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Abstract 

The molten carbonate fuel cell (MCFC) has evolved to current megawatt-scale 

commercial power plants. When using the fuel cell for electrolysis (MCEC), it 

provides a promising option for producing fuel gases such as hydrogen, via water 

electrolysis, and syngas, via co-electrolysis of water and carbon dioxide. The 

molten carbonate cell can thereby operate reversibly as a dual energy converter for 

electricity generation and fuel gas production. The so-called reversible molten 

carbonate fuel cell (RMCFC) will probably increase the usefulness of the system 

and improve the economic benefits. 

This work has investigated the performance and durability of the cell in 

electrolysis and reversible operations to demonstrate the potential viability of the 

MCEC and the RMCFC. A lower polarization loss is found for the electrolysis cell 

than for the fuel cell, mainly due to the NiO oxygen electrode performing better 

in the MCEC. The stability of the cell in long-term tests evidences the feasibility 

of the MCEC and the RMCFC using a conventional fuel cell set-up, at least in lab-

scale.     

This study also elucidates the electrode kinetics of hydrogen production and 

oxygen production to better understand the two important reaction processes that 

determine the performance of the electrolysis cell. The experimentally obtained 

partial pressure dependencies for hydrogen production are high, and they do not 

reasonably satisfy the reverse pathways of the hydrogen oxidation mechanisms. 

The reverse process of an oxygen reduction mechanism in fuel cell operation is 

found to suitably describe the oxygen production in the MCEC.   

To evaluate the effect of the reverse water-gas shift reaction and the influence of 

the gas phase mass transport on the porous Ni electrode in the electrolysis cell, a 

mathematical model based on the Maxwell-Stefan diffusion equations is applied 

in this study. When the humidified inlet gas compositions enter the current 

collector the decrease of the shift reaction rate increases the electrode performance. 

The model well describes the polarization behavior of the Ni electrode when the 

inlet gases have low contents of reactants. The experimental data and modeling 

results are consistent in that carbon dioxide has a stronger effect on the gas phase 

mass transport than other components, i.e. water and hydrogen. 

Keywords 

Durability, electrode kinetics, gas phase mass transport, molten carbonate 

electrolysis cell, molten carbonate fuel cell, performance, reversible. 

 



 

 

Sammanfattning 

Smältkarbonatbränslecellen (Molten Carbonate Fuel Cell, MCFC) har utvecklats 

under flera decennier och finns idag för kommersiell kraftproduktion i 

megawattskala. Denna bränslecell kan även användas för elektrolys (Molten 

Carbonate Electrolysis Cell, MCEC), vilket erbjuder ett lovande alternativ för 

produktion av bränslen såsom vätgas, via elektrolys av vatten, och syntesgas, via 

samtidig elektrolys av vatten och koldioxid. Smältkarbonatcellen kan på detta sätt 

arbeta som dubbelriktad energiomvandlare för elkraftproduktion och 

bränsleframställning. En reversibel smältkarbonatbränslecell (Reversible Molten 

Carbonate Fuel Cell, RMCFC) skulle kunna förbättra systemets användbarhet och 

dessutom vara ekonomiskt fördelaktigt. 

För att visa på potentialen för MCEC och RMCFC, så har prestanda och livslängd 

för smältkarbonatcellen, såväl vid elektrolysdrift som vid reversibel drift 

undersökts noggrant i detta arbete. Resultaten visar att polarisationsförlusterna är 

lägre vid elektrolys- än vid bränslecellsdrift, huvudsakligen på grund av att 

syrgaselektroden, NiO, ger lägre reversibla förluster i MCEC. Dessutom är 

smältkarbonatcellens prestanda stabil under långtidsförsök (ca 2200 h) vilket ger 

bevis för att MCEC- och RMCFC-drift fungerar utmärkt med de konventionella 

bränslecellselektroder som testats, åtminstone i laboratorieskala. 

Prestanda för elektrolyscellen styrs av de två elektrodprocesserna. För att bättre 

kunna förstå dessa så belyser studien också reaktionskinetiken för produktionen 

av vätgas och syrgas i cellen. De experimentellt erhållna partialtrycksberoendena 

för vätgasutveckling är höga och överensstämmer dåligt med föreslagna 

reaktionsmekanismer. Reaktionsmekanismen för syrgasutveckling i MCEC följer 

däremot den omvända mekanismen för syrgasreduktion i 

smältkarbonatbränslecellen. 

För att utvärdera effekten av den omvända vatten-gas-skift-reaktionen och 

inverkan av masstransporten i gasfas på Ni-elektroden i elektrolyscellen har en 

matematisk modell baserad på Maxwell-Stefans diffusionsekvationer använts. 

Modellen beskriver väl överpotentialen på Ni-elektroden då den ingående gasen 

har låga halter av reaktant. Såväl experimentella data som modellresultat visar på 

en större inverkan av koldioxid än av övriga komponenter på masstransporten i 

gasfas. 
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1   Introduction  

The fuel cell is an electrochemical device that converts chemical energy directly 

into electrical energy with heat as by-product. It differs from the battery in that the 

fuel cell cannot store chemical energy and requires a continuous supply of fuel, 

generally hydrogen and oxygen or air to sustain operation. The reduction of 

oxygen, at the cathode, and the oxidation of hydrogen, at the anode, give rise to a 

potential difference, which drives electrons through an external load. The ions, e.g. 

H+, OH−, CO3
2− and O2−, diffuse and migrate through the electrolyte to complete 

the electrical circuit in the fuel cell.   

The fuel cell has several attractive features. It provides the opportunity for 

generating electricity in an oil-independent and environmentally friendly way, 

with few emissions and pollutant gases such as carbon dioxide, nitrous oxides and 

sulfur oxides. The fuel cell is noiseless due to lack of moving parts. Furthermore, 

the electrical energy is converted directly from the chemical energy in the fuel cell, 

which is not limited by the thermodynamic limit of the Carnot cycle. Thus the fuel 

cell can, at least theoretically, achieve a higher efficiency than the internal 

combustion process.  

