C using heat tape. The valve was also maintained at 100°C using a heated enclosure.   

The simulated syngas was generated by dynamically blending a gas mixture containing 
50 ppmv of arsine in hydrogen (Scott Specialty Gases, Inc.) with additional hydrogen, carbon 
dioxide and carbon monoxide. The steam content of the simulated syngas was generated by 
vaporization of controlled amounts of water supplied from a syringe pump. Typical target syngas 
compositions for the arsine exposures are shown in Table 2.  

The concentration of arsine in the simulated syngas mixture was controlled by means of 
the flow of the gas mixture containing arsine. The concentration of arsine in the SOFC effluent 
gas was monitored by collection of arsine on a solid adsorbent material during 30 minutes of 
exposure.  Test cartridges with this solid adsorbent were prepared immediately before use.  
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These cartridges were constructed from 0.375 in. O D x 2 in. stainless steel tubing. 
Enough solid adsorbent was packed in the stainless steel tube to form a 1 in. adsorbent bed. This 
adsorbent bed was held in place with quartz wool plugs.  As shown in Figure 2, this adsorbent 
cartridge was used to sample the gas after the water knock-out pot. During sampling, the 
adsorbent cartridge was maintained at 220ºC using a heat tape.  After the 30-min exposure 
period, the adsorbent cartridge was removed and the solid adsorbent collected and stored in glass 
vials until it was analyzed. 

The solid adsorbent samples were analyzed by transferring the exposed adsorbent to 
separate 50 mL centrifuge tubes. Ten drops of deionized water were added to the vessel along 
with 2 mL of Unisolv and 0.5 mL of nitric acid. The final volume was then adjusted with 
deionized water. The amount of arsenic recovered from the solid adsorbents was determined by 
analyzing the resulting solution using inductively coupled plasma optical emission spectroscopy 
(ICP-OES). 

 To overcome the natural capacity of the system to adsorb arsenic, the system was 
exposed to simulated syngas containing arsine. During this saturation period, the SOFC was 
replaced with a small stainless steel spool which was maintained at 100ºC. After this saturation 
period, a set of duplicate solid adsorbent samples were exposed for 30 minute periods to 
establish the arsine concentration of the simulated syngas mixture being fed into the SOFC. 

Solid adsorbent samples were also periodically exposed during actual SOFC testing to 
monitor the arsenic concentration in the SOFC effluent gas. 
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Figure 2. System for Testing SOFC with Simulated Syngas Containing Controlled Concentrations of Arsine 
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Table 2. Composition of Simulated Synags with 
Arsine  

Component Concentration 

Arsine 1.3 ppm 

Carbon dioxide 17.1 % 

Carbon monoxide 29.1 % 

Hydrogen 27.1 % 

Steam 26.7 % 

 

 

Experimental Results and Discussions 

Results from SOFC tests with simulated syngas containing elemental mercury and arsine 
are summarized in the following sections. Each section provides electrical performance data 
during burn-in and contaminant effluent concentrations from solid adsorbent analysis collected 
before and during testing. 

Mercury Testing Results 
The results from duplicate solid adsorbent analysis for elemental mercury collected to 

establish the inlet mercury concentration for the SOFC are presented in Table 3. As discussed 
previously, these samples were collected after the test system had been exposed to simulated 
syngas with elemental mercury to effectively saturate any active sites in the system. During this 
system exposure, the actual SOFC was replaced with a stainless steel spool piece maintained at 
100º C.  The results shown in Table 3 represent the amount of mercury trapped during exposure 
of the solid adsorbent to the simulated syngas for 3 minutes. The resulting calculated 
concentration of elemental mercury in the simulated syngas was very close to the target 
concentration of 200 ppb. 

 
Table 3. Elemental Mercury Concentration in the Simulated 
Syngas based on Analysis of Solid Adsorbent Samples 

Sample Code Amount Detected (ng) 
Calculated Gas 

Concentration (ppb) 

11701-6A 472 188 

11701-6B 510 203 

11701-6C 509 202 
 

A single SOFC was used to complete the mercury testing at three exposure temperatures. 
This cell, identified as SOFC RTI-01, was installed as shown in Figure 1. After thermal 
conditioning of this SOFC and reducing the Ni anode, the SOFC was exposed to a contaminant-
free simulated syngas to complete the burn-in procedure. At 750ºC, the electrical output 
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stabilized after 18 hours of operation. Figure 3 shows the electrical output results for the burn-in 
period and testing with simulated syngas containing elemental mercury at three operating 
temperatures  

 
With the completion of the burn-in process, SOFC exposure to a simulated syngas 

containing 200 ppb of mercury was started. During the first 115 hours of this exposure test, the 
SOFC was maintained at 750ºC. During this period, the electrical output from the SOFC 
gradually increased from 706 mV to 734 mV.   

