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ABSTRACT 
The Molten Carbonate Fuel Cell (MCFC) is a high temperature fuel cell for stationary 

applications. It has the same high over-all efficiency (90%) as traditional combined heat and 
power plants, but MCFC can be built in small modules (from 250 kWe). The small modules in 
combination with fuel flexibility (natural gas, biogas, ethanol, diesel) makes MCFC an interesting 
alternative for industries with organic waste and high demands for reliability. The high 
temperature (650 °C) and the presence of molten salt result however in material degradation. 
Corrosion and dissolution of the materials used have been the challenge for MCFC. Although 
long-term field trials have shown that some of the material problems are not as severe as first 
believed, further material development is necessary to decrease the cost and prolong the life-time. 

In the first part of this work, materials for different parts of the cell were tested within 
the EU project IRMATECH. The materials were interesting alternatives to the state-of-the-art 
materials due to their lower cost and/or better performance. Two alternative anode current 
collector materials were tested. For the anode current collector the corrosion and electrical 
resistance of the possible oxide layer are key parameters. These parameters were investigated and 
evaluated. Although both the materials showed a low resistance, there were indications of 
corrosion processes which could affect the life-time of the material. 

For the cathode material, NiO, the dissolution of the material has been a problem. The 
dissolved nickel ions precipitate in the electrolyte and form conductive nickel dendrites that 
eventually short-circuit the cell. Therefore, the nickel dissolution of three alternative cathode 
materials was tested. The most promising material, a NiO doped with magnesium and iron, was 
tested in a single cell to study the electrical performance, the morphology after operation and the 
area where nickel had precipitated. The results showed that the performance was comparable to 
NiO, but it is necessary to investigate the mechanical strength of the material further. 

In the wet-seal area, the stainless steel is coated with an aluminium coating to protect the 
material from a severe corrosion environment. The production of aluminium coatings has so far 
been expensive and complex and an alternative coating process was evaluated. The alternative 
coating, tested in both reducing and oxidising environments showed a tendency to crack and 
expose the stainless steel to the corrosive environment. This was suggested being due to the 
manual coating process that resulted in inhomogeneous coatings. 

In the second part, an alternative process to coat the wet-seal was suggested, based on 
recently published results where aluminium had been electrodeposited from ionic liquids. These 
solvents have a wider electrochemical window than water, and electropositive materials can 
therefore be deposited. To make the coating process suitable for industrial applications, an 
alternative to the commonly used AlCl3 was tested. It was shown however, that the influence of 
the environment had to be investigated before any materials could be produced. The 
environment, especially water in combination with oxygen was shown to influence the cathodic 
current density. In absence of these components, the ionic liquid was shown to be very stable.  

Key words: Molten Carbonate Fuel Cell, Anode current collector, Cathode, Wet-seal, Ionic 
liquid, TFSI 





SAMMANFATTNING 
Smältkarbonatbränslecellen (MCFC) är en högtemperaturbränslecell för stationära 

applikationer. Den har samma höga totalverkningsgrad som konventionella kraftvärme-
anläggningar, men kan byggas i mindre moduler (från 250 kWe). De små modulerna och den 
bränsleflexibilitet (naturgas, biogas, etanol, diesel) som MCFC har, gör den intressant för 
exempelvis industrier med organiska restprodukter och höga krav på tillförlitlighet. Den höga 
temperaturen och närvaron av en saltsmälta gör dock materialdegradering till en viktig faktor för 
forskning och utveckling inom området. För även om de fälttester som nyligen gjorts har visat på 
att vissa av degraderingsprocesserna är mindre allvarliga än förväntat, finns fortfarande ett behov 
av utveckling för att sänka kostnaderna och förlänga livstiden. 

I första delen av detta arbete undersöktes material för olika delar av cellen inom ramarna 
för EU-projektet IRMATECH. Materialen ansågs vara interessanta alternativ till de nuvarande 
materialen på grund av deras lägre kostnad och/eller bättre prestanda. Två alternativa 
anodströmtilledarmaterial undersöktes. För anodströmtilledaren är korrosionen och den 
elektriska resistansen av det eventuella oxidlagret nyckelparametrar. Dessa parametrar 
undersöktes och utvärderades. Fastän de båda alternativa materialen hade oxidlager med låg 
resistans, fanns indikationer på korrosionsprocesser som kan äventyra materialets 
långtidsstabilitet. 

För katodmaterialet, NiO, har upplösningen varit problemet. De upplösta nickeljonerna 
fälls ut i elektrolyten och bildar dendriter som kan kortsluta cellen. Därför undersöktes 
nickelupplösningen hos tre alternativa katodmaterial. Det mest lovande materialet, en nickeloxid-
katod dopad med magnesium och järn testades i en singelcell för att studera elektrokemisk 
prestanda, morfologi och områden där nickelutfällning skett. Resultaten visade att prestandan var 
jämförbar med NiO, men att den mekaniska stabiliteten måste undersökas ytterligare. 

I ”wet-seal”-området är det rostfria stålet belagt med ett aluminiumskikt för att skydda 
det från den mycket korrosiva miljön. Tillverkningsprocesserna för dessa aluminiumbeläggningar 
har hittills varit dyra och komplexa. Därför utvärderades en alternativ tillverkningsprocess. 
Beläggningen, studerad i både reducerande och oxiderande miljö visade en tendens till att spricka 
och därmed exponera det underliggande rostfria stålet. Detta berodde troligtvis på en manuell 
beläggningsprocess som resulterade i ett inhomogent ytskikt. 

I den andra delen av arbetet föreslogs en alternativ tillverkningsmetod, baserad på nyligen 
publicerade resultat där man elektrodeponerat aluminium från jonvätskor. Dessa har ett större 
katodiskt fönster än vatten och möjliggör därför elektrodeponering av elektropositiva material. 
För att göra processen industrivänlig provades ett alternativ till den vanligen använda 
aluminiumtrikloriden. Det visade sig  dock att påverkan av miljön på stabiliteten hos jonvätskan 
behövde undersökas innan några material kunde tillverkas. Vatten i kombination med syre visade 
sig ha en stor inverkan på den katodiska strömtätheten. I frånvaro av dessa komponenter var 
jonvätskan mycket stabil. 

Nyckelord: Smältkarbonatbränslecell, Anodströmtilledare, Katod, Wet-seal, Jonvätska, TFSI 
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1 INTRODUCTION 

”Oh, you are working with fuel cells! Well, we all hope that we will see them in 
our cars in the future” is a comment I got some months ago. This is not an unusual 
comment, many people associate fuel cells with a future alternative to combustion 
engines in cars, although there are other applications where fuel cells could be introduced 
at the market. Independent of what you think about fuel cells, for use in cars or for 
stationary applications, energy is something that always has affected us strongly and will 
continue to do so. Since the debate today is focused on climate change, the limited 
amounts of fossil fuels and increasing living standards, energy is a hot topic. The large 
number of possibilities for producing energy often results in a personal opinion on which 
energy systems should be developed further and which are unrealistic. 

Some facts are clear however. Firstly, the sources of fossil fuels are limited as well 
as the sources of uranium. Secondly, the use of fossil fuels is most probably increasing 
the earth’s temperature, leading to a number of severe consequences. And last, the energy 
consumption in the world tends to increase, not decrease, as the living standard 
increases. It is therefore necessary to change our energy production and probably our 
consumption as well, but how and when and to what extent can be discussed. 

In Sweden, the energy produced originates from four main sources: nuclear 
power, crude oil and oil products, biofuels and hydropower, of which nuclear power and 
hydropower are main suppliers for the electricity production with 69.5 and 72.1 TWh, 
respectively of a total 150 TWh [1]. Both nuclear power and hydropower have small 
carbon dioxide emissions, but in the case of nuclear power, a secure placement of the 
long-life nuclear waste and the limited supplies of uranium, makes it unsustainable. The 
renewable hydropower on the other hand, affects the local ecological system. Swedish 
investments in hydropower are therefore likely to aim at a more efficient use of the 
already regulated rivers instead of exploitation of the four unregulated rivers. 

In combination with the political statements of an oil independence by 2020 [1] 
and our rather old nuclear power plants, there is a need to explore the alternatives and 
make decisions in a near future. 

Wind power is a promising and sustainable source of electricity and is steadily 
increasing in Sweden. Today, the installed wind power in Sweden is below 1 TWh with a 
goal of 10 TWh in 2015 [1], although the Swedish Energy Agency recently reported that 
the new objectives were 30 TWh, planned for 2020 [2]. However, if the amount of wind 
power is to be a significant part of our energy supply, better wind forecasts are needed in 
combination with good quality of the electricity without high losses. 

Biomass is considered to have a large potential in the world in general and in 
Sweden in particular. An estimation is that Sweden could double today’s production of 
110 TWh. The major part of this figure will be covered by a more efficient forestry using 
both by-products and waste, but agriculture as well as the organic waste from our 
households and restaurants also has a role. Although heat production has been the main 
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use of biomass so far, the use of combined heat and power plants (CHP), would allow a 
larger share of electricity to be produced. CHP systems have a high electrical efficiency 
(40-60%) and the waste heat can be further used in district heating systems leading to an 
overall efficiency of 90%. However, the systems need to be large, often in the hundred 
MW-range to reach these efficiencies. If smaller systems could be constructed with the 
same high efficiency, it would result in shorter transportation distances and decreased 
losses in the district heating system. For smaller systems, a high-temperature fuel cell 
could be a better alternative, since they have high efficiencies, but can be built in smaller 
modules (a few hundred kW to some MW). For these stationary fuel cells gaseous or 
liquid fuels can easily be used due to their high cell temperature, but solid biomass can 
also be used if it is gasified. A vision would be the digestion of organic waste from our 
households, that not only produces an organic fertilizer but at the same time a methane-
rich biogas which could be used as fuel for a fuel cell. 

The investment cost for molten carbonate fuel cell (MCFC) systems is decreasing 
steadily and is below 4000 US$/kWe today, and further cost reduction would be achieved 
if the production volume increased. MCFC is the most mature high-temperature fuel cell 
technology available today, with several plants already producing energy. The installed 
power is already about 22 MW (around 80 units), where 5 MW is installed in Europe and 
17 MW in North America and Asia. Two main companies are responsible for the field-
trials: Fuel Cell Energy (FCE) in USA [3] and CFC Solutions in Germany [4]. CFC 
Solutions recently presented results after 25 000 h (around 3 years) of operation for one 
of their many field trials. The shut down of the power plant was planned and was not 
due to any failure. Furthermore, FCE has proved high reliability in their systems and has 
to date produced more than 200 GWh electrical energy in total. Typical customers are 
food and beverage industries, hotels, hospitals, prisons, wastewater treatment plants and 
manufacturing industries, where key values such as reliability, efficiency and green 
technology are important and where the fuel for the power plant is sometimes their own 
waste. 

However, companies such as Ansaldo Fuel Cells in Italy are not far behind, and 
research centres in South Korea and Japan have started to develop the technology in 
close collaboration with industry. 

1.1 The molten carbonate fuel cell (MCFC) 

MCFC is, as already mentioned, a high-temperature fuel cell, working at around 
650 °C with a molten salt electrolyte, consisting of a binary or ternary mixture of lithium, 
potassium and/or sodium carbonate. The liquid electrolyte is present in the porous 
electrodes as well as in the matrix, which keeps the electrolyte in place. The porous 
matrix is usually made of either α- or γ-LiAlO2, which are two phases of LiAlO2. A 
schematic view is seen in Figure 1. 
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1.1.1 The anode 

At the anode the main reaction is the oxidation of hydrogen  
 , (1) −− ++→+ eCOOHCOH  222

2
32

but carbon monoxide can be directly oxidised too 
 , (2) −− +→+ eCOCOCO  2 2 2

2
3

although this reaction is regarded as being slow. The shift reaction, reaction (3), will 
therefore be responsible for the main conversion of carbon monoxide present in the fuel 

 COOHCOH +↔+ 222 . (3) 
By adding enough water to the fuel, the shift reaction also makes it possible to avoid 
carbon deposition in the cell, caused by the Boudouard reaction 

 )(  2 2 sCCOCO +→ . (4) 
It should be noted that equal amounts of carbon dioxide are produced at the anode side 
as consumed at the cathode side, as described in the next section, resulting in a carbon 
dioxide free production in the fuel cell itself. If the inlet gas consists of methane or 
longer hydrocarbons, a reformation step is often used,  

 2224 42 HCOOHCH +→+  (5) 
for a high conversion of the methane. The reformation in conventional MCFC systems is 
most often performed by internal reforming although external reforming is used in some 
cases. There are two different types of internal reforming: direct internal reforming (DIR) 
and indirect internal reforming (IIR). In DIR, the reforming catalyst is in direct contact 
with the anode compartment. This results in a higher conversion than in IIR due to the 
consumption of hydrogen at the anode. In IIR, methane is converted in a compartment 
close to the anode, but the compartments are kept separate. The possibility to use 
internal reforming with a high conversion of methane and carbon monoxide is one of the 
advantages of high-temperature fuel cells, allowing a variety of fuels to be used.  

Wet-seal area 

            Fuel flow 
 
Oxidant flow 

Figure 1 Schematic view of a molten carbonate fuel cell 

 3



The anode material has long been based on porous nickel. Originally, pure nickel 
was used but due to sintering during operation [5], the nickel had to be stabilised since 
continuous sintering eventually results in decreased performance. Today, the anode is 
stabilised by chromium, aluminium or a combination of the two additives [5-7]. 

A problem for most types of fuel cells is low tolerance to sulphur-containing 
compounds, but in particular for MCFC, a very low content of sulphur is required not to 
poison the cell. Sulphur compounds in the anode gas react with the nickel anode and 
form nickel sulphides that decrease the catalytic activity of the anode, hence reducing the 
efficiency of the cell.  The maximum sulphur content is dependent on the pressure and 
gas used, but is generally considered to be in the ppm-range. To decrease the sulphur 
content in the fuel to the desired level, the gas is passed through a cleanup step in which 
zinc oxide reacts to zinc sulphide. 