In the fuel cell the theoretical thermodynamic efficiency is the ratio of Gibbs free 

energy to the standard enthalpy of formation and can reach up to about 80%. 

However, in practical operations the electrical efficiency is about 40–60%, 

determined by the cell voltage. The factors that limit the efficiency are ohmic 

losses, the kinetic and mass-transfer limitations in the system. An increase of the 

operating temperature will decrease the ohmic losses and improve the reaction 

kinetics.     

The fuel cell is classified by the electrolyte used in the cell. Today there are six 

main different types: Proton Exchange Membrane Fuel Cell (PEMFC), Direct 

Methanol Fuel Cell (DMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel 

Cell (PAFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell 

(SOFC). However, the DMFC is named after the fuel instead of the electrolyte, 

and is sometimes a subcategory of the PEMFC. Based on the working temperature, 

fuel cells are also categorized into low-temperature fuel cells and high-temperature 

fuel cells. The MCFC and the SOFC belong to the high-temperature fuel cells, 

which can utilize a variety of fuels such as natural gas and gasified biomass and 

do not require noble catalysts, e.g. platinum. 

Today the fuel cell is not only developed for electricity generation, but it can also 

operate in reversed mode to perform electrolysis for fuel gas production. For 
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example, the Alkaline Electrolysis Cell (AEC) and the Proton Exchange 

Membrane Electrolysis Cell (PEMEC) have been commercially available for 

water electrolysis to produce hydrogen for many years [1-5]. The high-

temperature electrolysis technology, e.g. the Molten Carbonate Electrolysis Cell 

(MCEC) [6] and the Solid Oxide Electrolysis Cell (SOEC) [7], also constitutes a 

promising option for hydrogen production by electrolysis of water as well as for 

syngas (H2+CO) production by co-electrolysis of water and carbon dioxide. High-

temperature electrolysis is currently in the research and development stage. 

Hydrogen and syngas are today considered important fuels in future energy 

systems. Hydrogen is a clean and sustainable energy carrier in industrial, transport, 

domestic or space applications for a future zero-carbon economy [8-11], and 

syngas is the raw material for synthetic hydrocarbon fuels produced by the 

Fischer-Tropsch synthesis technology [12, 13]. However, the leading industrial 

processes for hydrogen and syngas production are largely dependent on the 

consumption of fossil fuels, as in steam reforming, partial oxidation of heavy 

hydrocarbons and coal gasification [14, 15].  

When considering limited fossil fuel resources and environmental issues, high-

temperature electrolysis could be a suitable and feasible approach for producing 

hydrogen and/or syngas. With increased production of renewable electricity, there 

is also a need for energy storage capabilities. To use the surplus from renewable 

energy sources, e.g. solar, wind, tidal and/or hydropower, as power supply for the 

electrolysis is a very attractive possibility. From the perspective of thermodynamic 

and kinetic properties, high-temperature electrolysis gives the potential to attain 

higher overall efficiency and to require lower applied voltage than the low-

temperature electrolysis [16, 17]. Additionally, a fraction of the electrical energy 

demand could be reduced and balanced by the thermal energy in the high-

temperature electrolysis. 

The use of molten carbonate fuel cells for electrolysis is a promising route. The 

cell can alternatingly operate as an electrolysis cell for fuel gas production and as 

a fuel cell for electricity generation. Furthermore, the molten carbonate fuel cell is 

already commercially available. The possibility of operating the electrolysis cell 

in a commercial fuel cell set-up will be beneficial from the economic perspective. 

This chapter gives an introduction to the molten carbonate fuel cell (MCFC) and 

the molten carbonate electrolysis cell (MCEC), and also presents the aim of the 

thesis. 
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1.1 The molten carbonate fuel cell  

The molten carbonate fuel cell (MCFC) is generally operated at high temperatures, 

600–700 °C. In the state-of-the-art cell, the anode is made from porous nickel. In 

order to avoid sintering and mechanical creep of the anode, the porous nickel is 

often alloyed with Cr and/or Al. The cathode is made of porous lithiated nickel 

oxide, generally formed by in situ oxidation and lithiation of sintered nickel. The 

electrolyte in the MCFC consists of a eutectic mixture of lithium and potassium 

carbonate, (Li/K)2CO3, or lithium and sodium carbonate, (Li/Na)2CO3. At the 

operating temperatures, the carbonate salt mixture is liquid and has a high 

conductivity. The electrolyte is normally retained in a porous γ-LiAlO2 matrix. 

This electrolyte tile conducts the carbonate ions from cathode to anode as well as 

separates the fuel and oxidant gases. 

The electrolyte distribution in the cell components is balanced by the capillary 

pressures [18, 19]. The pore-size distributions of the electrode and electrolyte 

matrix therefore play an important role in establishing a stable electrolyte/gas 

phase in the MCFC porous electrodes [20]. The electrolyte matrix is highly porous, 

with all pores less than 0.1 µm, which is completely filled with electrolyte to 

prevent gas crossover. The anode and cathode have a biporous structure, in which 

the smaller pores, or micropores, are filled with electrolyte and the larger pores, 

or macropores, are used as gas channels in the electrode.  

 

Figure 1.1 The working principle of the molten carbonate fuel cell. 

 

The working principle of the molten carbonate fuel cell is shown in Figure 1.1. On 

the anode the oxidation of hydrogen takes place through the following reaction 

                                 H2 + CO3
2− → H2O + CO2 + 2e−                                     (1.1) 
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Oxygen is reduced with carbon dioxide forming carbonate ions at cathode side. 

                                      
1

2
O2 + CO2 + 2e− → CO3

2−                                          (1.2) 

So that the overall cell reaction is  

                             H2 +  
1

2
O2 + CO2,NiO → H2O + CO2,Ni                                 (1.3) 

In the MCFC it is necessary to supply carbon dioxide to the cathode for producing 

the CO3
2−ion conductor. In a system the cathode inlet gas can be formed by feeding 

the anode outlet gas mixed with air to a catalytic burner.  