 
For the second portion of this test, the temperature of the SOFC was increased to 800ºC. 

After the temperature stabilized at 800ºC the SOFC was exposed for 121 hours to simulated 
syngas containing elemental mercury. Once again, the SOFC electrical output gradually 
increased from 733 mV to 746 mV. 

 
During the final portion of this test, the temperature of the SOFC was increase to 850ºC. 

After the temperature was stable at 850ºC, the SOFC was exposure for 102 hours. During this 
period the electrical output gradually decreased from 744 mV to 731 mV.    

 
During this SOFC testing, solid adsorbent samples were periodically collected to 

determine the concentration of elemental mercury in the effluent from the SOFC.  Results from 
analysis of these adsorbent samples and the calculated mercury concentration in the effluent gas 
are shown in Table 4.  The values in Table 4 show that during this entire test, the concentration 
of elemental mercury in the effluent gas remained constant at about 180 ppb and was not affected 
by the operating temperature of the SOFC. 
 



Figure 3. SOFC RTI-01 Mercury Exposure
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Table 4. Results from Adsorbent Samples Collected During Mercury 
Exposures and Calculated Gas Stream Concentrations 

Sample Code 
Exposure 

Temperature (°C) 
Exposure 

Time (min)1 
Amount 

Detected (ng) 
Calculated Gas 

Concentration (ppb) 

11701-12C 750 100 455 182 

11701-12D  100 Sample Lost - 

11701-13A  1200 472 169 

11701-13B  1200 479 192 

11701-13D  2940 454 182 

11701-13E  2940 394 158 

11701-14A  4080 407 163 

11701-14B  4080 428 171 

11701-14D  6840 446 178 

11701-14E  6840 453 181 

11701-15A 800 35 469 188 

11701-15B  35 469 188 

11701-15C  1645 487 187 

11701-15D  1645 461 184 

11701-17A  3255 440 176 

11701-17B  3255 440 176 

11701-18A  4375 438 175 

11701-18B  4375 419 168 

11701-19A  6175 424 170 

11701-19B  6175 438 174 

11701-19D  7135 434 174 

11701-19E  7135 444 178 

11701-20C 850 80 483 193 

11701-20D  80 464 186 

11701-20E  3066 466 186 

11701-20F  3066 445 178 

11701-21B  4630 453 181 

11701-21C  4630 431 172 

11701-22A  6130 466 186 

11701-22B  6130 447 179 
1 Time that the QC sample was collected after reaching the stated exposure temperature. 
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Arsine Testing Results 
After exposing the testing system (with the SOFC replaced with a stainless steel spool 

piece maintained at 100ºC) with simulated syngas containing arsine to saturate any active sites, 
duplicate solid adsorbent samples were collected to measure the arsine concentration in the 
simulated syngas downstream of the water knock-out pot. The results from analysis of the 
duplicate samples are provided in Table 5. These results show that the concentrations calculated 
from the measured amounts of arsine in the syngas closely matched the predicted concentration 
based on the flow rates of the different gas components used to generate the simulated syngas.  

 
The exposure test of an SOFC with simulated syngas containing arsine at 750ºC was 

conducted with the SOFC identified as SOFC RTI-03.  Following the thermal conditioning and 
the Ni-anode reduction, the burn-in period for this SOFC was started. Although the SOFC 
rapidly reached stable electrical performance, burn-in conditions were maintained for 110 hours 
to deal with some unanticipated ventilation system maintenance.  

 
After this burn-in, the SOFC exposure to simulated syngas with approximately 1.33 

ppmv of arsine at 750ºC was started.  The power density curve for the exposure of SOFC RTI-03 
to arsine is shown in Figure 4. Because the approved safety protocol for this system required 
manned operation, this system was only operated during normal business hours. During 
unattended operation, the SOFC was exposed to the simulated syngas mixture minus the arsine. 
Thus, to get the desired 100 hours of exposure to simulated syngas with arsine, the SOFC was 
operated at 750ºC for close to 800 total hours. To facilitate interpretation of the effects of arsenic 
exposure on SOFC performance, the results in Figure 4 show only the power density versus 
operating time during exposure to simulated syngas containing arsine.   