1.1.2 The cathode 

At the cathode side oxygen is reduced as described below: 
 −− →++ 2

3222
1  2 COeCOO . (6) 

Combining the anode and the cathode reaction results in the well-known cell 
reaction 

 OHOH 222
1

2 →+ . (7) 

The cathode is most often made of lithiated NiO, usually oxidised and lithiated in 
situ. The dissolution of the cathode material has been one of the main issues for MCFC 
research although post-test characterisation of the recently performed long-term field 
trials has shown that the problem may be smaller than the models have predicted. The 
nickel oxide dissolves according to the mechanism described below, in which nickel 
oxide and carbon dioxide form nickel ions and carbonate ions [8, 9]. 

 . (8) −+ +→+ 2
3

2
2 CONiCONiO

The dissolved nickel ions are then transported from the electrolyte in the pore of 
the cathode into the matrix. Near the cathode, the nickel ions react with hydrogen, 
dissolved in the melt, and precipitate as metallic nickel, forming chains which eventually 
short circuit the cell [10, 11]. Since the time to short circuit the cell depends on the 
equilibrium concentration of nickel dissolved in the melt, research has aimed at a reduced 
solubility of the cathode. This can be done in three ways: changing to another cathode 
material, stabilising the present nickel oxide or changing the melt composition. 

Alternatives to nickel oxide as cathode material should have equal or higher 
electrocatalytic activity, good conductivity, even lower dissolution, mechanical stability, 
and low cost combined with an inexpensive manufacturing process. Over the years, 
several alternative materials have been investigated for use as cathode in MCFC [12-22]. 
Most extensively LiCoO2 and LiFeO2 have been tested [15-22]. LiCoO2 has a lower 
solubility than nickel oxide at carbon dioxide pressures below 2 atm, and a comparable 
performance, but the higher cost, brittleness and the higher contact resistance limit the 
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use of LiCoO2. On the other hand, LiFeO2, which has low dissolution and is less 
expensive, has too low electrocatalytic activity and too low conductivity to be used as 
cathode material. One solution to the problem has been binary or ternary mixtures of the 
three oxides LiCoO2, LiFeO2 and NiO [23-29]. Coatings onto the nickel oxide, most 
often containing cobalt or iron, have however been the most common approach to 
stabilising the nickel oxide with promising results [30-44], regarding both the solubility of 
nickel and the performance. To increase the stability or conductivity further, a number of 
oxides, added to all the three types of cathode materials (pure oxides, mixtures and 
coatings) have been investigated [26, 42-51]. 

The cathode dissolution is also lowered by increasing the basicity of the melt, 
where the basicity is defined as the ability to donate oxide ions. Ota et al. [8] showed that 
the degree of basicity for the three carbonates was (in decreasing order) Li2CO3 > 
Na2CO3 > K2CO3, by varying the melt composition in the region where the acidic 
dissolution mechanism is valid. Therefore, lithium/sodium carbonate as well as 
electrolytes with high contents of lithium carbonate are considered to have lower nickel 
solubility than the traditional lithium/potassium carbonate. However, increased lithium 
contents result in lower solubility and diffusivity of the gases in the melt and the gas 
solubility and reaction rate of sodium containing melts are more temperature dependent. 
Therefore, a change in the electrolyte composition may cause lower or uneven 
performance and the cell design and the operating conditions will determine the melt 
composition used. 

Instead of changing to another alkali carbonate, the basicity of the melt could be 
increased by adding oxides of alkaline earth metals or lanthanum [9, 16, 46, 52-55]. 
Although lanthanum seems to have the best effect to decrease the solubility of NiO [53], 
Mitsushima et al. [46] showed that a combination of adding MgO to the melt and having 
a MgO containing cathode, results in a synergy effect leading to even lower nickel 
dissolution. It is not clear however, if the effect of the additives will remain during long-
term operation, since the segregation of the electrolyte can cause the additives to migrate 
to the anode side, thus decreasing the additive concentration at the cathode side of the 
cell [56]. 

It should be noted though that recent evaluation of long-term field trials or single 
cells (25 000-40 000 h) shows a lower effect of the nickel oxide dissolution than the 
models have predicted. This brings research in the field of nickel-dissolution up to date, 
where the models and predictions have to be reviewed and improved to better predict 
the results before more experimental work is performed. 

1.1.3 The metallic parts 

A major part of the fuel cell stack actually consists of stainless steel [57] and 
corrosion of the metallic parts for MCFC is still one of the problems. The corrosion rate 
is severely temperature dependent and this makes research for improved catalytic and 
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resistive properties of the stack very important, since a small decrease in cell temperature 
could significantly prolong the cell life.  

The corrosion in MCFC is aggravated by the molten carbonate dissolving the 
oxide scale, which thereafter precipitates or even contaminates the electrolyte, a 
phenomenon called hot corrosion. Hot corrosion leads to porous and non-protective 
oxide layers which cause the metallic parts to corrode further. Three main metallic parts 
can be distinguished in the cell: the current collectors/separator plate, the wet-seal area 
and the housing. 

The current collectors are responsible for transferring the current from the 
electrodes to the external circuit, and the resistance of the current collector and its oxide 
layer is therefore of high interest. Many alloys have been investigated as current collector 
materials [22, 57-76]; but as yet the desired alloy, with good corrosion properties, good 
mechanical properties and low electrical resistance at a low cost has not been found. For 
the cathode side, with high oxygen partial pressures the main problems have been the 
formation of high-resistance oxide scales [22, 57, 58, 72] and dissolution of the often 
formed chromate.  

At the anode side, where the corrosion agent has been considered to be water 
[74, 77], the problem has been hot corrosion. The solution for the anode side has been 
cladding an inexpensive stainless steel with a nickel layer, a material hereafter called Ni-
clad. This material has combined the good corrosion properties of the 
thermodynamically stable nickel with the lower cost of the stainless steel. According to 
findings by Yuh et al. [78], a 50 μm thick layer of nickel is enough to prevent the iron and 
chromium from diffusing to the electrolyte within the life-time goal. However, due to the 
desire to reduce the cost of the system further an even less expensive material than Ni-
clad would be preferable. 

The contact resistance between the electrode and the current collector is not 
expected to be high at the anode side, but could be a problem if alloys containing 
aluminium are used. Aluminium oxide, formed on aluminium alloys at the cathode side, 
has a low conductivity, as showed by Biedenkopf et al. [57]. In addition, the oxide 
formed at the anode side is also aluminium oxide or lithium aluminate as seen by 
Lindbergh and Zhu [74]. Hence, the resistance of the corrosion layer is also expected to 
be high at the anode side if aluminium containing alloys are used. 

The desired properties of the anode and cathode current collectors are also valid 
for the separator plate, a part of the stack used in some cell designs. The separator plate 
is placed in between the anode and cathode current collector separating the anode and 
cathode compartments. In the beginning, a single alloy with good properties both at the 
anode and cathode side was suggested, but problems in finding such an alloy led to a 
dual-side structure, where the stainless steel was clad with nickel on the anode side [61]. 

At the wet-seal area (seen in Figure 1), a material with good corrosion properties 
in a variety of environments is desired, since the material is exposed to both reducing and 
oxidising gases with large potential differences in short distances. An analysis with 
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theoretical predictions confirmed by experimental results was done by Donado et al. [79, 
80] in which they predicted the areas most affected by corrosion, both under load and at 
open circuit potential. The corrosion at the anode side of the wet-seal was predicted to 
be more severe under load than at open circuit potential, since the atmosphere is less 
reducing under load than at open circuit potential. At the cathode side, the situation was 
the opposite; the corrosion at open circuit potential was supposed to be more severe 
than under load. 

The advantage of the wet-seal material with respect to the current collectors is 
that materials with low conductivity can be used; in fact it is preferred, since it reduces 
the risk of short circuiting in the cell. Therefore, aluminium is considered to be a good 
alternative, forming high-resistance aluminium oxides in a wide range of potentials. The 
solution has been a coating of aluminium onto the separator plate, since the alternative, 
incorporating an aluminium alloy in the separator plate, has been shown to be difficult 
and expensive. However, the layer of aluminium oxide has to be dense, preventing both 
inward diffusion of oxygen and outward diffusion of the elements in the stainless steel. 

Different coating processes, among them Ion Vapour Deposition (IVD) have 
been used to coat the stainless steel. IVD is an expensive coating process that requires 
vacuum chambers and post-treatment of the material. A less expensive process with 
equal or better performance is desired and some recent results have been published using 
a new technique, Electro Spark Deposition (ESD) [81, 82]. In the ESD technique, a high 
frequency pulse generates a spark which transfers some material from the electrode to 
the base material. The ESD technique was used in the study [81] to coat the stainless 
steel 316L with FeAl and the corrosion properties were thereafter investigated. The 
results showed that the process successfully hindered chromium diffusion, but the 
coating also showed signs of aluminium depletion and micro-cracking and further 
improvements of the technique are needed before these materials are used in the fuel cell 
system.  

Another possibility would be to electrodeposit an aluminium layer at the edges of 
the separator plate. Electrodeposition is an inexpensive process and stainless steels with 
electroplated nickel/aluminium layers have been tested for MCFC applications with good 
results [83, 84]. However, since aluminium is electropositive, aqueous solutions can not 
be used for the electrodeposition processes. Recently, some good results have been 
reported [85] where the authors have electrodeposited aluminium onto stainless steels 
using ionic liquids. Such a process could improve the quality of the coating further and 
yet reduce the cost. 

1.2 Ionic liquids 

The idea of a salt, molten at moderate temperature, is not new; it was already 
described in the beginning of the last century. However, in the last decades, the idea 
became topical again due to the introduction of AlCl3-based molten salts, and the field 
has over the past ten years rapidly increased. This can also be seen in the refining of the 
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terminology over the years along with the improvement of the ionic liquid itself; in the 
first years ionic liquids (IL) was a synonym for a molten salt (later a maximum 
temperature of 100 °C was arbitrarily defined). The definition of room-temperature ionic 
liquids (RTILs) was thereafter introduced, in which the salt had to be molten at ambient 
temperature. Finally, a further specification was introduced, air- and water-stable RTILs, 
where the ionic liquid can be exposed to humid air, without decomposing. This latter 
type of ionic liquid, discovered in 1992 by Wilkes and Zaworotko [86] facilitated the 
handling of the material and this type of ionic liquid is the most commonly used today. 

Although there are some general advantages with ionic liquids, e.g. their non-
volatility and non-flammability with respect to the organic solvents they often substitute, 
many properties are dependent on the ionic liquid used, such as the temperature-range, 
the conductivity, the electrochemical window and the viscosity. In fact, the ionic liquid 
could be likened to Lego™ blocks put together to get desired properties, as suggested by 
Seddon et al. [87]. Data for different physico-chemical properties of ionic liquids are 
given in Ref. [88] as well as in the book edited by M. Ohno [89]. After the selection of 
the ionic liquid, the desired properties can be fine-tuned by varying the length of the alkyl 
chain attached to the ions. 

Many cations and anions can be put together to form air- and water-stable ionic 
liquids, however, some ions are more common than others. Five common cations can be 
seen in Figure 2, and they are often combined with one of the anions showed in Figure 3. 

     
Figure 2 Cations in air- and water-stable ionic liquids, from left to right; 1-alkyl-3-methyl imidazolium, 
N-alkyl N-alkyl piperidinium, N-alkyl pyridinium, N-alkyl pyrrolidinium, tetra alkyl ammonium  
 
[BF4]- [PF6]- [CF3SO3]- [(CF3SO2)2N] - [(C4F9SO2),(CF3SO2) N]- 

Figure 3 Common anions in air and water stable ionic liquids, from left to right; tetrafluoro borate, 
hexafluoro phosphate, triflate (Tf), bis(trifluoromethanesulfonyl) imide (TFSI-) and 
(nonafluorobutanesulfonyl)-(trifluoromethanesulfonyl)imide (IM14

-) 
 
There are two common ways to prepare an ionic liquid, acid-base neutralisation 

and metathesis. In the former the hydroxide of the cation is mixed with the acid of the 
anion, while metathesis involves the mixing of a halide of the cation and a Li-anion salt 
to form an insoluble Li halide. For both methods, the solvent in which the compounds 
are mixed is subsequently removed and the remaining ionic liquid is purified, often with 
hot water, aluminium oxide and active carbon [90]. The purity of the synthesized ionic 
liquid is crucial since remaining traces of halides [87, 91-95], lithium [96], cation 
fragments [93] and water [87, 92, 97-99] can affect the physical properties, the 
electrochemical window, the electrodes and the reactions performed in the RTIL. 
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Ionic liquids have a wide area of use, from organic and inorganic synthesis to 
separation and electrochemical applications. For electrochemical devices, batteries have 
been one of the largest areas [100-105], since inflammable ionic liquids with high ionic 
conductivity could replace the organic solvents. However, supercapacitors and 
electrochromic devices have also been considered for use, due to their non-hazardous 
behaviour and their high thermal stability nature of ionic liquids combined with a large 
electrochemical window, often being larger than 4 V. These properties are also beneficial 
for electrodeposition applications. Some of the RTILs have a large cathodic window, as 
those based on pyrrolidinium cations and TFSI anions, which enables electroplating of 
electropositive materials, earlier electroplated from organic solvents. However, the 
possibility to use higher temperatures, >200 °C, has also improved the quality of the 
deposits of materials earlier deposited from aqueous solutions [106]. As examples of 
materials hitherto electroplated one can mention silicon [107, 108], antimony [109], 
tantalum [110, 111], indium [106, 112], grey selenium [106], palladium [112] germanium 
[113-116], titanium [117] and aluminium [85, 118-124], often electroplated with 
nanocrystallinity. 

Aluminium, with its many applications as protective layers, has so far been 
electrodeposited from ionic liquids with AlCl3 as the aluminium carrier. Although the 
results are satisfactory with this carrier, AlCl3 is a very reactive compound that violently 
reacts with water. An aluminium carrier with lower reactivity to ambient air, more 
adjusted to industrial applications would therefore be preferred. Interesting results have 
recently been published, where Fukui et al. [125] have deposited cobalt from a cobalt salt 
with the anion in common with the ionic liquid (TFSI). Since the anion is in common 
with the ionic liquid, a high solubility of the salt would be expected. If this method could 
work also for aluminium, it would be an interesting alternative to the use of AlCl3. 