An essential advantage of using high-temperature fuel cells is that they are not 

prone to carbon monoxide poisoning. Instead carbon monoxide can be used as a 

fuel in the MCFC according to  

                                      CO + CO3
2− → 2CO2 + 2e−                                         (1.4) 

although this reaction is regarded to be slow. Besides the electrochemical reactions, 

the reverse water-gas shift reaction also takes place at the anode. 

                                         H2 + CO2 ⇌ H2O + CO                                            (1.5) 

At high temperatures, above 500 °C and in the presence of suitable catalysts such 

as nickel, the shift reaction could very rapidly establish equilibrium [21, 22]. This 

will probably affect the gas composition in the Ni electrode and therefore influence 

the electrode performance. 

Carbon deposition, caused by the Boudouard reaction, is detrimental for the cell. 

                                               2CO ⇌ CO2 + C                                                  (1.6) 

In order to prevent carbon deposition water must be present in the gases introduced 

into the anode, since the concentration of carbon monoxide can be reduced through 

the shift reaction [23, 24].  

The high operating temperature makes the MCFC attractive and flexible in that 

the cell can utilize a variety of fuels, such as methane or other higher hydrocarbons 

derived from natural gas and biomass. These fuels can be converted to hydrogen 

via steam reforming, i.e. Reactions 1.7 and 1.8. This can take place directly in the 

fuel cell (internal reforming) or in a separate reformer (external reforming). There 

are two different choices of internal reforming: direct internal reforming (DIR) 

and indirect internal reforming (IIR). In the case of DIR, the reforming reactions 

are carried out within the anode compartment. For IIR, methane is converted into 

hydrogen in a compartment adjacent to the anode, then introduced into the anode 

compartment. 
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                                        CH4 + H2O ⇌ 3H2 + CO                                          (1.7) 

                              CnHm + nH2O ⇌ (n +
m

2
) H2 + nCO                                 (1.8) 

However, there are still two main issues in the molten carbonate fuel cell: loss of 

electrolyte and dissolution of the cathode. During long-term MCFC operation, the 

electrolyte is consumed mainly due to corrosion and vaporization, which is a major 

cause reducing the lifetime in atmospheric systems [25].  

The cathode is often made of nickel oxide, which has a small but significant 

solubility in the electrolyte. In fact, nickel oxide reacts with carbon dioxide at the 

cathode and then forms nickel ions according to  

                                      NiO + CO2 → Ni2+ + CO3
2−                                         (1.9) 

As nickel ions migrate through the electrolyte matrix towards the anode with 

chemically reducing conditions (H2), metallic nickel precipitates in the electrolyte, 

eventually causing the internal short-circuiting of the fuel cell. The dissolution of 

NiO is a main factor limiting the cell lifetime in the pressurized systems [25]. In 

order to reduce the solubility of the cathode, much research is done in three main 

directions: developing new cathode materials [26-31], modifying the present NiO 

electrode [32-35], and changing carbonate melt compositions [36-40]. 

The molten carbonate fuel cell is generally used for large stationary power 

generation and has a high efficiency. For example, the MCFC can reach an 

efficiency of up to 55% for fuel to electricity conversion, and the total efficiency 

can be over 90% when integrating combined heat and power (CHP) or combined 

cooling and power (CCP) applications [41]. The molten carbonate fuel cell 

technology has been commercially available in various countries such as the USA, 

South Korea, Germany, Italy and Japan. More than 300 MW of power generation 

capacity is installed in more than 50 locations worldwide [41, 42]. FuelCell Energy 

(FCE, USA) plays a globally leading role in manufacture and commercialization 

of the MCFC technology. The product of Direct FuelCell (DFC) power plants can 

generate capacity in the range from 300 kW to 2.8 MW by using natural gas, 

biogas and others as fuels [42]. FuelCell Energy Solutions (FCES) in Germany, a 

joint-venture of FCE and Fraunhofer IKTS, builds stationary MCFC plants with 

electrical efficiency up to as almost twice that of conventional fossil fuel plants 

[41]. POSCO Energy is licensed to manufacture Direct FuelCell molten carbonate 

power plants in South Korea. The world’s largest fuel cell plant, 59 MW, was 

inaugurated in Hwasong city in 2013; a total capacity of 144.6 MW is being 

generated by MCFC plants in 18 sites in South Korea [41]. 
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1.2 The molten carbonate electrolysis cell  

When the MCFC is run in reverse, it operates as a molten carbonate electrolysis 

cell (MCEC) to produce fuel gas, e.g. hydrogen or syngas (H2+CO). In this study, 

for the operation of the electrolysis cell it still uses the state-of-the-art fuel cell 

components described above, including the nickel-based porous electrodes and 

molten carbonate electrolyte. Figure 1.2 shows the working principle of the molten 

carbonate electrolysis cell. The Ni electrode, as anode in the MCFC, works as 

cathode in the MCEC. The electrolysis of water takes place at the Ni electrode 

according to  

                                 H2O + CO2 + 2e− → H2 + CO3
2−                                   (1.10) 

Unlike other electrolysis cells, carbon dioxide as well as water must be present in 

the inlet gas, since CO2 is a reactant when producing carbonate ions. 

The electrochemical reaction on the NiO electrode, anode in the MCEC, is the 

electrolysis of carbonate ions producing oxygen and carbon dioxide. 

                                      CO3
2− →

1

2
O2 + CO2 + 2e−                                        (1.11) 

So the overall reaction in the MCEC is 

                             H2O + CO2,Ni → H2 + 
1

2
O2 + CO2,NiO                              (1.12) 

 

Figure 1.2 The working principle of the molten carbonate electrolysis cell. 

 

Due to the presence of carbon dioxide in the inlet fuel gas, direct CO2 electrolysis 

generating CO may take place at the Ni electrode through the following reaction 

                                      2CO2 + 2e− → CO + CO3
2−                                       (1.13) 
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However, it has been reported that the kinetics of this reaction is much slower 

compared to water electrolysis on nickel-based electrodes [43, 44]. Despite that, 

carbon monoxide could be generated through the reverse water-gas shift reaction, 

i.e. Reaction 1.5.  