 
 

The electrical potential for this SOFC was similar to the previous SOFC used for mercury 
exposure, but the inherent natural variation in this SOFC’s electrical output was significantly 
higher. During the burn-in period, the average potential for this SOFC was 731±12.2 mV. 
During the first 130 hours of exposure to simulated syngas with arsine, the average SOFC 
potential was 746±15.9 mV. After 130 hours of exposure to simulated syngas with arsine, the 
measured flow rate of the simulated syngas at the outlet of the SOFC decreased slightly. The 
cause of this decrease in measured flow rate is believed to result from an internal leak in the 
SOFC.  This test was terminated after 180 hours of exposure to simuated syngas with arsine and 
800 total operating hours.  



Figure 4. SOFC RTI-03 Arsine Exposure (Extracted Data)
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Table 5. Arsine Concentration in the Simulated Syngas Based on Analysis 
of Solid Adsorbent Samples Collected at the Start of Testing  

Sample Code 
Amount Detected 

(µg) 

Measured 
Concentration 

(ppm)1 

Predicted 
Concentration 

(ppm)2 

11701-54A 14.8 1.54 1.33 

11701-54B 16.1 1.68 1.33 
1 Concentrations calculated using arsenic measurement from adsorbent samples. 
2 Concentrations calculated using arsine concentration in certified compressed gas 
mixture. 
 

During the 180 hours of exposure to simulated syngas containing arsine, solid 
adsorbent samples were collected twice in an attempt to determine the arsine 
concentration downstream of the SOFC. The results shown in Table 6 indicate that no 
arsenic was detected in any of these samples. 
 
Table 6. Arsine Concentration in the Simulated Syngas Based on Analysis 
of Solid Adsorbent Samples Collected During Testing 

Sample 
Code 

Sample 
Time (min) 

Amount 
Detected 

(µg) 

Measured 
Concentration 

(ppm)1 
Predicted 

Concentration (ppm)2 

11701-71B 510 ND - 1.33 

11701-75B 3390 ND - 1.33 

ND = Not detected. 
1 Concentrations calculated using arsenic measurement from adsorbent samples. 
2 Concentrations calculated using arsine concentration in certified compressed gas 
mixture. 
  

 
Following the arsine exposure test, the SOFC was removed and replaced with the 

stainless steel spool piece used during system saturation and initial measurement of the 
arsenic in the simulated syngas. A second set of duplicate samples was collected to 
determine the arsine concentration in the simulated syngas downstream of the water 
knock-out trap. These results are shown in Table 7. The results in Table 7 show that the 
concentration of arsine in the reactor inlet had remained near the target concentration of 
1.33 ppmv for the entire exposure test.  
 

Table 7. Arsine Concentration in the Simulated Syngas Based on Analysis of 
Solid Adsorbent Samples Collected at the End of Testing  



 

Sample Code 
Amount Detected 

(µg) 
Measured 

Concentration (ppm)1 
Predicted 

Concentration (ppm)2 

11701-87B 9.90 1.03 1.33 

11701-87C 9.10 0.949 1.33 
1 Concentrations calculated using arsenic measurement from adsorbent samples. 
2 Concentrations calculated using arsine concentration in certified compressed gas mixture. 
 

Conclusions 

Two SOFCs supplied by SRI were exposed to simulated syngas containing either 
elemental mercury or arsine. For the elemental mercury exposure, the SOFC was exposed 
to a simulated syngas mixture containing about 200 ppbv of elemental mercury for 115 
hours at 750ºC, 121 hours at 800ºC, and 102 hours at 850ºC. During this exposure, the 
electrical output was measured and recorded every 28 seconds at a constant load of 1 
amp. Measurement of the elemental mercury concentration in the SOFC effluent 
remained constant at an average value of near 180 ppbv.  

 
During the arsine exposure test, a second SOFC was exposed to a simulated 

syngas containing 1.33 ppmv of arsine at 750ºC. Because the approved safety protocol 
for this system required attended operation with arsine, the SOFC was exposed to 
simulated syngas minus the arsine during unattended operation. This exposure test was 
run to accumulate a total of 180 hours of exposure with simulated syngas containing 
arsine. The total operating time for this exposure test was over 800 hours. After about 
130 hours of arsine exposure, the measured effluent flow rate from the SOFC decreased 
slightly. This decrease is believed to be associated with an internal leak in the SOFC that 
developed during testing. Regular analysis of the SOFC effluent during the exposure with 
solid adsorbent samples indicated that no arsenic was present in the reactor effluent. After 
the exposure test, the SOFC was replaced with a stainless steel spool piece and the 
effluent concentration tested with a duplicate solid adsorbent samples. Analysis of these 
samples indicated that during the arsine exposure, the inlet arsine concentration had 
remained close to the target concentration of 1.33 ppmv.  

 
All recorded electrical performance results and analysis of the solid adsorbents 

have been provided to SRI for determination of the effect of simulated syngas containing 
elemental mercury and arsine on SOFC performance. 
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