1.3 Aim of the thesis 

The first part of the project, where the degradation of alternative materials for 
use in the molten carbonate fuel cell was investigated, was a part of the IRMATECH 
project funded by the European Commission. The aim of this EU project was to find 
inexpensive and environmentally friendly manufacturing processes for the materials used 
in MCFC, and it was coordinated by Ansaldo Fuel Cells in Italy, one of the two industrial 
players in Europe working with MCFC. 

At KTH, the work was focused on degradation and performance of alternative 
materials in three different areas of the cell: the anode current collector, the cathode and 
the wet-seal. The materials were decided by Ansaldo Fuel Cells as interesting alternatives 
to the materials currently used. In the case of the anode current collector, the evolution 
of the contact resistance and material degradation of two new anode current collector 
materials were investigated.  

The nickel dissolution of three new alternative cathode materials was also studied 
in addition to the state-of-the-art-material, NiO. The alternative materials were described 
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as inexpensive and mechanically stable in addition to having lower solubility of nickel. 
One of the alternative materials was also investigated in a single cell in order to test the 
electrochemical performance. 

For the wet-seal material, a less expensive coating process was evaluated which 
could be used in large-scale production. As it was a coating, the adherence, homogeneity 
and protection given by the coating were important parameters and they were 
investigated in both anode and cathode environment. 

In the second half of the project, we aimed for a new manufacturing method for 
the wet-seal materials by electrodepositing an aluminium layer onto a stainless steel with 
an aluminium salt dissolved in an ionic liquid tolerant to dry air. This proved to be more 
complicated than first thought, and it was necessary to first investigate the chemical 
properties of the salt and its mixture with the ionic liquid in combination with the 
processes occurring in pure ionic liquids in different environments before continuing. 
This second part of the project was performed at ENEA, The Agency for New 
Technologies, Energy and the Environment in Rome, Italy. 
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2 EXPERIMENTAL 

2.1 Testing Procedures for MCFC experiments 

2.1.1 Single cell tests 

The advantage of a single cell compared to a stack is a better control of 
temperature and gas distribution. A circular, 3 cm2 single cell was used for the single cell 
tests. The setup consisted of an anode and a cathode separated by the matrix and 
electrolyte. The experimental setup of the single cell used is shown in Figure 4. 

In all single cell tests, the anode was a nickel anode stabilised by chromium, the 
electrolyte was (Li0.62K0.38)2CO3 and the matrix consisted of LiAlO2. The cathode as well 
as the anode current collector material varied. After the cell was assembled, it was heated 
in two steps to 580 °C in nitrogen atmosphere. Thereafter the gases were changed to 
anode (16 % CO2, 64 % H2 and 20 % H2O) and cathode gas (14 % O2, 4 % H2O, 29 % 
CO2 and 53 % N2), with the gas flows perpendicular to the cell. Two weights with a total 
weight of 2 kg were put on top of the cell and the cell was heated to 650 °C. The cell was 
operated at atmospheric pressure, and the gas flows were 110 ml min-1 (dry gas) at both 
sides. During the measurements the anode and cathode gas flows were increased to 
190 ml min-1 (dry gas) and 150 ml min-1 (dry gas), respectively, leading to a low utilisation 
to avoid reactant depletion. The cell setup also enabled the use of reference electrodes, 
which made a separation of the anode and cathode losses possible. As reference 

Anode current collector

A

Anode 
 

Matrix and electrolyte 
 

Cathode 

Cathode current collector 

Reference 
electrode 

node current collector probe 

Cathode current collector probe

Fuel gas  
flow direction

Oxidant gas  
flow direction

Figure 4 Experimental setup for single cell test 
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electrode, a gold wire in contact with the melt was used, as seen in Figure 4. The 
environment for the reference electrode was 33 % O2 and 67 % CO2 with a gas flow of 
20 ml min-1. The cell setup enabled carbonate additions during the experiment and small 
pieces of carbonate (6 - 12 mg) were added on top of the anode current collector. Since 
the polarisation of the electrodes varies with the electrolyte fill level [17], carbonate was 
added so that the cell polarisation was minimised throughout the experiments. All cells 
were operated under load, at a current density of 1600 A m-2, if not mentioned otherwise. 
Polarisation curves were collected continuously with a Solartron 1286 or a Solartron 1287 
(Solartron Instruments) controlled by a program developed in MATLAB® Instrument 
Control Toolbox. 

 Anode current collector tests 

In total, three materials were evaluated as anode current collector material, where 
one of them was considered a reference material, namely nickel clad on stainless steel, 
Ni-clad. The other two materials were a high nickel, high chromium alloy, stabilised by 
yttrium and aluminium, hereafter called Alloy A, and a commercial high temperature 
alloy with other additives, called Alloy B. The anode current collector discs were cut out 
from a sheet of material and gas holes (Ø 2.2 mm) were drilled, except in the case of 
nickel clad on stainless steel, where one of the anode current collector discs was cut by 
laser. The discs were then attached to the tube by a rivet. Before assembling the cell, the 
anode current collectors consisting of the alternative alloys were polished with SiC 
abrasive papers (at least #1200), washed with Milli-Q water and acetone and thereafter 
dried. 

To investigate the contact resistance between the anode and the anode current 
collector, a gold wire had to be inserted in the anode current collector, as seen in Figure 
5. A similar setup was earlier used to measure the contact resistance of the cathode 
current collector [22]. The gold wire was insulated from the anode current collector tube 
by a thin alumina tube. Holes were drilled in the anode current collector tube to ensure 
that the gold wire encountered the same gas environment as the anode current collector. 
The voltage drop between the anode and the anode current collector was measured by 
quasi-galvanostatic measurements where the potential was monitored while the current 
was increased by discrete steps. The resistance was thereby given by Ohm’s law. The 
evolution of the voltage drop and resistance versus time was evaluated. After the cell was 
shut down, the anode current collector, anode and matrix were put in Epoxy, cut and 
polished with ethanol for later post-test characterisation in Scanning Electron 
Microscope (SEM) equipped with Energy Dispersive Spectrometer (EDS). 
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Probe (Anode)
Probe  
(Anode Current Collector) 

Anode

Figure 5 The probe in contact with the anode for resistance measurements of the oxide layer at the 
anode current collector 

 Cathode tests 

To investigate the cathode performance of the new Ni(Mg,Fe)O cathode 
material, single cells were operated with NiO and Ni(Mg,Fe)O. One cell was operated 
with Ni(Mg,Fe)O for 2000 h and compared with the performance of the state-of-the-art 
NiO operated for 1500 h and 2064 h. Both cathodes had a diameter of 19 mm and were 
cut from sheets of porous cathode material. The thickness of the sheets were 0.54 mm 
and 0.52 mm for Ni(Mg,Fe)O and NiO, respectively. 

The performance of the cathode was investigated both by polarisation curves of 
the cathode itself and by cell polarisation curves. The cell polarisation curves were iR-
corrected with the current-interrupt method. After shutdown of the cell, the cathode was 
leached in 50 vol% acetic acid and thereafter washed in Milli-Q water for further 
investigations. 

2.1.2 Dissolution tests 

The nickel dissolution of three new materials as well as the state-of-the-art 
material NiO was investigated. The materials were: the mixed oxide material 
Ni(Mg,Fe)O, a nickel cathode coated with lithium cobaltite that was doped with 
magnesium oxide, hereafter called NiCoMg and a partially oxidised nickel cathode coated 
with lithium cobaltite doped with magnesium oxide, hereafter called NiOCoMg. The 
cathode pieces of the two latter materials were coated on all sides to avoid any contact 
between the molten carbonate and the un-coated cathode material. 

The dissolution tests were performed in MCFC cathode environment with 
increased carbon dioxide pressure, in order to increase the equilibrium concentration of 
nickel and cobalt. The increased carbon dioxide pressure should cause a more acidic melt 
and thereby increase the solubility of nickel [8, 9] and cobalt [20]. The solubility of nickel 
and cobalt also depends on the melt basicity with (Li0.70K0.30)2CO3 having a higher basicity 
than (Li0.62K0.38)2CO3. The dissolution tests were therefore performed in both 
(Li0.62K0.38)2CO3 and (Li0.70K0.30)2CO3, where nickel and cobalt oxides should have a lower 
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solubility in the latter melt composition [8, 9, 20]. The experimental setup used in the 
dissolution tests is seen in Figure 6.  

Alumina beakers were filled with 15 g of carbonate of either (Li0.62K0.38)2CO3 or 
(Li0.70K0.30)2CO3. Both Li2CO3 and K2CO3 were of pro analysi grade (Merck). The beakers 
were put in a pit furnace and heated to 350 °C in nitrogen atmosphere (45 ml min-1) and 
kept at 350 °C for 24 h. The temperature was thereafter increased to 650 °C and the gas 
was changed to 15 % O2 and 85 % CO2 (30 ml min-1). A water lock at the gas outlet 
prevented air to leak in. After 3 days, gas equilibrium was assumed and a piece of porous 
cathode (1 cm2, ~ 0.1 g) was put in the melt. After 10, 25, 50, 100, 168 and 200 h, two 
samples from each melt were taken with a weighed alumina tube that was immersed in 
the melt. The tube with the crystallised melt was weighed and put in 10 ml of 9 wt% 
HCl, in which the carbonate dissolved. After 200 h the furnace was cooled down and the 
cathode piece was removed from the beaker, washed in 50 vol% acetic acid, rinsed in 
pure water and thereafter dried. 

2.1.3 Wet-seal tests 

Exposure tests were performed in order to evaluate the new material for the wet-
seal area in both anodic and cathodic environment. The material tested was a stainless 
steel coated with a layer of FeAl + Al by Electro Spark Deposition. The pieces tested had 
a size of 1 cm2 and a thickness of 0.6 mm. They were coated on all sides and had a 
weight of about 0.4-0.5 g. An alumina beaker was filled with 15 g of (Li0.62K0.38)2CO3. The 
beaker was put in a pit furnace, heated to 350 °C in nitrogen atmosphere (45 ml min-1) 
and kept at this temperature for 24 h and thereafter heated to 650 °C. After reaching 
650 °C, the gas was changed to 16 % CO2, 20 % H2O and 64 % H2 for the test in MCFC 

Thermocouple 
 
 
Heater 
 
Beakers with 
carbonate 

Gas outlet with water lock                 Gas inlet

Figure 6 Experimental setup for the dissolution tests
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anode environment and 15 % O2, 30 % CO2 and 55 % N2 for the test in MCFC cathode 
environment. A water lock at the gas outlet prevented air to leak in, as seen in Figure 7, 
where the experimental setup can be seen. When equilibrium was reached, the metallic 
sample, put in an alumina cage, was immersed in the melt. 

After 200 h, the cage with the sample was taken out of the carbonate melt and 
the temperature was decreased. In the MCFC anode environment test, the furnace was 
flushed with nitrogen before lowering the temperature. The sample was thereafter taken 
out of the cage and put in Epoxy. It was then cut and polished with ethanol for post-test 
characterisation. 

Hook for removing the sample 
Gas inlet

Thermocouple 
 
 
Heater 
 
Beaker with carbonate  
and sample 

Gas outle

2.2 Testing procedures for Ionic liquid experiments 

The 1-alkyl, 1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR1A
+) 

(TFSI-) ionic liquid used in the study was synthesized as described elsewhere [90], using 
PYR1ABr and LiTFSI as precursors. The synthesis of the material was performed in 
ambient air and then transferred to the dry-room, where the final drying step and 
experiments were performed as well as the storage of the different ionic liquids used in 
the experiments. The dry-room has a controlled atmosphere where the temperature is 
kept at 20 ±1 °C and the humidity at 10 ppm (R.H.<0.2%, dew point <-60 °C). The 

t with water lock 

Figure 7 Experimental setup for the tests of the wet-seal material. In the inset, the alumina cage with the 
sample is shown. 
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purity of a typical ionic liquid synthesized by this method is higher than 99.5 wt%, and 
the remaining impurities are seen in Table 1.  

 
Table 1 Purity of a typical ionic liquid from chemical analysis from Ref. [90]. 
 C / wt% H / wt% N / wt% Impurities 

Theoretical 31.3 4.78 6.63  
Ionic liquid (pure) 30.9±0.05 4.67±0.01 6.66±0.01 Li = 2 ppm 

Si, Cl <100 ppm  
H2O< 20 ppm 

 
However, the IL was subjected to a further purification step. It was dissolved in 

ethyl acetate (Aldrich, reagent grade) and stirred in a mixture of active carbon (Darco-
G60, Sigma–Aldrich) and alumina (acidic, Brockman I, Sigma–Aldrich). The IL/ethyl 
acetate/alumina/active carbon weight ratio was 1/0.6/0.5/0.2. The mixture was stirred 
at 60 °C for 10 h. The solution was then filtered over a 0.2 μm Teflon® filter, and most 
of the ethyl acetate was removed with a rotary evaporator (Resona Labo-Rota C-311) 
connected to an oil-free pump (PANAR ZA.60S). The final drying step was performed 
in the dry-room using a glass oven (Büchi B-585) connected to a more powerful oil-free 
vacuum pump (Varian SH-100) at 50 °C for 10 h followed by an additional 10 h at 
110 °C. Finally, the IL was sealed in a glass vial and vacuum-sealed in a coffee bag-like 
envelope. 

For the electrochemical measurements a three-electrode setup was used inserted 
in a micro-glass cell sealed with Viton O-rings. The working electrode was a gold or 
platinum electrode sealed in glass which areas were determined by the Randles-Sevčik 
equation,  

 Ip = 0.4463nF nF
RT

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

1/ 2

AD1/ 2Cv1/ 2  Eq. 1 

where Ip is the peak current, n is the number of electrons involved in the 
reaction, F is Faraday’s constant, R the general gas constant, T the temperature, A the 
area, D the diffusion coefficient, C the bulk concentration and ν the scan rate. The area 
was determined in a 5 mM Ferrocene (Fc) (Aldrich) in PYR14TFSI. The diffusion 
coefficient of Ferrocene was 0.08·10-6 cm2s-1 taken from Ref. [126]. The counter 
electrode was a platinum foil (about 0.5 cm2). The reference electrode was a silver wire 
immersed in a 0.01 M solution of AgSO3CF3 in PYR14TFSI, separated from the cell 
compartment with a fine glass frit. This reference electrode, proposed elsewhere [98, 
127-129], has been proved stable for at least three weeks. The potential of this electrode, 
frequently controlled against a 5 mM solution of Ferrocene in PYR14TFSI, was found to 
be +0.39 V vs. Fc/Fc+ (at 20 °C). A number of experimental conditions were 
investigated and a summary is given in Table 2. 
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Table 2 Experimental conditions for the different IL experiments performed 
RTIL Condition Vsample / ml Experimental procedure 

Argon 0.4 IL evacuated, the oven refilled with Ar 
Ar flow 30 min. before + during 

Argon + H2O 0.4 IL evacuated before, oven refilled with Ar 
Water added to IL 1200 ppm 
Water containing IL + Dry IL mixed 

PYR13TFSI 

Air 0.4 Cell left open 30 min. before 
Argon 0.4 Extensive Ar flow 30 min. before + 

during 
Vacuum 1.0 Vacuum applied a few hours before 
Air 0.4 Cell left open 30 min. before 
Nitrogen 0.4 Extensive N2 flow 30 min. before + 

during 
Oxygen 0.4 Extensive O2 flow 30 min. before + 

during 
Air + H2O 0.4 Water added to IL.  