Studies on high-temperature water electrolysis for hydrogen production have been 

carried out since the early 1980s but have been limited to the solid oxide 

electrolysis cell (SOEC) [45]. Much progress on the SOEC technology has been 

achieved, for example regarding electrode and electrolyte materials, the 

electrochemical performance and durability of the cell and stack, and modeling of 

the SOEC and systems [7, 46-52]. Lately, researchers have focused not only on 

the SOEC for hydrogen production, but also on co-electrolysis of water and carbon 

dioxide for syngas and carbon fuels production [53-57]. 

When it comes to the molten carbonate electrolysis cell (MCEC), some research 

has been done mainly on the electrolytic reduction of carbonate melts or carbon 

dioxide into solid carbon or gaseous carbon monoxide [58-69]. Ingram et al. [58] 

presented carbon deposition by electrolysis in a ternary eutectic (Li/K/Na)2CO3 on 

a gold wire at 600 °C. Bartlett et al. [59] found that C and O2- are the cathodic 

products of electrolyzing Li/Na carbonate at 550 °C. Peelen et al. [60] reported the 

electrochemical reduction of CO2 into CO on a gold flag electrode in a Li/K 

carbonate mixture at temperatures from 575 to 700 °C. Kaplan et al. [61, 62] 

investigated the conversion of carbon dioxide to carbon monoxide in a cell 

operated at 850–900 °C. The cell consisted of a graphite anode and a titanium 

cathode, and an electrolyte mixture of lithium carbonate and lithium oxide. Ijije et 

al. [63] studied carbon nanopowder electrodeposition on a mild steel cathode from 

the molten mixture of 62/38% (Li/K)2CO3 at 3.0–5.0 V and 850–900 °C. Ijije et 

al. [64, 65] also investigated electrolysis in carbonate-containing molten salts (e.g. 

CaCl2-CaCO3-LiCl-KCl and (Li/K)2CO3) on Ni, Pt and mild steel electrodes at 

temperatures of 500–800 °C. Chery et al. [66, 67] studied the electrochemical 

reduction of carbon dioxide on a gold flag or planar disk electrode using cyclic 

voltammetry, and also presented thermodynamic calculations on the reduction 

processes (CO2/CO, CO2/C, CO/C, H2O/H2, and M+/M) in molten carbonates. Ren 

et al. [68, 69] reported the electrolysis of molten carbonate salts in combination 

with solar energy to convert carbon dioxide into carbon. However, the experiments 

in all studies referred above were carried out on flag electrodes instead of using 

the conventional fuel cell catalysts, Ni-based porous electrodes.  

The possibility of operating the electrolysis cell to produce fuel gases and the fuel 

cell to generate electricity in a molten carbonate cell, i.e. as a so-called reversible 

molten carbonate fuel cell (RMCFC), may increase the usefulness of the cell 
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system and probably be beneficial from an economic perspective. The MCFC 

technology has already reached a level of maturity enough for commercialization. 

Thus the operation of the electrolysis cell in the commercial fuel cell set-up is of 

great interest and will provide new opportunities. In the present study focus is on 

the molten carbonate electrolysis cell and on the reversible molten carbonate fuel 

cell, i.e. reversing the MCEC and MCFC operations back and forth. 

 

1.3 Aim of the thesis  

To demonstrate the potential viability of the molten carbonate electrolysis cell 

(MCEC) and/or the reversible molten carbonate fuel cell (RMCFC), it is crucial 

to know the performance and durability of the cell in this case. Additionally, there 

are two important processes for hydrogen production (i.e. Reaction 1.10) and 

oxygen production (i.e. Reaction 1.11) involved when using the molten carbonate 

fuel cell for electrolysis. A better understanding of the two reactions that determine 

the cell performance is of vital importance for the development of the MCEC 

technology.  

The aim of this thesis is therefore to investigate the feasibility of using the 

conventional molten carbonate fuel cell for electrolysis and reversible operations. 

The electrochemical performance of the cell and electrodes in the MCEC and in 

the RMCFC is evaluated in lab-scale by using steady-state polarization curves and 

electrochemical impedance spectroscopy (Papers I and II). The durability tests of 

the cell are undertaken both for electrolysis and reversible operations in carbonate 

melt (Paper III). To learn more about the use of the cell as an electrolyzer, the 

electrode kinetics of the hydrogen and oxygen production reactions is elucidated 

(Papers IV and V). Besides the electrode reaction of hydrogen production, the 

reverse water-gas shift reaction occurs on the Ni electrode. This will affect the gas 

composition in the electrode and thus influence the electrode performance. A 

mathematical model is applied to evaluate the effect of the shift reaction and the 

influence of the gas phase mass transport on the Ni electrode in the molten 

carbonate electrolysis cell (Paper VI). 
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2   Experimental  

2.1 Laboratory cell set-up 

Experimental data were obtained from a laboratory cell unit with a geometrical 

area of 3 cm2, where the cell components were provided by Ansaldo Fuel Cells in 

Italy. The cell consists of a porous Ni-Cr alloy as hydrogen electrode, and a porous 

nickel, oxidized and lithiated in situ, as oxygen electrode. In order to avoid 

confusion of anode and cathode in fuel cell and electrolysis cell modes, they are 

denominated hydrogen electrode (Ni) and oxygen electrode (NiO) instead. The 

electrodes are separated by a porous LiAlO2 matrix, which also supports the 

electrolyte, a eutectic mixture of 62/38 mol% Li2CO3/K2CO3. The characteristics 

of the cell components are given in Table 2.1. The current collectors used on the 

Ni and NiO electrode sides are made of nickel and stainless steel SS316, 

respectively. Two probes of the current collector are each separately measuring 

the current and the potential. Two reference electrodes, consisting of gold (Au) 

wires in equilibrium with a gas mixture of 33/67% O2/CO2, are placed in separate 

chambers filled with the same electrolyte as that in the cell. These chambers are 

connected to the cell through a capillary with a gold plug. A schematic drawing of 

the laboratory cell is shown in Figure 2.1 [70]. In order to keep optimal electrolyte 

filling degree in the cell, small amounts of carbonate salt grains can be added in 

this set-up. 

 

Figure 2.1 Schematic drawing of the laboratory cell unit [70]. 
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Table 2.1 Characteristics of the cell components. 

Cell components Material Diameter Thickness Porosity 

Hydrogen electrode Ni+5 wt % Cr 19 mm 0.60 mm 53.7% 

Oxygen electrode Lithiated NiO 19 mm 0.60 mm 76.9% 

Matrix γ-LiAlO2 25 mm 0.25 mm 51.0% 

 

The start-up procedure of the cell includes a temperature and gas profile. At first 

the cell is under air and the temperature is gradually increased to 480 °C, keeping 

the cell at this temperature for 24 h in order to burn away binder materials, etc. 

Then the air is exchanged for the inert gas, i.e. nitrogen, and the gas mixture 

consisting of 33/67% O2/CO2 is supplied to the reference electrodes. The cell 

temperature is raised above the melting point of the electrolyte (m.p. 491 °C) to 

580 °C. Lastly, the gases are changed to the standard fuel and oxidant gases 

containing 80/20% H2/CO2 and 15/30/55% O2/CO2/N2, respectively, and the 

temperature of the cell is increased to the working temperature, i.e. 650 °C. 

Meanwhile, a weight of approximately 2 kg is put on the top of the cell. To avoid 

carbon formation in the cell during operation, the inlet fuel gas is humidified at 

60 °C before entering the Ni electrode.  

In order to obtain a steady and good performance, the cell is run in fuel cell mode 

under a constant current load of 0.16 A·cm-2 for almost two weeks. After that the 

operating conditions, including gas compositions, temperatures and operation 

modes (i.e. electrolysis cell and fuel cell), can be changed for investigation. When 

the cell has reached a stable performance under each operating condition, the 

actual electrochemical measurements can be carried out. 

 

2.2 Experimental conditions  

2.2.1 Operating the reversible molten carbonate fuel cell (RMCFC) 

In Paper I, an evaluation of the feasibility of the reversible molten carbonate fuel 

cell was performed at temperatures ranging from 600 to 675 °C. Since it is the first 

attempt to use the conventional molten carbonate fuel cell for electrolysis, the 

standard gas mixtures used in fuel cell operation, i.e. 64/16/20% H2/CO2/H2O for 

the Ni hydrogen electrode and 15/30/55% O2/CO2/N2 for the NiO oxygen 

electrode, are chosen for the test. The H2O content in the fuel gas was controlled 

by the temperature of the water in the humidifier. In order to obtain a better 

comparison of the performance in fuel cell and electrolysis cell modes, the Ni 

electrode was also investigated when the gas had equal concentrations of each 
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component, i.e. 25/25/25/25% H2/CO2/H2O/N2. The durability of the cell in the 

RMCFC mode was tested under the standard gases at 650 °C, see Paper III.  

The flow rates of the inlet gases were held at about 150 ml·min-1 for both 

electrodes. Throughout all experiments the reference gas consisting of 33/67% 

O2/CO2 had a flow rate of 20 ml·min-1. 

 

2.2.2 Operating the molten carbonate electrolysis cell 

If the molten carbonate cell is mainly applied as an electrolyzer for fuel gas 

production in practical operations, the inlet gases should contain low amounts of 

hydrogen or even no hydrogen for the Ni electrode. In order to determine the 

performance in this case, the polarization losses of the Ni electrode were evaluated 

under hydrogen-lean gases (i.e. 1% H2) in the temperature range of 600–650 °C 

and then compared to the gas containing 25/25/25/25% H2/CO2/H2O/N2, as shown 

in Paper II. Table 2.2 gives the detailed gas compositions. The long-term test of 

the MCEC was undertaken at 650 °C (Paper III). The gas mixtures of 25/25/25/25% 

H2/CO2/H2O/N2 and 15/30/55% O2/CO2/N2 were used for the Ni and NiO 

electrodes, respectively. The inlet gas flow rates were held at about 150 ml·min-1. 

Table 2.2 The inlet gas compositions for the Ni electrode, in percent. 

Gas No. H2 (%) CO2 (%) H2O (%) N2 (%) 

1 25 25 25 25 

2 1 24.5 24.5 50 

3 1 49.5 24.5 25 

4 1 24.5 49.5 25 

5 1 49.5 49.5 – 

 

2.2.3 Determining the electrode kinetics in the molten carbonate 

electrolysis cell  

The general procedure for elucidating the electrode kinetics of hydrogen 

production (Reaction 1.10) and oxygen production (Reaction 1.11) in the MCEC 

is to determine the dependency of the exchange current density on the reactant 

partial pressures. For this purpose a large amount of polarization data was 

investigated, concerning the effect of gas composition and temperature on the 

electrode performance. The working temperature ranges from 600 to 650 °C. 

In Paper IV, the kinetics of the porous Ni electrode for the hydrogen production 

reaction was studied by determining the partial pressure dependencies of hydrogen, 

carbon dioxide and water. Thus, the inlet fuel gases for the Ni electrode were 
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varied separately within three different groups, see Table 2.3. The concentration 

increment was 5% when increasing the amount of hydrogen, carbon dioxide, and 

water, respectively. A standard gas containing 15/30/55% O2/CO2/N2 was used for 

the NiO electrode.  

In order to reduce the effect of mass-transport limitations in the gaseous phase [71], 

the flow rates of the inlet gases were kept high at about 250 ml·min-1 when taking 

the electrochemical measurements to determine the electrode kinetics.  

Table 2.3 The inlet gas compositions using an increment of 5% when changing the contents 

of H2, CO2 and H2O for the Ni electrode. 