Cell left open 30 min. before 

PYR14TFSI 

Argon + H2O 0.4 Water added to IL.  
Slow Ar flow far from surface. 

PYR15TFSI, 
PYR16TFSI, 
PYR17TFSI 

Argon 0.4 Extensive Ar flow 30 min. before + 
during 

 
The small amount of IL (0.4 ml), resulted in a maximum diffusion distance for 

dissolved gases of around 3 mm. The electrochemical measurements were performed 
with a Solartron 1287 Electrochemical Interface (Solartron Instruments) combined with 
a software developed at ENEA. The scan rate was 5 or 10 mV s-1, unless mentioned 
otherwise. 

2.3 Synthesis of the aluminium salt 

Pieces of aluminium net (purity 99%, in excess) was folded around a stirrer 
magnet and then quickly immersed in 10 wt% hydrofluoric acid to remove the oxide 
layer. Thereafter, the net and magnet was transferred to a beaker containing hydro 
(nonafluorobutanesulfonyl)-(trifluoromethanesulfonyl)imide (HIM14) (37 wt% in water), 
kindly provided by 3M, and the reaction is seen in (9). 

 ( ) ( ) 231414 3262 HIMAlHIMsAl +→+  (9) 

The acid was deaerated by bubbling N2 in the solution for 10 min before the 
immersion of aluminium and the nitrogen flow continued during the reaction. The 
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solution was heated to 40 °C and stirred to increase the reaction rate. To prohibit the 
formation of aluminium hydroxide, the remaining aluminium net was removed around 
pH 2, and the solution was filtered with a Teflon filter (pore size 0.22 μm). The yield at 
this point was about 90% calculated from the amount of reacted aluminium. A major 
part of the water in the solution was removed by rotor evaporation (Resona Labo- Rota 
C-311) connected to an oil-free pump (PANAR ZA.60S) with a stepwise increase of the 
temperature up to 100 °C. After rotor evaporation a highly viscous liquid was achieved. 
The water content of the liquid at this step was 12 wt%, analysed by Karl-Fischer 
titration (Titralab 90, Radiometer Copenhagen). The final drying step was performed in 
the dry-room environment (R.H.<0.2 %, dew point -60 °C), where the water-salt mixture 
was dried at elevated temperatures in a vacuum oven connected to a vacuum pump 
(Varian SH-100). To monitor the drying process, a separate experiment was performed. 
A small amount of water-salt mixture was put in a beaker in an exsiccator, and the 
exsiccator thereafter connected to the vacuum pump. This assembly was put in an oven 
and the temperature was slowly increased from 20 °C to finally reach 34 °C after 200 h. 
During this slow drying step, water content analysis, weight loss measurements and 
Thermogravimetric Analysis (TGA) were performed continuously. 

The electrochemical experiments were performed in a mixture of 9 wt% Al(IM4)3 
in PYR14IM14 at 80 °C, using a Solartron 1287 Electrochemical Interface (Solartron 
Instruments) combined with a software developed at ENEA. A gold foil was used as a 
working electrode and a platinum foil as a counter electrode. The working and counter 
electrodes were cleaned with acetone, dichloromethane and nitric acid and then rinsed 
with deionised water (Milli-Q). The reference electrode was a 10 mM AgSO3CF3 
dissolved in PYR14IM14. The potential of this reference electrode was +0.39 V vs. a 
solution of 5 mM Ferrocene (Fc) dissolved in PYR14IM14. The micro-glass cell was sealed 
with Viton O-rings. Argon was flown into the cell 20 min. before the start of the 
experiment and continued throughout the experiment.  

2.4 Analysis methods 

2.4.1 Scanning Electron Microscopy (SEM) 

SEM is a method for analysing the morphology and composition of an object. 
The principle resembles that of the light optical microscope, but instead of light an 
electron beam is used. The electron beam is focused by magnetic fields and interacts with 
the atoms of the specimen. There are different types of interactions which enables both 
morphological and compositional analyses. Furthermore, the SEM can be connected to 
an Energy Dispersive Spectrometer (EDS), analysing the energy of the produced X-rays 
from the interactions. In this way it is possible to get a chemical composition of the 
specimen. The EDS used in this study could detect elements heavier than lithium. 

SEM and EDS were frequently used as post-test analysis methods. Table 3 lists 
the occasions when SEM and EDS were used. The SEM for the study was either a JEOL 
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JSM-840 or a JEOL JSM 5510LV, both equipped with EDS. The SEM and EDS analyses 
were performed at the Department of Material Science, KTH, Stockholm as well as at 
ENEA, Rome. 

 
Table 3 SEM and EDS analyses performed 
SEM analysis After On To study 

SEM and EDS Single cell test Anode and anode 
current collector 

Oxide layer, morphology and 
composition 

SEM Single cell test Cathode Morphology changes 
SEM Dissolution test Cathode Morphology changes 
SEM and EDS Single cell test Matrix Nickel precipitation 
SEM and EDS Wet-seal test Wet seal material Adherence of the coating,  

morphology and composition
SEM and EDS Electrodeposition 

experiments 
Au working 
electrode 

Aluminium content 

2.4.2 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-

OES) 

The ICP-OES analysis is a method for analysing small quantities (often < μg l-1) 
of elements. The ICP atomises the sample, and then excites the electrons of the atoms. 
When the electrons relax, they emit light in the UV-Vis spectrum, each element having 
its own combination of wavelengths. The intensity of the wavelength is related to the 
concentration of the element in the sample and by detecting the wavelength and 
intensity, the concentration of an element can therefore be determined. The detection 
can be made with a CCD detector, able to detect the intensity of many lines 
simultaneously, which is done in the case of OES.  

Since the instrument detects the intensity of the light emitted, standard solutions 
have to be prepared, relating the intensity to a concentration. The standard solutions 
consisted of commercial standard solutions (Ultra Scientific) with original concentrations 
of 1000 mg l-1 that were diluted in 9 wt% HCl. 

The detection of very small quantities of an element increases the risk of possible 
contaminations, originating from the chemicals used or introduced during the 
experiment. Trace elements in the pro analysi grade chemicals used are reported in Table 
4. 
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Table 4 Maximum level of impurities present in the chemicals used in the dissolution tests 
Chemical Nickel Cobalt Iron Magnesium 

Li2CO3 (PA, Merck) - - 0.001 wt% 0.001 wt% 
K2CO3 (PA, Merck) - - 0.0005 wt% 0.001 wt% 
HCl 37 wt% (PA, Merck) 0.02 ppm 0.01 ppm 0.1 ppm 0.05 ppm 

 
ICP-OES (Varian Vista AX) was used for detection of the dissolved nickel, 

cobalt, iron and magnesium in the melt after the dissolution tests. Mean values of the 
detected lines for each element was used. In addition, lithium was analysed for a precise 
detection of the number of moles of (Li0.62K0.38)2CO3, to calculate the molar fractions of 
metal ions in the melt. This fraction was calculated according to Eq. 2.  
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 Eq. 2  

Here, the subscript Me refers to one of the metals nickel, cobalt, magnesium or 
iron and y is the fraction of lithium carbonate (0.62 or 0.7). Furthermore cmol is the molar 
concentration and cmass the concentration by weight. Vsample is the volume of the sample, n 
the number of moles and M the molar weight of the element. 

ICP-OES analyses were performed at the Department for Geology and 
Geochemistry, Stockholm University, Stockholm. 

2.4.3 Light optical microscopy 

In addition to SEM, the nickel precipitation in the matrix was investigated in a 
light optical stereo microscope (WILD Makroskop M420) connected to a digital camera 
(Leica DFC280). The magnification of this equipment was enough to roughly identify the 
position for nickel precipitation in the matrix. The analyses were performed at the 
Department of Material Science, KTH, Stockholm. 

2.4.4 Karl Fischer analysis 

Karl-Fischer analysis was used to determine the water content in the ionic liquid. 
The method is based on the reactions 

 CH3OH + SO2+ RN → RNHSO3CH3 (10) 
 H2O + I2 + RNSO3CH3 +RN→ RNHSO4CH3 + 2 RNHI, (11) 

where the amount reacted iodine is proportional to the water content in the sample. In 
practice, a solvent containing methanol, sulphur dioxide and the base is present in a 
beaker. A small amount of titrant, containing iodine in methanol with a known 
concentration, is added to neutralize the water in the solvent. A known amount of 
sample is thereafter immersed in the solution and the water is then reacted when further 
titrant is added. Since the amount of added iodine-solution is known, the weight fraction 
of water in the sample can easily be determined. A drawback with the Karl-Fischer 
method is that determination of very low water contents requires a substantial amount of 
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sample. The Karl-Fischer unit used was a Titralab 90, Radiometer Copenhagen or a 
Mettler-Toledo DL32 coulometer. 

2.4.5 Thermogravimetric Analysis (TGA) 

TGA is a useful method to determine decomposition temperatures, 
decomposition routes and molar weights. A small amount of sample is weighed with a 
sensitive balance and the temperature is then increased at a fixed rate. The weight of the 
sample is measured continuously in an inert or even reactive atmosphere. By assuming 
that a compound with a known molar weight is formed at the end of the measurement, it 
is possible to calculate the molar weight of the starting material. In this work, the molar 
weight of the aluminium salt was determined by TGA measurements. The scan rate was 
5 °C min-1 in nitrogen atmosphere until 400 °C, and thereafter changed to 10 °C min-1 in 
air to 800 °C and in some cases even to 1300 °C. By assuming that a known aluminium 
compound was formed at the end of the experiment and that no aluminium was 
evaporated, the molar weight of the initial compound could be calculated and compared 
with the theoretical molar weight of the salt. TGA were performed using a TA 
Instruments SDT Q 600, in combination with Thermal Advantage software kit for data 
acquisition. A high purity calcined aluminium oxide was used as the reference material. 

2.4.6 Nuclear Magnetic Resonance (NMR) 

NMR is a powerful method to understand the structure of complex compounds, 
and further development has resulted in the possibilities to investigate diffusion 
processes and magnetic resonance imaging, MRI, frequently used in hospitals. The 
technology is based on the fact that some nuclei, e.g. 1H, 13C, 19F, have a spin and 
magnetic moment, and that an applied external magnetic field will cause the energy levels 
of these nuclei to split. The difference in energy between these levels corresponds to a 
frequency that the nuclei can absorb. However, the strength of the magnetic field, 
applied to the nuclei, is also affected by nearby electrons and nuclei, which causes a small 
shift of the frequency absorbed. This makes it possible to separate different groups in a 
molecule with different chemical environments. In this work, NMR was used to 
investigate if the anion of the aluminium salt was intact. 
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3 RESULTS AND DISCUSSION 

3.1 Anode current collector 

3.1.1 Electrochemical measurements 

The results from the electrochemical measurements verified the expectations of a 
lower contact resistance between the electrode and the current collector at the anode side 
when compared to the cathode side [22, 57, 71, 72]. The contact resistance at the anode 
side of the investigated alloys was 0-6 μΩ m2, corresponding to an iR-drop of 0-10 mV at 
1600 A m-2. At the cathode side, the corresponding iR-drop can be as large as 80 mV 
[22], for the same current density. For the nickel clad on stainless steel, the iR-drop was 
not possible to measure. As will be seen later, this was reasonable since this material did 
not form any oxide layer due to its thermodynamic stability in the anode environment. 

Comparing the two alternative materials investigated, Alloy A and Alloy B, no 
significant difference in contact resistance could be detected, as seen in Figure 8, and the 
results were not reproducible as seen for Alloy A, which was tested several times. This 
indicates that the measured resistance could originate from differences in contact surface 
or a very different composition of the oxide layer formed on the alloy. It should however 
be noted that even though the shape of the curves varied considerably, the variations in 
actual values were small. 
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3.1.2 Post-test analyses 

To further investigate the formation of oxide layers on the alloy, post-test 
investigations in SEM were performed. For the reference material, nickel clad on 
stainless steel, no oxide scale was found on the nickel layer. Although some iron and 
chromium was found in the nickel layer, due to inter-diffusion of the species, the 
concentration of these elements was zero already in the middle of the nickel layer, as seen 
in Figure 9. The diffusion of iron and chromium into the protective layer is a common 
phenomenon and was discussed by Yuh et al. [78] already in 1993.  
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Figure 9 Diffusion profile of chromium and iron in the nickel layer from the cell 
operated for 724 h at 650 ºC at a relative distance, where 0 is the surface of the 
anode current collector and 1 is at the interface nickel – stainless steel 

Interestingly, it was not the degradation but the manufacturing process of the 
nickel-clad anode current collector that was shown to be the most important factor. In all 
cells operated with nickel-clad anode current collectors where the holes were made by 
drilling, the post-test investigation showed a delamination of the nickel layer at the holes. 
The delamination caused a crevice, growing with time and filled with chromium oxides 
and nickel islands, in Figure 10a seen as a darker triangle. The chromium oxide is 
suggested to be LiCrO2 since the Cr:O ratio was 1:2 and LiCrO2 is the 
thermodynamically stable chromium oxide in anode environment [130]. When the holes 
were made by laser instead, a cap of nickel was formed around the chromium oxide 
present at the wall of the hole and the crevice was not formed, as seen in Figure 10b. It is 
suggested that the mechanical stress when drilling the hole caused the crevice to form 
and continue to grow. These results show that it is not only the selection of material that 
is important but also the effects of manufacturing processes such as drilling, punching 
can cause changes in the corrosion behaviour of the material.  
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a) b)

Figure 10 Comparison between current collectors made of nickel clad on stainless steel, with holes made 
by a) drill and b) laser after 368 h and 724 h, respectively. The nickel layer is seen in the lower part of 
the figure. 

 Alloy A 

SEM and EDS analysis of the cells operated with Alloy A showed that the 
material had corroded. Figure 11 shows SEM micrographs of the current collectors near 
a gas hole, after 654 h (Figure 11a), 1500 h (Figure 11b) and 2064 h (Figure 11c) of 
operation, where the part closest to the anode is seen in the lower part of the figures. In 
the cell operated for 654 h, a chromium oxide layer was formed, seen as medium dark 
grey areas in Figure 11a. The chromium oxide layer was non-adherent and had partly 
fallen off the anode current collector where carbonates (very dark grey) were found 
between the adherent and non-adherent oxide layers. Small islands enriched in nickel 
were present, seen as brighter stripes, mixed with the chromium oxide, suggested to be 
LiCrO2. New chromium oxides were formed at the current collector and it is suggested 
that the corrosion process is not passivating the material. Beneath the oxide scale the 
alloy was chromium depleted, and for long-term operations a continuation of this 
corrosion process will severely decrease the possibility that the material will be 
passivated. Post-test analyses from the anode current collectors operated for 1500 h and 
2064 h (Figure 11b and Figure 11c) showed that the part of the current collectors closest 
to the anode consisted of well adherent chromium oxide layers, best seen in Figure 11b, 
but also present at some places after 2064 h. The morphology and composition of the 
chromium oxide layer was similar to that seen after 654 h, with islands enriched in nickel 
mixed with chromium oxides with a Cr:O ratio of 1:2. Beneath this adherent chromium 
oxide layer, the material was found to be inhomogeneous since the composition of the 
material was found to vary between each point of analysis. 
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a) b)

c) d)

Figure 11 SEM micrographs of the anode current collectors made of Alloy A after a) 654 h, b) 
1500 h, c) 2064 h of operation and d) Alloy B operated for 2000 h. In all cases, the anode is situated 
at the bottom of the micrographs. 

In the case of the longer operating times, 1500 h and 2064 h, the material further 
away from the anode, in the middle of the current collector, was affected as well. The 
grain boundaries were enriched in chromium and the process seemed to be time-
dependent since the longer operation time (2064 h) showed an increased enrichment 
compared to the cell analysed after 1500 h. In the anodic atmosphere there is a risk of 
chromium carbide formation [131], since the carbon activity at the anode side is high, 
especially beneath an oxide scale. The presence of chromium carbides would further 
jeopardise the long-term stability of the material since chromium carbide causes 
brittleness and hence decrease the mechanical stability of the material.  

 Alloy B 

In the case of Alloy B, the post-test characterisation of the anode current 
collector operated for 2000 h revealed a composition of the oxide layer similar to that of 
Alloy A. The oxide layer was dense and well adherent and consisted of a chromium oxide 
layer, probably consisting of LiCrO2. In the oxide layer, small islands enriched in nickel 
were present, seen as brighter areas in the dark grey oxide layer in Figure 11d. The 
material beneath the oxide scale was, as expected, chromium depleted. 
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a) b) c)

Figure 12 Grain boundary in the anode current collector made of Alloy B operated for 2000 h. a) 
SEM micrograph b) element mapping of the additive c) element mapping of chromium. 

Figure 12a shows a magnified picture of the middle of the current collector, 
further away from the anode. The grain boundaries were slightly enriched in chromium 
as seen in Figure 12c, where chromium mapping of the area seen in Figure 12a has been 
performed. Alloy B contained additions of an element known for its ability to prevent 
chromium carbide formation. This element was gathered in spots instead of evenly 
spread in the grain boundaries as seen in Figure 12b, where element mapping of the 
additive is shown. Although it is concluded that the small additions of elements do not 
completely prevent chromium segregation in the grain boundaries, a comparison with the 
segregation in alloy A, also operated for 2000 h, shows that the additive has a positive 
effect. 

Comparing the two materials, alloy B is suggested to be a more promising alloy as 
an alternative anode current collector material. This is mainly due to the lower chromium 
enrichment in the grain boundaries of Alloy B, but also because of the risk of a non-
adherent oxide layer in the case of Alloy A. It is not possible to correlate the 
electrochemical behaviour with the composition of the oxide layer since the oxide layer 
has the same composition for the alloys tested. Instead, it is suggested that small 
differences in contact surface or oxide layer thickness could be the reason for the 
measured differences in the iR-drop. 

3.2 Cathode 

3.2.1 Dissolution tests 

Four materials were investigated by dissolution tests. The tests were performed 
with a high carbon dioxide pressure (0.85 atm). The increased carbon dioxide pressure 
compared to normal cathode environment can simulate the nickel dissolution in a 
pressurised cell, since oxygen is not expected to affect the nickel dissolution. The 
temperature was 650 ºC and the dissolution of nickel was investigated for two different 
melt compositions (Li0.62K0.38)2CO3 and (Li0.70K0.30)2CO3, where the latter melt 
composition is expected to have a lower dissolution due to its more basic nature. The 
molar fraction of nickel in the melt for all materials can be seen in Figure 13. 
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Figure 13 Dissolution of nickel for the four types of cathodes tested. The temperature was 650 ºC 
and the carbon dioxide pressure 0.85 atm. 

For the state-of-the-art material, nickel oxide, the dissolution was found to be 
around 8⋅10-6 mole Ni / mole CO3

2- for (Li0.62K0.38)2CO3 and 5⋅10-6 mole Ni / mole CO3
2- 

in the case of (Li0.70K0.30)2CO3. Among the alternative materials, the nickel oxide doped 
with magnesium and iron, Ni(Mg,Fe)O, resulted in the lowest dissolution of the tested 
materials with a nickel dissolution of 1⋅10-6 mole Ni / mole CO3

2- for both melt 
compositions. The very low dissolution of nickel compared to the state-of-the art 
material is probably due to the stabilising effect of magnesium and iron, and it seems that 
the stabilising agents are effective at increased carbon dioxide pressures too. However, 
magnesium was also found in the melt with a molar fraction of approximately 800⋅10-6 
mole Mg / mole CO3

2- for (Li0.62K0.38)2CO3 and 500⋅10-6 mole Mg / mole CO3
2- for 

(Li0.70K0.30)2CO3. The magnesium content is a higher than expected considering the low 
content of magnesium in the dopant (5 mol%), but the content was verified by a number 
of ICP-OES analyses. Magnesium is considered as being a beneficial additive to the 
cathode, and additions of MgO both to the melt and the cathode have been shown to 
result in even lower dissolution of nickel than additions to the cathode only [46, 51]. 
Therefore, the low nickel dissolution of the Ni(Mg,Fe)O cathode presented here may be 
a synergy effect of the magnesium present in the melt and the stabilisation by magnesium 
of the cathode. The dissolution of iron in the case of Ni(Mg,Fe)O was below the 
detection limit due to the impurities present in the lithium and potassium carbonate used. 
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For the two coated cathode materials, the nickel dissolution was comparable to 
that of the state-of-the-art nickel oxide as seen in Figure 13. The explanation could be a 
higher dissolution of the cobalt coating at these elevated carbon dioxide pressures which 
may be a disadvantage when operating in pressurised cells. The solubility of cobalt for 
both materials was analysed, and was found to be between 0.5 and 2⋅10-6 
mole Co / mole CO3

2- for the two melt compositions, as seen in Figure 14. For both 
nickel and cobalt the solubility was lower in the more basic (Li0.70K0.30)2CO3 melt than in 
the (Li0.62K0.38)2CO3. Earlier investigations [42] of this type of cathode material have 
resulted in nickel and cobalt solubilities below the detection limit for both the elements. 

The solubility of the state-of-the-art nickel oxide in (Li0.62K0.38)2CO3 by 
dissolution tests has been investigated by several authors [8, 9, 38, 51, 52, 132-135]. 

Interestingly, a difference in the detected values between the research groups can be seen 
although the experimental parameters are similar. One explanation could be the use of 
different methods for analysing the nickel content. The use of Atomic Absorption 
Spectroscopy [8, 38, 52, 132, 133] or electrochemical methods [134] result in higher 
molar fractions of nickel than the use of plasma emission spectroscopy [9], ICP-Mass 
Spectroscopy [51] or chemical methods [135]. In our study the analysing method has 
been ICP-OES, which is an emission spectroscopy method and the values are therefore 
in best agreement with Doyon et al. [9], Choi et al. [51] and Yamada et al. [135]. 
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Figure 14 Dissolution of cobalt for the two types of coated cathodes tested. The temperature 
was 650 ºC and the carbon dioxide pressure 0.85 atm 
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3.2.2  Single cell tests 

The performance of the promising Ni(Mg,Fe)O cathode was also tested in a 
single cell for 2000 h, around 80 days. From the results of the cathode polarisation 
curves, it was shown that the performance of the new Ni(Mg,Fe)O cathode material was 
comparable to that of NiO. In Figure 15, the total polarisation of both cathodes at 
1600 A m-2 is shown, including the cathode overpotential and the ohmic losses. The total 
polarisation of Ni(Mg,Fe)O was stable over time, at a value of 120 mV versus the 
reference electrode, at 1600 A m-2. 

0.22

By comparing the polarisation of both cells, as shown in Figure 16, it could be 
concluded that the difference in overpotential was 25 mV. The cell operated with 
Ni(Mg,Fe)O had a larger total overpotential than the cell operated with NiO. The total 
overpotential was defined as the sum of the anodic and cathodic overpotential. The 
difference was therefore not necessarily only due to the alternative cathode material, but 
could partially have depended on a variation between the anodes. One should also 
consider that Ni(Mg,Fe)O is a new cathode material, which should be further optimised. 
Nevertheless, both the solubility measurements and the electrochemical measurements 
showed that the material is an interesting alternative cathode material. 

Figure 15 Total polarisation (both overpotential and ohmic loss) of the 
cathode versus the reference at 1600 A m-2 of NiO and Ni(Mg,Fe)O 
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0.5

After the cell was shut down, the cathode was removed for post-test 
characterisation in SEM and a comparison between operated and unoperated material is 
seen in Figure 17. The investigation showed that the cathode seemed to have a more 
dense structure after 2000 h of operation. A densification of the cathode often results in 
decreased performance since the surface available for reaction is reduced, but as seen in 
Figure 15, the polarisation of the cathode was constant during operation time. However, 
it is necessary to further investigate if the sintering is a continuing process since this 
would decrease the performance in long-term operation.  

Figure 17 SEM micrographs of Ni(Mg,Fe)O before (left) and after 2000 h of operation (right) 

Figure 16 Cell polarisation curves of NiO and Ni(Mg,Fe)O after 
843 h and 840 h respectively. The temperature was 650 °C 
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A post-test characterisation of the matrices was performed to investigate if the 
lower solubility of the Ni(Mg,Fe)O cathode would have an effect on the nickel-
precipitation in the cell. The micrographs showed that nickel was precipitated in the 
matrix, both when operating with Ni(Mg,Fe)O and with NiO. A comparison of the 
precipitation distance is shown in Figure 18, where SEM micrographs are seen to the left, 
and element mapping of nickel in the matrices to the right for the three cathodes 
operated. As seen in the figure, there is no significant difference between the two 
materials investigated. 

Figure 18 SEM micrographs (left) of the matrix and mapping of nickel (right) in the case of a) 
NiO after 1500 h and b) NiO after 2064 h and c) Ni(Mg,Fe)O after 2000 h, with the anode to 
the right in all cases 
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A decreased precipitation distance was expected due to the lower solubility of 
Ni(Mg,Fe)O. However, by comparing Figure 18a and Figure 18b, a significant difference 
in precipitation distance can neither be seen by a shorter operation time. Therefore, the 
lack of difference between the two materials does not necessarily have to be due to a 
decreased effect of the stabilising cathode additives (Mg,Fe), but the operation times 
could have been too short to determine a reduced precipitation rate.  

Nickel precipitation could also be estimated with light optical microscope images 
of the matrix. In Figure 19a the matrix of the cell with NiO operated for 1500 h is seen, 
while Figure 19b shows the matrix from the cell operated with Ni(Mg,Fe)O for 2000 h. 
Both images are from the same matrices as those in Figure 18a and 18c. The comparison 
between Figure 18a and 19a (or 18c and 19b) showed that the matrices obtained a grey 
colour where the nickel content was increased. 

____________ Matrix ______________________|   Anode|__________________ Matrix ________________| Anode|

a) b)

Figure 19 Light optical microscope images of matrices from a) NiO after 1500 h, b) Ni(Mg,Fe)O 
after 2000 h of operation, with the anode to the left and the precipitated area to the right in both 
cases 

3.3 Wet-seal material 

Post-test characterisation in SEM/EDS of the alternative wet-seal material, a 
stainless steel coated by ESD, tested in MCFC anode environment showed poor 
adherence of the coating. The separation of the coating from the material could have 
been initiated by an inhomogeneous coating or even micro-cracks as earlier reported [81, 
82], where material expansion due to oxide formation could have been the reason for the 
delamination. In the absence of the protective coating, the stainless steel corroded, as 
seen in the lower part of Figure 20. The figure shows a cross-section of the material with 
a compositional view, showing areas with heavier atoms as lighter areas and areas 
containing lighter atoms, such as oxygen, are seen as darker areas. 
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Base material

A closer view of the material, shown in Figure 21, revealed the structure of the 
coating and the stainless steel beneath. Where the coating was absent, the stainless steel 
was not only corroded at that area but also beneath the coating in adjacent areas. The 
composition in at% of the five different areas marked with letters in Figure 21 is shown 
in Table 5.  