Gas Group No. H2 (%) CO2 (%) H2O (%) N2 (%) 

1 5-50 25 25 Balance 

2 25 10-50 25 Balance  

3 25 25 10-50 Balance 

 

To understand the oxygen production on the porous NiO electrode, the same 

method mentioned above is used to evaluate the partial pressure dependencies of 

oxygen and carbon dioxide. The different gas compositions for the NiO electrode 

were obtained by varying the concentrations of O2 and CO2 in the ranges of 1.5–

30% and 2.5–40%, respectively, as shown in Table 2.4. The increment was not 

constant and the detailed gas compositions are listed in Paper V. A gas consisting 

of 25/25/25/25% H2/CO2/H2O/N2 was introduced to the Ni electrode.   

Table 2.4 The inlet gas compositions varied in the contents of O2 and CO2 for the NiO 

electrode. 

Gas Group No. O2 (%) CO2 (%) N2 (%) 

1 1.5–30 30 Balance  

2 15 2.5–40 Balance 

 

2.3 Electrochemical methods  

2.3.1 Polarization curves 

The polarization curves were performed in potentiostatic steps by using a 

Solartron Interface SI1287 supported by CorrWare software. The current-interrupt 

technique was used in order to evaluate the ohmic losses from other types of 

polarization. For all of polarization curves plotted in Papers I–VI, the positive 

current density refers to fuel cell (MCFC) mode and the negative current density 

refers to electrolysis cell (MCEC) mode. 
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2.3.2 Electrochemical impedance spectroscopy (EIS) 

For electrochemical impedance measurements of the cell and electrodes, the 

frequency spectra were recorded at three different operating conditions, including 

open circuit voltage (OCV), fuel cell and electrolysis cell modes. A potentiostatic 

offset is applied to simulate fuel cell and electrolysis cell modes. EIS was 

measured potentiostatically in the frequency range between 10 kHz and 10 mHz 

with a potential perturbation of 10 mV. Impedance measurements were performed 

using a Solartron frequency response analyzer 1255 and a Solartron Interface 

SI1287. In this study, the defined high-frequency region ranges from about 20 Hz 

to 10 kHz and the low-frequency region ranges from 10 mHz to 20 Hz. 

 

2.3.3 Galvanostatic holds 

The durability tests of the cell in electrolysis and reversible operations were 

performed to demonstrate the feasibility of the MCEC and the RMCFC when 

using the conventional fuel cell components. For the long-term test of the MCEC, 

galvanostatic holds at a constant electrolysis current density of -0.16 A·cm-2 for 

2165 h was undertaken. The long-period operation of the RMCFC was performed 

galvanostatically by operating the cell alternatingly in fuel cell mode (i.e. under a 

constant load of 0.16 A·cm-2) and electrolysis cell mode (i.e. under a constant 

current density of -0.16 A·cm-2) for 1019 h.  

 

2.4 Scanning electron microscopy (SEM)    

The morphological information on the electrodes was obtained by scanning 

electron microscopy (SEM), using a Hitachi S-4800 field emission SEM 

instrument at an acceleration voltage of 1.0 kV. The SEM micrographs of the Ni 

and NiO electrodes used for long-term tests of the MCEC and the RMCFC were 

obtained and then compared to the reference case, with about 1600 h of MCFC 

operation under a constant load of 0.16 A·cm-2. All specimens were leached in 50% 

acetic acid to dissolve the electrolyte. The NiO electrode samples for SEM were 

sputtered with 8 nm platinum to reduce charging in the electron beam.        
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3   Methodology for kinetic studies in the molten 

carbonate electrolysis cell 

Different reaction mechanisms have been proposed for hydrogen oxidation and 

oxygen reduction in fuel cell operation, as introduced in Papers IV and V. 

However, when concerning the electrochemical reactions in the electrolysis cell, 

the electrode kinetics and mechanisms for the hydrogen and oxygen production 

reactions are still unknown. Interesting to examine is whether the reaction 

mechanisms of electrolysis are simply the inverse of those that take place on the 

electrodes in the fuel cell, or whether there are some other 

electrochemical/chemical reaction pathways in electrolysis operation. 

The general procedure for elucidating the mechanisms of the hydrogen production 

and oxygen production reactions in the MCEC is to determine the dependency of 

the exchange current density on the reactant partial pressures; the same method as 

applied for understanding the reactions of hydrogen oxidation and oxygen 

reduction in the MCFC. When analyzing kinetic data for porous electrodes, it is 

important to consider the current distribution along the depth of the electrode. The 

current distribution is determined by a combination of the intrinsic electrode 

activity, its specific surface area, the effective diffusion path lengths of the 

electroactive species, and the effective conductivities of the electrolyte and 

electrode. 

Several models, including the thin-film model [72-76], the agglomerate model 

[77-81] and the homogeneous model [82], have thus been developed to describe 

the structure of porous electrodes in the molten carbonate fuel cell. In the thin-film 

model the electrode is considered to consist of cylindrical pores and the 

electrochemical reaction occurs on film-covered walls of gas-filled macropores. 

For the agglomerate model the catalyst particles of the electrode and the 

microspores are entirely flooded with electrolyte forming an agglomerate. The 

gaseous reactants diffuse through the macropores, dissolve in the electrolyte and 

react electrochemically on the catalyst particles in the agglomerate. The 

agglomerate structure is assumed to be cylindrical or planar, or sometimes to be 

coated with a wetting electrolyte film. In the homogeneous model the porous 

electrode is regarded as a three-phase homogeneous structure, and then no 

assumptions concerning pore structure are needed.  

In this study, the porous electrode model for the MCFC appears to be as suitable 

a model as for the MCEC, since the electrode catalysts employed for the 

electrolysis cell are the same as for the fuel cell in molten carbonates. The 

electrode reactions in the MCEC are assumed to mainly take place on the exterior 
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surface area of the agglomerate. This is a reasonable assumption, at least in fuel 

cell mode, confirmed by Fontes et al. [80].  

In order to minimize the influence of mass-transfer limitations in the gas phase 

and in the exterior electrolyte film, the polarization data are evaluated at low 

overpotential. In this region the relation between overpotential and current density 

is linear, and it is assumed that the electrode is mainly under kinetic control with 

mass-transfer limitations thus neglected. When taking the current distribution into 

account, the total resistance for the porous electrode, derived by Lagergren and 

Simonsson [70, 83], is 

                 
𝑑𝜂

𝑑𝑖
=

𝐿

𝜅1+𝜅2
+

𝐿

√𝑎
∙

1

𝜅1+𝜅2
∙ [

2

sinh √𝑎
+ (

𝜅1

𝜅2
+

𝜅2

𝜅1
) coth √𝑎]                   (3.1) 

where 

                                           𝑎 =
𝑛𝐹𝐿2𝑆𝑖0

𝑅𝑇
(

1

𝜅1
+

1

𝜅2
)                                             (3.2) 

The first term on the right side represents the ohmic loss in the electrode. This is 

not included in the study, since the current-interrupt technique is applied to correct 

the iR drop when measuring polarization data. 𝐿 is the electrode thickness, and 𝜅1 

and 𝜅2  are the effective conductivities in the electrode and electrolyte phases, 

respectively. 𝑆 is the agglomerate exterior surface area, where the dominating part 

of the electrode reaction occurs.  

There are two limiting cases of Eq. 3.1, in which 𝑎 approaches either zero or 

infinity. These two cases refer to uniform and uneven current distributions, 

respectively.  

If the structural parameters and the effective conductivities are already known, the 

exchange current densities for porous electrodes can be evaluated from the 

experimentally obtained polarization resistance, 𝑑𝜂 𝑑𝑖⁄ , according to Eq. 3.1.  

 

3.1 Evaluation of kinetic parameters for the Ni electrode 

For the Ni electrode, the effective conductivity of the solid material is very high 

(about 105 S·m-1) and does not contribute to the total resistance, leaving a 

simplified expression of Eq. 3.1:  

                                                
𝑑𝜂

𝑑𝑖
= √

𝑅𝑇

𝑛𝐹𝑆𝑖0𝜅2
                                                    (3.3) 
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The electrode reaction of hydrogen production is assumed to mainly take place on 

the exterior surface area of the agglomerates. The value of 𝑆 is estimated to be 

2.7×105 m-1, by assuming that the agglomerates are spherical and have a radius of 

4.5 μm [71, 84]. Furthermore, the electrochemically active area is assumed to be 

constant for all gas compositions, and will therefore only affect the value of the 

exchange current density and not partial pressure dependency [71]. The porosity 

of the electrode is determined to be 53.7%, and the effective conductivity in the 

pore electrolyte is assumed to be 5.0 S·m-1 at 650 °C [71]. Using the Arrhenius 

equation [85], the values of 4.1 and 4.6 S·m-1 are calculated for 600 and 625 °C, 

respectively.  

The exchange current density, varying with the concentration of the electroactive 

species and temperature, is determined by the reaction mechanism. To understand 

the electrode kinetics of hydrogen production, i.e. Reaction 1.10, is generally 

solved by determining the dependencies of the exchange current density on 

hydrogen, carbon dioxide and water partial pressures. 

                                  𝑖0 = 𝑖0,𝐻2
0 (𝑝𝐻2

)
𝑎

(𝑝𝐶𝑂2
)

𝑏
(𝑝𝐻2𝑂)

𝑐
                                     (3.4) 

where 𝑖0,𝐻2
0  is the standard exchange current density for hydrogen production, and 

𝑎, 𝑏 and 𝑐 denote the partial pressure dependencies of hydrogen, carbon dioxide 

and water, respectively. The values of 𝑎, 𝑏 and 𝑐 are dependent on the reaction 

mechanism.  

 

3.2 Evaluation of kinetic parameters for the NiO electrode 

For the oxygen production reaction on the porous NiO electrode, partial pressure 

dependencies of oxygen and carbon dioxide can be expressed as 

                                        𝑖0 = 𝑖0,𝑂2
0 (𝑝𝑂2

)
𝑥

(𝑝𝐶𝑂2
)

𝑦
                                            (3.5) 

where 𝑖0,𝑂2
0  is the standard exchange current density for oxygen production, and 𝑥 

and 𝑦 denote the dependence values of oxygen and carbon dioxide, respectively. 

The exchange current density for the NiO electrode is calculated numerically from 

polarization resistances, using Eq. 3.1. Parameter values used for solving Eq. 3.1 

are listed in Table 3.1. It is assumed that the NiO electrode has a pseudo-

homogeneous structure. The agglomerate exterior surface area, 𝑆, is estimated to 

be 3×105 m-1, by assuming that the agglomerates are spherical and have a radius 

of 5 μm [70]. The effective conductivity of the porous NiO electrode is in the order 

of 1000 S·m-1 [83, 86]. The effective conductivity in the pore electrolyte was 
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measured to be 0.9–2.2 S·m-1 at 650 °C [87]. Here the effective electrolyte 

conductivity at 650 °C is set to be 2.0 S·m-1, from which values of 1.7 and 1.8 

S·m-1 are calculated for 600 and 625 °C, respectively, using the Arrhenius equation 

[85].  

Table 3.1 Parameter values used when solving Eq. 3.1.  

  600 °C 625 °C 650 °C 

𝐿 0.6 mm    

𝑟 5 μm    

𝑆 3×105 m-1    

𝑛 4    

𝜅1 1000 S·m-1    

𝜅2  1.7 S·m-1 1.8 S·m-1 2.0 S·m-1 
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4   Results and discussion 

This chapter summaries the results from Papers I–VI, and contains three sections: 

performance and durability of the molten carbonate cell in electrolysis and 

reversible operations (Papers I–III), electrode kinetics in the molten carbonate 

electrolysis cell (Papers IV and V) and gas phase mass transport in the porous Ni 

electrode (Paper VI).   