Corroded material 
Coating 

Figure 20 SEM micrograph of the alternative wet-seal material tested in anode environment for 200 h 

A

B
C

D

E

Figure 21 A closer view of the wet-seal material tested in MCFC anode 
environment. The letters refer to Table 5. 
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Table 5 Compositions at different areas in the material tested in anodic environment in at%. The letters 
refer to Figure 21. 
Area Cr Fe Ni Al O Si Additional 

A 19 71 8 - - 1 Mn 1 

B 17 31 6 - 44 1  

C 19 55 6 10 10 1  

D 9 56 4 19 12 -  

E 22 33 10 - 33 1  
 
In the coating, the chromium and nickel content decreased closer to the surface, 

indicating that the coating was protective and prevented chromium and nickel diffusion 
to some extent. This is well in agreement with the literature [81], where Frangini et al. 
reported that chromium and nickel contents were close to zero at the surface for a 
similar material after testing for 100 h. In area E, where the stainless steel was exposed to 
the melt, the composition indicated the formation of iron and chromium oxides. Beneath 
the coating, but close to the uncoated areas (area B), the composition was similar to the 
uncoated area E. Around 40 μm from the surface, the stainless steel was not affected and 
the composition was that of the stainless steel used (area A). 

The piece of material tested in MCFC cathode environment showed a similar 
behaviour to that tested in the MCFC anode environment. In Figure 22 a SEM 
micrograph with lower magnification is seen, with the coating seen in the lower part of 
the figure. The coating was missing at some places, and the stainless steel beneath was 
affected (darker areas in Figure 22) also in the cathode environment. Cracks were present 
in the coating, about 1 μm in width and the stainless steel adjacent to these cracks was 
also corroded. 

Stainless steel
Coating Corroded material

Figure 22 SEM micrograph of the alternative wet-seal material after 200 h in molten carbonate in 
MCFC cathode environment 
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In Figure 23, a more detailed view of the coating and corroded material is seen. 
The letters shown refer to Table 6, where the compositions in at% are given. Although 
the coating contained chromium and nickel close to the surface (area D), the content of 
especially chromium was lower compared to the stainless steel. It is therefore suggested 
that the coating hinders chromium diffusion to some extent also in cathode 
environment. The corroded areas, seen as darker areas in Figure 23 mostly consisted of 
chromium oxides, but oxygen was also present in the stainless steel above the corroded 
material (area A and C). The ratio iron / chromium / nickel was not substantially altered 
compared to the composition of the stainless steel, but the area closest to the coating 
(area A) contained some aluminium, which had probably diffused from the coating. The 
diffusion of aluminium was also seen by Frangini et al. [81]. 

Table 6 Compositions in at% at different areas in the material tested in MCFC cathodic environment. 
The letters refer to Figure 23. 
Area Fe Al K Cr O Ni Si 

A 59 7 - 17 12 4 - 

B 2 1 - 25 69 1 2 

C 59 - - 16 16 6 - 

D 69 11 1 6 8 4 - 
 
In both anode and cathode environment, the coating seemed to be protective and 

hinder chromium diffusion, but the poor adherence and the cracking of the coating was a 
problem. Frangini et al. [81] reported that the ESD technique had some problems with 
the formation of cracks, and that small cracks were present even before the immersion in 
molten carbonate. The formation of micro-cracks, expanding when immersed in molten 

A

B 
D

C

Figure 23 A magnification of the area seen in Figure 22. The letters refer to Table 6. 
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carbonate, was reported as being due to a manual coating process, where an 
inhomogeneous coating was difficult to avoid. 

3.4 Dissolution of gases in Ionic liquids 

The aim of the work was to use ionic liquids as an electrolyte for 
electrodepositing protective layers for the wet-seal area. However, it was first necessary 
to investigate the effect of the environment on the stability and cathodic window of the 
ionic liquid. As ionic liquids mainly PYR13TFSI and PYR14TFSI were used due to their 
better conductivity compared to PYR14IM14. The investigation of the cathodic window of 
pure and dry ionic liquid in argon environment resulted in practically featureless cathodic 
windows for all PYR1ATFSI ionic liquids (A being the number of carbons in the second 
alkyl chain), as seen in Figure 24. In the figure, cathodic windows of the family of 
pyrrolidinium TFSI based ionic liquids are shown. Partly due to their featureless 
windows, the stability and purity of the investigated ionic liquids are considered to be 
good.  

Figure 24 Cathodic stability window of the PYR family where the numbers refer 
to the length of the two alkyl chains. The scan rate was 5 mVs-1. 

In the study where PYR14TFSI was used, the work was focused on the influence 
of the components of air, i.e. oxygen, nitrogen, water additions, dry-room air and 
simultaneous presence of air and water. In the investigation, an argon blanket was 
considered as the reference environment, but vacuum resulted in nearly featureless 
windows too, as seen in Figure 25. The result was not surprising; vacuum environments 
have been used for imidazolium based ionic liquids with good results [92, 97, 136], 
thanks to the absence of vapour pressures of ionic liquids in ambient temperature and 
pressure. Therefore, vacuum could be a possible environment for industrial 
electrodeposition processes using ionic liquids. Moreover, the stability of the ionic liquid, 
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i.e. the very negative potential where the cation decomposition takes place, was not 
considered to be strongly affected by the different environments.  

Figure 25 Comparison of the peaks in the cathodic window of PYR14TFSI in 
different environments at a Pt electrode. The scan rate was 5 mV s-1, and the asterisk 
marks an addition of water. 

The highest current densities within the stability window were seen in 
simultaneous presence of water and air or oxygen. Other environments, such as the 
oxygen, resulted in small distinctive peaks. On the other hand nitrogen, often used as an 
inert gas for these types of experiments, was seen to have a higher current below -2.4 V 
vs. Ag/Ag+ compared to the measurements in argon. The investigation resulted in the 
determination of three areas: Area A, B and C, where the different environments affected 
the cathodic window. These areas will be described separately. 

In Area A (-0.5 to -1.55 V vs. Ag/Ag+), a small peak was observed. The peak is 
believed to be an impurity, since it was present in all environments although at a 
potential differing more than 500 mV. Moreover, a further purification step (details given 
in section 2.2) resulted in a decreased current density of the peak in Area A. Although 
peaks originating from impurities are seldom reported in the literature, Evans et al. [137] 
reported an impurity more positive than oxygen reduction that could not be removed by 
argon or vacuum. As will be seen later, oxygen reduction takes place at a potential of       
-1.6 V vs. Ag/Ag+, and the behaviour and position of the peak is therefore in agreement 
with the peak observed here. The origin of the impurity is difficult to determine, since 
chemical analysis has shown that this type of ionic liquid has a purity of more than 
99.5 wt%, even before the additional purification step. 
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In Area B, peaks related to oxygen in absence or presence of water were found, 
as seen in Figure 25. Peaks due to the reduction of oxygen have been extensively 
investigated in ionic liquids [97, 99, 127, 128, 137-142], partly since they are able to 
generate the superoxide anion, according to (12), that can be used for further reactions 
[141].  

  (12) −− →+ 22 OeO
For PYR14TFSI, the generated superoxide was found to be stable not only in the 

presence of pure oxygen [127, 128, 137], but also in the presence of dry air as seen in 
Figure 26. 

The reaction is regarded to be quasi-reversible in the presence of pure oxygen, 
and the analysis of the sweeps presented in Figure 26 suggested that the reaction also was 
quasi-reversible in the presence of dry air, as expected. 

In presence of water, the reduction peak was shifted to the left, as earlier seen in 
presence of pure oxygen for other ionic liquids [127], where Katayama et al. suggested 
the peak being due to the formation of hydrogen peroxide, a two step reaction as seen 
below. 
 O2 + H2O + e− → HO2 + OH−   (13) 
 2HO2 → O2 + H2O2 , (14) 

The explanation for the increase of the current density, seen in the literature as 
well as in this study, has been explained by the formation of oxygen in reaction (14) 
being a reactant for reaction (13). 

Figure 26 Cyclic voltammetry in PYR14TFSI in presence of dry 
air for investigation of the oxygen reduction reaction on a Pt 
electrode 

In area C, ranging from -2.2 to -3.2 V vs. Ag/Ag+, several environments resulted 
in the occurrence of cathodic processes. Nitrogen, often used as an inert gas in this type 
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of experiments, was seen to increase the cathodic current compared to experiments with 
argon. To verify that the reaction was due to nitrogen, sweeps were performed in 
nitrogen environment. The environment was then changed to argon, while continuing 
sweeping and as seen in Figure 27 the current density immediately decreased. The same 
result was achieved when the argon environment was exchanged by a nitrogen 
environment, thus proving that it is only in nitrogen environments that the reaction 
occurs. 

Figure 27 Changes in current when nitrogen first is flown and the gas is 
then changed to argon 

A hypothesis was that the reaction could be the reduction of nitrogen to nitride, 
as reported by Goto and Ito [143] in a molten chloride. Although this salt substantially 
differs in both structure and temperature from an ionic liquid, further experiments were 
performed to confirm the hypothesis. Firstly, Li3N(s) was immersed in PYR14TFSI to 
confirm that the oxidation peak was due to the oxidation of N3-, but the low solubility of 
Li3N made it impossible to confirm the peak. In the second experiment LiTFSI was 
mixed with PYR14TFSI to form the insoluble salt Li3N, but in this case, other peaks, 
probably originating from under-potential deposition of lithium inhibited or camouflaged 
the peak. However, the small but negative Gibbs Free Energy for the formation of Li3N 
supports for the potential of nitrogen reduction being more positive than the lithium ion 
reduction, taking place at -3.6 V vs. Ag/Ag+ in PYR14TFSI. 

The oxygen environment resulted in a peak in area C. It is suggested that this 
peak involves the superoxide ion, formed in discrete amounts in case of pure oxygen 
compared to air where only small amounts are formed. Although the most obvious 
reaction, the further reduction of the superoxide ion to peroxide could be a possibility, as 
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observed for trimethylhexylammonium TFSI [127], this reaction is not expected to occur 
on platinum electrodes [144]. 

The last but most important peak is present in all environments containing water. 
The peak is seen to depend on the amount of water for both PYR13TFSI and PYR14TFSI 
as shown in Figure 28. 

a) b) 

Figure 28 Linear sweep voltammetry of a) PYR14TFSI (5 mVs-1) in air and b) PYR13TFSI 
containing water (10 mVs-1) in argon 

Recently, this peak was suggested to be the decomposition of the TFSI- anion 
[98] and in a following review [145] it was claimed that the TFSI- anion was not as stable 
as first thought. The decomposition of the anion was suggested to occur in two steps, 1) 
charging of the TFSI- anion occurring at -1.3 V vs. Fc/Fc+ (-1.7 V vs. Ag/Ag+), splitting 
the S-N bond in the anion and 2) reduction of the generated fragments at -1.6 V and       
-3.1 V vs. Fc/Fc+ (-2.0 and -3.5 V vs. Ag/Ag+), respectively. The water dependent peak 
at -2.9 V vs. Ag/Ag+ was suggested to be associated with the reduction of one of the 
anion fragments, catalysed by the presence of water. 

However, our results did not support the theory presented by Howlett et al. [98]. 
In the absence of water, our cathodic window did not contain any distinctive peaks, 
proving that the reaction not takes place in absence of water. Moreover, in presence of 
water, the peak at -2.3 V vs. Ag/Ag+ suggested by Howlett et al. to be responsible for the 
charging of the anion, was not observed by us independently of water was absent or not. 
Hence, it was difficult to interpret the peak in area C as being the reduction of the 
fragments if the charging of the anion never took place. 

Moreover, trace water dependent peaks had previously been observed in aprotic 
solvents containing various Li salts [146-149], and it had been suggested that the peak is 
due to the formation of hydrogen and hydroxide ions from water. Although the system 
investigated here did not contain lithium, Aurbach et al. [146] suggested that lithium 
played only a passive role in the reaction by reacting with the hydroxide ion. If the water 
reduction would be the reaction seen in area C, the solid layer indicated by the EIS 
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measurements by Howlett et al. [98] could as well be the formation of PYR14OH, not 
highly soluble in the ionic liquid. 

3.5 Synthesis and evaluation of the aluminium salt 

NMR measurements were performed to investigate the purity and structure of 
the water-salt mixture after rotor-evaporation. The 19F spectrum was comparable to 
spectra of the anion found in literature [150]. The chemical shifts and the correlation to 
the different groups in the anion, made by Singh and Desmarteau [150], are seen in Table 
7 and Figure 29, respectively. 

 

 CF3
ASO2NSO2CF2

ECF2
DCF2

CCF3
B 

 Figure 29 Structure of the IM14
- anion 

 

Table 7 Chemical shifts for the IM14
- anion, with different cations, the letters refer to the anion structure 

seen in Figure 29. 
Chemical shift / 

Cation 
A B C D E Ref 

Ag -78,4 -80,8 -125,7 -120,6 -112,2 [150] 
K -79,3 -81,0 -125,9 -120,8 -113,2 [150] 
Cs -79,2 -80,8 -125,7 -120,8 -113,1 [150] 
Al -78,9 -82,9 -127,4 -121,9 -112,7 This work 

 
The 1H spectrum revealed that protons as well as water was left in the sample, 

expected results since the water content was 12 wt% determined by Karl-Fischer 
measurements and that the reaction was stopped at an acidic pH. 

TGA analysis showed that the decomposition of the salt occurred in two steps, a 
major part of the mass was removed at 200 °C and at a second step occurring at 312 °C. 
Based on the initial water content (12 wt%) and the mass remaining at the end of the 
TGA experiment, suggested to be Al2O3, a molar weight of the initial material could be 
calculated. The calculated initial molar weight was however lower than expected, 
1130 g mol-1, compared to the theoretical molar weight of Al(IM14)3, 1317.47g mol-1. 
Since the NMR measurements indicated similar chemical shifts as for the anion in 
combination with other cations, it is expected that the anion is intact. A decomposition 
of the anion would probably have resulted in a change in chemical shift, especially for the 
fluorine atoms near the sulfonyl-group (group A and E in Figure 29), resulting in 
multiple peaks in the 19F spectrum.  

Since the anion seems to be intact, it is therefore suggested, that the compound, 
remaining at the end of the TGA experiment, not only consists of Al2O3, but also a 
fraction of AlF3. AlF3 has a higher molar weight than Al2O3 when calculated per mole Al, 
and would therefore result in a lower amount of Al in the end of the experiment; thus 
increasing the initial molar weight of the compound. 
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Results from linear sweep voltammetry of a solution containing 9 wt% salt in 
PYR14IM14 and compared with pure PYR14IM14 is shown in Figure 30. As seen, the 
presence of the aluminium salt resulted in a peak at -1.45 V vs. Ag/Ag+. This is a little bit 
higher than expected for aluminium deposition in literature data [96]. In addition, based 
on our findings in PYR14TFSI and PYR13TFSI, it seems more reasonable to believe that 

this is oxygen reduction in presence of water. This was confirmed by visual and 
SEM/EDX investigations of the sample after depositing trials. No deposit was seen and 
the aluminium content of the working electrode only evidenced a slightly increased 
aluminium content compared with the working area not exposed to the electrolyte. 

Figure 30 Linear sweep voltammetry of pure ionic liquid (solid line) and 
a mixture of the aluminium salt and the ionic liquid (dashed line). The 
temperature was 80 °C and the scan rate: 5 mVs-1. 
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4 CONCLUSIONS 

In this thesis, the degradation of alternative materials for three different parts in 
the molten carbonate fuel cell has been investigated. For the anode current collector, a 
less expensive alloy was desired instead of the state-of-the-art Ni-clad material and two 
alternative alloys were investigated by single cell tests. Since the electrical conductivity of 
the current collector is of high importance, the iR-drop of the oxide layer was measured, 
showing a low iR-drop for the two alternative materials. Both the alternative alloys 
formed an oxide layer, consisting of chromium oxides and islands enriched in nickel, but 
there was a risk that the oxide layer could fall off in the case of Alloy A. Due to this 
phenomenon, and the lower chromium enrichment in the grain boundaries, Alloy B was 
suggested as the better alloy. 

Three alternative cathode materials were tested by dissolution tests and compared 
to the state-of-the-art cathode material, NiO. Two of the materials were coated with a 
magnesium doped cobalt coating and the third material was a magnesium and iron doped 
NiO. The dissolution tests, performed in standard cathode environment with increased 
carbon dioxide pressure to simulate pressurized conditions showed that the Mg,Fe-doped 
NiO had the lowest solubility. The material was tested in a single cell and the electro-
chemical performance was seen to be comparable to NiO. A lower precipitation rate 
(expected from a lower solubility could not be confirmed by post-test investigation, 
however. This was suggested being due to too short an operation time. The post-test 
investigation also indicated that the material sintered during operation although the 
electrochemical performance was unaffected by this phenomenon. 

The ESD technique, used for coating protective layers of iron aluminides on 
stainless steel, was evaluated by immersing the produced material in molten carbonate in 
anode as well as cathode environment. The results revealed cracks and a non-adherent 
coating. These problems could be due to the manual coating process, in which it is 
difficult to get a homogeneous coating. 

Another method for coating the material in the wet-seal area was considered. 
This included the electrodeposition of aluminium onto a stainless steel using ionic 
liquids, a method described in the literature. Although a salt was synthesised, with an 
anion in common with the ionic liquid used, the results from the electrodeposition trials 
showed that it was necessary to investigate the influence of the environment on the 
cathodic stability. Therefore, linear sweep voltammetry of several environments were 
conducted and the potentials in which the different environments affected the stability 
were determined. It was shown that a simultaneous presence of air and water or pure 
oxygen were the environments that generated the highest current densities in the 
cathodic window of PYR14TFSI.  

The stability of a similar ionic liquid, PYR13TFSI, which has a shorter alkyl chain 
attached, was also investigated, since it was reported in the literature that the TFSI- anion 
was unstable. Our results did not agree with the reported results, but it is suggested that 
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the cathodic window of a pure and dry ionic liquid is limited only by the decomposition 
of the cation taking place at very negative potentials. 

 46



5 ACKNOWLEDGEMENTS 

The European Commission and ENEA are gratefully acknowledged for the 
financial support, which not only made the collaboration with different groups in Europe 
possible, but also allowed me to see Europe as a union. Angelo Moreno is specially 
acknowledged for offering the position in Italy, convincing me to take the offer, for all 
help with practical arrangements and for his never-ending positive attitude. 

I would also like to thank my supervisors Carina Lagergren and Göran 
Lindbergh, KTH and Stefano Passerini, ENEA. Well, to be honest, it would have been 
very difficult without your support and good comments. 

Following persons are acknowledged for help during experiments and analysis:  
Tomas Östberg and Bo Karlsson in the workshop for manufacturing the anode current 
collectors, Lena Smuk and Amadeo Masci for helping me with SEM /EDS analysis, 
Magnus Mörth for help with ICP-OES analysis, Maria Carewska for the TGA 
measurements, Istvan Furo for help with the NMR measurements, Giovanni Battista 
Appetecchi and Maria Montanino for synthesizing the ionic liquids and help with some 
of the experiments. 

My colleagues at TER-IDROCOMB at ENEA are acknowledged for all help, 
both with practical problems and more work-related problems. My “base-camp” at 
Applied Electrochemistry and all colleagues there are acknowledged for all support and 
encouragement during my years as a Ph.D. student.  

At last, I want to thank my friends around the globe and my family, always being 
there, always supporting me.  

Thank you. 

 47



 

 48



6 REFERENCES 

[1]  Energiläget 2006, ET 2006:44, Swedish Energy Agency, Eskilstuna, (2006). 
[2]  Nytt planeringsmål för vindkraften år 2020, ER 2007:45, Swedish Energy 

Agency, Eskilstuna, (2007). 
[3]  http://www.fuelcellenergy.com/, 2008-01-25. 
[4]  http://www.cfc-solutions.com/, 2008-01-25. 
[5]  C. Iacovangelo, J. Electrochem. Soc., 133 (1986) 2410. 
[6]  J. Wee, D. Song, C. Jun, T. Lim, S. Hong, H. Lim, K. Lee, J. Alloys Compd., 390 

(2005) 155. 
[7]  J. Wee, D. Song, C. Jun, T. Lim, S. Hong, H. Lim, K. Lee, J. Alloys Compd., 390 

(2005) 161. 
[8]  K. Ota, S. Mitsushima, S. Kato, S. Asano, H. Yoshitake, N. Kamiya, J. Electrochem. 

Soc., 139 (1992) 667. 
[9]  J. Doyon, T. Gilbert, G. Davies, L. Paetsch J. Electrochem. Soc., 134 (1987) 3035. 
[10]  S. Yoshioka, H. Urushibata, J. Electrochem. Soc., 144 (1997) 815. 
[11]  M. Yoshikawa, Y. Mugikura, T. Watanabe, T. Kahara, T. Mizukami, J. Electrochem. 

Soc., 148 (2001) A1230. 
[12]  D.L. Douglas in: G.J. Young (Ed.), Fuel Cells, Reinhold Publishing Corporation, 

New York, (1960) pp.129-149. 
[13]  C. Baumgartner, R. Arendt, C. Iacovangelo, B. Karas, J. Electrochem. Soc., 131 

(1984) 2217. 
[14]  J.L. Smith, G.H. Kucera, A.P. Brown in: J.R. Selman, D.A. Shores, H.C. Maru, 

I. Uchida (Eds.), Molten Carbonate Fuel Cell Technology, PV 90-16, The Electrochem. 
Soc. Inc., Pennington, NJ, (1990) pp.226-247. 

[15] L. Plomp, E. Sitters, C. Vessies, F. Eckes, J. Electrochem. Soc., 138 (1991) 629. 
[16] L. Plomp, J. Veldhuis, E. Sitters, S. van der Molen, J. Power Sources, 39 (1992) 369. 
[17] C. Lagergren, A. Lundblad, B. Bergman, J. Electrochem. Soc., 141 (1994) 2959. 
[18] L. Giorgi, M. Carewska, M. Patriarca, S. Scaccia, E. Simonetti, A. diBartolomeo 

J. Power Sources, 49 (1994) 227. 
[19] R. Makkus, K. Hemmes, J. deWit, J. Electrochem. Soc., 141 (1994) 3429. 
[20] K. Ota, Y. Takeishi, S. Shibata, H. Yoshitake, N. Kamiya, N. Yamazaki, 

J. Electrochem. Soc., 142 (1995) 3322. 
[21] L. Giorgi, A. Moreno, A. Pozio, E. Simonetti in: I. Uchida, K. Hemmes, 

G. Lindbergh, D. Shores, J.R. Selman (Eds.), Carbonate Fuel Cell Technology, PV 99-
20, The Electrochem. Soc. Inc., Pennington, NJ, (1999) pp.158-170. 

[22] B. Bergman, C. Lagergren, G. Lindbergh, S. Schwartz, B. Zhu, J. Electrochem. Soc., 
148 (2001) A38. 

[23] T. Kudo, K. Kihara, Y. Hisamitsu, Q. Yu, M. Mohamedi, I. Uchida, J. Mat. Chem., 
12 (2002) 2496. 

[24] A. Wijayasinghe, B. Bergman, C. Lagergren, J. Electrochem. Soc., 150 (2003) A558. 

 49



[25] A. Wijayasinghe, B. Bergman, C. Lagergren, Electrochim. Acta, 49 (2004) 4709. 
[26] H. Okawa, J. Lee, T. Hotta, S. Ohara, S. Takahashi, T. Shibahashi, Y. Yamamasu, 

J. Power Sources, 131 (2004) 251. 
[27] A. Ringuede, A. Wijayasinghe, V. Albin, C. Lagergren, M. Cassir, B. Bergman, 

J. Power Sources, 160 (2006) 789. 
[28] A. Wijayasinghe, B. Bergman, C. Lagergren, Solid State Ionics, 177 (2006) 165. 
[29] A. Wijayasinghe, B. Bergman, C. Lagergren, Solid State Ionics, 177 (2006) 175. 
[30] S. Kim, S. Yoon, J. Han, S. Nam, T. Lim, S. Hong, H. Lim, J. Power Sources, 112 

(2002) 109. 
[31] S. Kuk, Y. Song, K. Kim, J. Power Sources, 83 (1999) 50. 
[32] S. Kuk, Y. Song, S. Suh, J. Kim, K. Kim, J. Mat. Chem., 11 (2001) 630. 
[33] M. Escudero, T. Rodrigo, L. Mendoza, M. Cassir, L. Daza, J. Power Sources, 140 

(2005) 81. 
[34] T. Fukui, S. Ohara, H. Okawa, T. Hotta, M. Naito, J. Power Sources, 86 (2000) 340. 
[35] M. Hong, S. Bae, H. Lee, H. Lee, Y. Kim, K. Kim, Electrochim. Acta, 48 (2003) 

4213. 
[36] L. Mendoza, V. Albin, M. Cassir, A. Galtayries, J. Electroanal. Chem., 548 (2003) 

95. 
[37] C. Mansour, T. Pauporte, A. Ringuede, V. Albin, M. Cassir, J. Power Sources, 156 

(2006) 23. 
[38] B. Ryu, J. Han, S. Yoon, S. Nam, T. Lim, S. Hong, K. Kim, J. Power Sources, 137 

(2004) 62. 
[39] F. Li, H. Chen, C. Wang, K. Hu, J. Electroanal. Chem., 531 (2002) 53. 
[40] L. Mendoza, A. Ringuede, M. Cassir, A. Galtayries, J. Electroanal. Chem., 576 

(2005) 147. 
[41] V. Albin, L. Mendoza, A. Goux, A. Ringuede, A. Billard, P. Briois, M. Cassir, 

J. Power Sources, 160 (2006) 821. 
[42] W. Lada, A. Deptula, B. Sartowska, T. Olczak, A. Chmielewski, M. Carewska, 

S. Scaccia, E. Simonetti, L. Giorgi, A. Moreno, J. New Mat. Electrochem. Sys., 6 
(2003) 33. 

[43] E. Park, M. Hong, H. Lee, M. Kim, K. Kim, J. Power Sources, 143 (2005) 84. 
[44] E. Simonetti, R. Lo Presti, J. Power Sources, 160 (2006) 816. 
[45] B. Fang, H. Chen, J. Electroanal. Chem., 501 (2001) 128. 
[46] S. Mitsushima, K. Matsuzawa, N. Kamiya, K. Ota, Electrochim. Acta, 47 (2002) 

3823. 
[47] J. Soler, T. Gonzalez, M. Escudero, T. Rodrigo, L. Daza, J. Power Sources, 106 

(2002) 189. 
[48] T. Kudo, Y. Hisamitsu, K. Kihara, M. Mohamedi, I. Uchida, J. Appl. Electrochem., 

32 (2002) 179. 
[49] P. Ganesan, H. Colon, B. Haran, B. Popov, J. Power Sources, 115 (2003) 12. 
[50] B. Huang, G. Chen, F. Li, Q. Yu, K. Hu, Electrochim. Acta, 49 (2004) 5055. 

 50



[51] H. Choi, S. Ihm, T. Lim, S. Hong, J. Power Sources, 61 (1996) 239. 
[52] S. Scaccia, J. Mol. Liq., 116 (2005) 67. 
[53] K. Matsuzawa, T. Mizusaki, S. Mitsushima, N. Kamiya, K. Ota, J. Power Sources, 

140 (2005) 258. 
[54] K. Ota, Y. Matsuda, K. Matsuzawa, S. Mitsushima, N. Kamiya, J. Power Sources, 

160 (2006) 811. 
[55] K. Tanimoto, Y. Miyazaki, M. Yanagida, S. Tanase, T. Kojima, N. Ohtori, 

H. Okuyama, T. Kodama, J. Power Sources, 39 (1992) 285. 
[56] T. Brenscheidt, O. Böhme, H. Wendt in: R.T. Carlin (Ed.), Molten Salts X, PV 96-

7, The Electrochem. Soc. Inc., Pennington, NJ, (1996) pp.396-405. 
[57] P. Biedenkopf, M. Bischoff, T. Wochner, Materials and Corrosion, 51 (2000) 287. 
[58] C.Y. Yuh in: J.R. Selman, H.C. Maru, D.A. Shores, I. Uchida (Eds.), Molten 

Carbonate Fuel Cell Technology, PV 90-16, The Electrochem. Soc. Inc., Pennington, 
NJ, (1990) pp.368-377. 

[59] J. Fisher, P. Bennett, J. Mat. Sci., 26 (1991) 749. 
[60] D.A. Shores, M.J. Pischke in: D. Shores, H. Maru, I. Uchida, J.R. Selman (Eds.), 

Carbonate Fuel Cell Technology, PV 93-3, The Electrochem. Soc. Inc, Pennington, 
NJ, (1993) pp.214-229. 

[61] C. Yuh, R. Johnsen, M. Farooque, H. Maru, J. Power Sources, 56 (1995) 1. 
[62] J. Vossen, L. Plomp, J. deWit, G. Rietveld, J. Electrochem. Soc, 142 (1995) 3327. 
[63] J. Vossen, A. Janssen, J. deWit, J. Electrochem. Soc, 143 (1996) 58. 
[64] M. Spiegel, P. Biedenkopf, H. Grabke, Corr. Sci., 39 (1997) 1193. 
[65] M. Keijzer, K. Hemmes, P. van der Put, J. deWit, J. Schoonman, Corr. Sci., 39 

(1997) 483. 
[66] P. Biedenkopf, M. Spiegel, H. Grabke, Materials and Corrosion, 48 (1997) 731. 
[67] P. Biedenkopf, M.M. Bischoff, P. Spiegel, H.J. Grabke in: J.R. Selman, I. Uchida, 

H. Wendt, D.A. Shores, T.F. Fuller (Eds.), Carbonate Fuel Cell Technology IV, PV 
97-4, The Electrochem. Soc. Inc., Pennington, NJ, (1997) pp.387-403. 

[68] P. Biedenkopf, M. Spiegel, H. Grabke, Electrochim. Acta, 44 (1998) 683. 
[69] M. Keijzer, G. Lindbergh, K. Hemmes, P. van der Put, J. Schoonman, J. deWit, 

J. Electrochem. Soc., 146 (1999) 2508. 
[70] M. Keijzer, K. Hemmes, J. deWit, J. Schoonman, J. Appl. Electrochem., 30 (2000) 

1421. 
[71] A. Schoeler, T. Kaun, I. Bloom, M. Lanagan, M. Krumpelt, J. Electrochem. Soc., 147 

(2000) 916. 
[72] A. Schoeler, T. Kaun, M. Krumpelt, Materials and Corrosion, 51 (2000) 797. 
[73] B. Zhu, G. Lindbergh, Electrochim. Acta, 46 (2001) 2593. 
[74] G. Lindbergh, B. Zhu, Electrochim. Acta, 46 (2001) 1131. 
[75] K. Ota, K. Toda, S. Mitsushima, N. Kamiya, Bull. Chem. Soc. Japan, 75 (2002) 877. 
[76] Y. Moon, D. Lee, J. Power Sources, 115 (2003) 1. 

 51



[77] J.R. Selman in: L.J.M.J. Blomen, M.N. Mugerwa (Eds.), Fuel Cells Systems, Plenum 
Press, New York, (1993) pp.345-463. 

[78] C. Yuh, R. Johnsen, M. Farooque, H. Maru in: D. Shores, H. Maru, I. Uchida, 
J.R. Selman (Eds.), Carbonate Fuel Cell Technology, PV 93-3, The Electrochem. Soc. 
Inc., Pennington, NJ, (1993) pp.158-170. 

[79] R. Donado, L. Marianowski, H. Maru, J. Selman, J. Electrochem. Soc., 131 (1984) 
2535. 

[80] R. Donado, L. Marianowski, H. Maru, J. Selman, J. Electrochem. Soc., 131 (1984) 
2541. 

[81] S. Frangini, A. Masci, Surf. Coat. Tech., 184 (2004) 31. 
[82] S. Frangini, S. Loreti, A. Masci, J. Fuel Cell Sci. Technol., 2 (2005) 60. 
[83] N. Fujimoto, M. Yamamoto, T. Nagoya, J. Power Sources, 71 (1998) 231. 
[84] Y. Kawabata, N. Fujimoto, M. Yamamoto, T. Nagoya, M. Nishida, J. Power 

Sources, 86 (2000) 324. 
[85] Q. Liu, S. El Abedin, F. Endres, Surf. Coat. Tech., 201 (2006) 1352. 
[86] J. Wilkes, M. Zaworotko, Chem. Comm., (1992) 965. 
[87] K. Seddon, A. Stark, M. Torres, Pure Appl. Chem., 72 (2000) 2275. 
[88] S. J. Zhang, N. Sun, X. He, X. Lu, X. Zhang, J. Phys. Chem. Ref. Data, 35 (2006) 

1475. 
[89] Electrochemical aspects of ionic liquids, H. Ohno (Ed.), John Wiley & Sons, Inc., 

Hoboken, NJ, (2005). 
[90] G.B. Appetecchi, S. Scaccia, C. Tizzani, F. Alessandrini, S. Passerini, J. Electrochem. 

Soc., 153 (2006) A1685. 
[91] L. Aldous, D. Silvester, C. Villagran, W. Pitner, R. Compton, M. Lagunas, 

C. Hardacre, New J. Chem., 30 (2006) 1576. 
[92] D. Silvester, R. Compton, Z. Phys. Chem., 220 (2006) 1247. 
[93] A. Stark, M. Ajam, M. Green, H. Raubenheimer, A. Ranwell, B. Ondruschka, 

Adv. Synth. Catal. 348 (2006) 1934. 
[94] C. Villagran, C. Banks, C. Hardacre, R. Compton, Anal. Chem., 76 (2004) 1998. 
[95] C. Villagran, M. Deetlefs, W. Pitner, C. Hardacre, Anal. Chem., 76 (2004) 2118. 
[96] F. Endres, S. El Abedin, N. Borissenko, Z. Phys. Chem., 220 (2006) 1377. 
[97] U. Schröder, J. Wadhawan, R. Compton, F. Marken, P. Suarez, C. Consorti, R. de 

Souza, J. Dupont, New J. Chem., 24 (2000) 1009. 
[98] P.C. Howlett, E.I. Izgorodina, M. Forsyth, D.R. MacFarlane, Z. Phys. Chem., 220 

(2006) 1483. 
[99] T. Tsuda, C. Hussey, H. Luo, S. Dai, J. Electrochem. Soc., 153 (2006) D171. 
[100] J. Shin, W. Henderson, S. Passerini, Electrochem. Comm., 5 (2003) 1016. 
[101] J. Shin, W. Henderson, S. Passerini, Electrochem. Solid State Lett., 8 (2005) A125. 
[102] J. Shin, W. Henderson, S. Passerini, J. Electrochem. Soc., 152 (2005) A978. 
[103] J. Shin, W. Henderson, G.B. Appetecchi, E. Alessandrini, S. Passerini, 

Electrochim. Acta., 50 (2005) 3859. 

 52



[104] J. Shin, W. Henderson, S. Scaccia, P. Prosini, S. Passerini, J. Power Sources, 156 
(2006) 560. 

[105] Y. Kobayashi, Y. Mita, S. Seki, Y. Ohno, H. Miyashiro, N. Terada, J. Electrochem. 
Soc., 154 (2007) A677. 

[106] S. El Abedin, A. Saad, H. Farag, N. Borisenko, Q. Liu, F. Endres, Electrochim. 
Acta, 52 (2007) 2746. 

[107] S. El Abedin, N. Borissenko, F. Endres, Electrochem. Comm., 6 (2004) 510. 
[108] N. Borisenko, S. El Abedin, F. Endres, J. Phys. Chem. B, 110 (2006) 6250. 
[109] C. Aravinda, W. Freyland, Chem. Comm., (2006) 1703. 
[110] S. El Abedin, H. Farag, E. Moustafa, U. Welz-Biermann, F. Endres, Phys. Chem. 

Chem. Phys., 7 (2005) 2333. 
[111] S. El Abedin, U. Welz-Biermann, F. Endres, Electrochem. Comm., 7 (2005) 941. 
[112] S. Hsiu, C. Tai, I. Sun, Electrochim. Acta, 51 (2006) 2607. 
[113] F. Endres, Phys. Chem. Chem. Phys., 3 (2001) 3165. 
[114] F. Endres, Electrochem. Solid State Lett., 5 (2002) C38. 
[115] F. Endres, S. El Abedin, Chem. Comm., (2002) 892. 
[116] F. Endres, S. El Abedin, Phys. Chem. Chem. Phys., 4 (2002) 1640. 
[117] I. Mukhopadhyay, C. Aravinda, D. Borissov, W. Freyland, Electrochim. Acta, 50 

(2005) 1275. 
[118] E. Moustafa, S. El Abedin, A. Shkurankov, E. Zschippang, A. Saad, A. Bund, 

F. Endres, J. Phys. Chem. B, 111 (2007) 4693. 
[119] S. El Abedin, E. Moustafa, R. Hempelmann, H. Natter, F. Endres, 

ChemPhysChem, 7 (2006) 1535. 
[120] S. El Abedin, E. Moustafa, R. Hempelmann, H. Natter, F. Endres, Electrochem. 

Comm., 7 (2005) 1111. 
[121] T. Jiang, M. Brym, G. Dube, A. Lasia, G. Brisard, Surf. Coat. Tech., 201 (2006) 1. 
[122] T. Jiang, M. Brym, G. Dube, A. Lasia, G. Brisard, Surf Coat. Tech., 201 (2006) 10. 
[123] J. Lee, I. Bae, D. Scherson, B. Miller, K. Wheeler, J. Electrochem. Soc., 147 (2000) 

562. 
[124] M. Johnston, J. Lee, G. Chottiner, B. Miller, T. Tsuda, C. Hussey, D. Scherson, 

J. Phys. Chem. B, 109 (2005) 11296. 
[125] R. Fukui, Y. Katayama, T. Miura, Electrochemistry, 73 (2005) 567. 
[126] C. Comminges, R. Barhdadi, M. Laurent, M. Troupel, J. Chem. Eng. Data, 51 

(2006) 680. 
[127] Y. Katayama, H. Onodera, M. Yamagata, T. Miura, J. Electrochem. Soc., 151 (2004) 

A59. 
[128] Y. Katayama, K. Sekiguchi, M. Yamagata, T. Miura, J. Electrochem. Soc., 152 (2005) 

E247. 
[129] G. Snook, A. Best, A. Pandolfo, A. Hollenkamp, Electrochem. Comm., 8 (2006) 

1405. 
[130] J. Vossen, R. Makkus, J. deWit, J. Electrochem. Soc., 143 (1996) 66. 

 53



[131] P. Singh in: J.R. Selman, T.D. Claar (Eds.), Molten Carbonate Fuel Cell Technology, 
PV 84-13, The Electrochem. Soc. Inc., Pennington, NJ, (1984) pp.124-139. 

[132] C. Baumgartner, J. Electrochem. Soc., 131 (1984) 1850. 
[133] T. Brenscheidt, F. Nitschke, O. Sollner, H. Wendt, Electrochim. Acta, 46 (2001) 

783. 
[134] B. Malinowska, M. Cassir, F. Delcorso, J. Devynck, J. Electroanal. Chem., 389 

(1995) 21. 
[135] K. Yamada, I. Uchida, J. Electroanal. Chem., 385 (1995) 57. 
[136] R. Evans, O. Klymenko, C. Hardacre, K. Seddon, R. Compton, J. Electroanal. 

Chem., 556 (2003) 179. 
[137] R. Evans, O. Klymenko, S. Saddoughi, C. Hardacre, R. Compton, J. Phys. Chem. 

B, 108 (2004) 7878. 
[138] I. AlNashef, M. Leonard, M. Kittle, M. Matthews, J. Weidner, Electrochem. Solid 

State Lett., 4 (2001) D16. 
[139] I. AlNashef, M. Leonard, M. Matthews, J. Weidner, Ind. Eng. Chem. Res., 41 (2002) 

4475. 
[140] M. Buzzeo, O. Klymenko, J. Wadhawan, C. Hardacre, K. Seddon, R. Compton, 

J. Phys. Chem. A, 107 (2003) 8872. 
[141] M. Buzzeo, E. Klymenko, J. Wadhawan, C. Hardacre, K. Seddon, R. Compton, 

J. Phys. Chem. B, 108 (2004) 3947. 
[142] M. Islam, B. Ferdousi, T. Okajima, T. Ohsaka, Electrochem. Comm., 7 (2005) 789. 
[143] T. Goto, Y. Ito, Electrochim. Acta, 43 (1998) 3379. 
[144] D. T. Sawyer, J.L. Roberts, J. Electroanal. Chem., 12 (1966) 90. 
[145] D. MacFarlane, K. Seddon, Aust. J. Chem., 60 (2007) 3. 
[146] D. Aurbach, M. Daroux, P. Faguy, E. Yeager, J. Electroanal. Chem., 297 (1991) 225. 
[147] R. Atanasoski, H. Law, R. McIntosh, C. Tobias, Electrochim. Acta, 32 (1987) 877. 
[148] L. Irr, Electrochim. Acta, 29 (1984) 1. 
[149] D. Wagner, H. Gerischer, Electrochim. Acta, 34 (1989) 1351. 
[150] S. Singh, D. Desmarteau, Inorg. Chem, 29 (1990) 2982. 

 54


	Thesis_part1_final.pdf
	 ABSTRACT

	Thesis_body_final.pdf
	1  INTRODUCTION
	1.1 The molten carbonate fuel cell (MCFC)
	1.1.1 The anode
	1.1.2 The cathode
	1.1.3 The metallic parts

	1.2 Ionic liquids
	1.3 Aim of the thesis

	2  EXPERIMENTAL
	2.1 Testing Procedures for MCFC experiments
	2.1.1 Single cell tests
	Anode current collector tests
	Cathode tests

	2.1.2 Dissolution tests
	2.1.3 Wet-seal tests

	2.2 Testing procedures for Ionic liquid experiments
	2.3 Synthesis of the aluminium salt
	2.4 Analysis methods
	2.4.1 Scanning Electron Microscopy (SEM)
	2.4.2 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES)
	2.4.3 Light optical microscopy
	2.4.4 Karl Fischer analysis
	2.4.5 Thermogravimetric Analysis (TGA)
	2.4.6 Nuclear Magnetic Resonance (NMR)


	3   RESULTS AND DISCUSSION
	3.1 Anode current collector
	3.1.1 Electrochemical measurements
	3.1.2 Post-test analyses
	Alloy A
	Alloy B


	3.2 Cathode
	3.2.1 Dissolution tests
	3.2.2  Single cell tests

	3.3 Wet-seal material
	3.4 Dissolution of gases in Ionic liquids
	3.5 Synthesis and evaluation of the aluminium salt

	4   CONCLUSIONS
	5  ACKNOWLEDGEMENTS
	6  REFERENCES