4.1 Performance and durability of the molten carbonate 

cell in electrolysis and reversible operations 

4.1.1 Feasibility of using the molten carbonate fuel cell for 

electrolysis  

A promising pathway for producing fuel gases, e.g. hydrogen and/or syngas, is 

using the molten carbonate fuel cell for electrolysis; moreover electricity can still 

be generated in the same device. This probably increases the usefulness of the cell 

and improves the economic benefits. The electrochemical performance of the cell 

in reversible operation is a key for assessing the feasibility of the RMCFC using 

conventional fuel cell materials. Figure 4.1 shows polarization curves of the cell 

in MCFC and MCEC modes at 650 °C with standard gas mixtures. The continuity 

of the polarization curves, observed close to OCV shifting from fuel cell to 

electrolysis cell mode, shows that it is feasible to operate the molten carbonate cell 

reversibly. Moreover, the cell exhibits better performance as MCEC than as 

MCFC. For example, the total cell resistances (Rtot), calculated from the slope of 

the curves without iR correction, are 1.096 and 0.894 Ω·cm2 in MCFC and MCEC 

modes, respectively. Also the polarization resistance (Rp), estimated from the 

slope of the iR-corrected curves, gives a lower value for the electrolysis cell (0.584 

Ω·cm2) than for the fuel cell (0.781 Ω·cm2). Both the Rtot and the Rp are lower in 

MCEC mode than in MCFC mode, which proves that the cell performs better for 

electrolysis. Meanwhile, the ohmic losses of the cell are similar at 0.31 Ω·cm2 

under these reversible operating conditions, indicating that running the molten 

carbonate fuel cell reversibly does not affect the properties of the electrode 

materials nor the ionic conductivity in the electrolyte, at least not in this short-term 

test. 
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Figure 4.1 Polarization curves for the cell in MCFC and MCEC modes, operating at 

650 °C with standard gas mixtures. 

 

4.1.2 Electrochemical performance of the electrodes 

The electrochemical performance of the Ni hydrogen electrode is investigated in 

both fuel cell and electrolysis cell modes with the standard gas at temperatures of 

600–675 °C, see Figure 4.2. Comparing the curves at overvoltage of |50| mV, 

lower current densities are shown in electrolysis cell mode (-0.22, -0.24, -0.25 and 

-0.26 A·cm-2) than in fuel cell mode (0.23, 0.26, 0.27 and 0.31 A·cm-2) at all 

measured temperatures. This indicates that the Ni electrode exhibits higher 

polarization losses for water electrolysis than for hydrogen oxidation. 
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Figure 4.2 iR-corrected polarization curves for the Ni hydrogen electrode in both fuel cell 

and electrolysis cell modes at operating temperatures of 600–675 °C. 
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In order to acquire detailed information on the polarization behavior of the Ni 

electrode, EIS measurements are performed for three operating modes, i.e. OCV, 

fuel cell and electrolysis cell modes. The obtained impedance spectra at 650 °C 

are shown in Figure 4.3. An overpotential versus OCV of +0.05 V and -0.05 V 

was applied on the Ni electrode to simulate fuel cell and electrolysis cell modes, 

respectively. It can be observed that the ohmic loss of the electrode, evaluated 

from the intercept with the X-axis at high frequency (to the left in the Nyquist 

plots), is slightly higher in electrolysis cell mode. This may be due to redistribution 

of electrolyte in the cell after running electrolysis operation. A larger impedance 

is found in electrolysis cell mode than in OCV and fuel cell modes, indicating that 

the Ni electrode shows a higher polarization for water electrolysis. This is 

consistent with the results from the polarization curves discussed above. 
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Figure 4.3 Electrochemical impedance spectra of the Ni electrode in OCV, fuel cell and 

electrolysis cell modes at 650 °C. The solid symbols refer to some specific frequencies. 

 

The Nyquist diagram in Figure 4.3 clearly shows the existence of two loops, one 

arc in the high-frequency region (about 20 Hz–10 kHz) and one arc in the low-

frequency region (about 0.01 Hz–20 Hz). The high-frequency arc is of about the 

same size in these three modes, while the Ni electrode exhibits a larger low-

frequency arc in electrolysis cell mode than in fuel cell mode. The size of the high-

frequency arc corresponds to the charge-transfer polarization and the size of the 

low-frequency arc corresponds to the mass-transfer polarization [88]. It illustrates 

that higher polarization losses of the Ni electrode for water electrolysis than for 

hydrogen oxidation are mainly attributable to higher mass-transfer resistance in 

electrolysis cell mode. An explanation for this difference may be the composition 

of the standard fuel gas used, in which the hydrogen, a reactant in fuel cell mode, 

is much higher in concentration than both water and carbon dioxide, reactants in 

electrolysis cell mode. 
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A better comparison of the two operation modes would probably be obtained if all 

the components of the gas have similar concentrations. Therefore, the polarization 

behavior of the Ni electrode in the fuel cell and in the electrolysis cell was 

investigated under the gas consisting of 25/25/25/25% H2/CO2/H2O/N2 at 650 °C. 

As shown in Figure 4.4, the polarization curve and impedance measurements are 

in agreement that the Ni electrode behaves similarly for hydrogen oxidation and 

for hydrogen production, only having a slightly better performance in the fuel cell. 
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Figure 4.4 The polarization behavior of the Ni hydrogen electrode in both fuel cell and 

electrolysis cell modes with the gas of 25/25/25/25% H2/CO2/H2O/N2 at 650 °C. (a) iR-

corrected polarization curve and (b) electrochemical impedance spectra. 
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Since the electrochemical reaction for hydrogen production takes place on the Ni 

electrode, it is essential to know how the electrode behaves under hydrogen-lean 

gases if the cell is mainly used as electrolyzer for fuel gas production. The 

electrochemical performance of the Ni electrode in the electrolysis cell was 

investigated under hydrogen-lean gases (1%H2), as shown in Table 2.2, and then 

compared to the case with 25/25/25/25% H2/CO2/H2O/N2 (gas 1), see Paper II. 

Figure 4.5 presents an example for 650 °C. The Ni electrode shows higher 

polarization losses for hydrogen-lean gases than for gas 1. The electrode 

polarization decreases when the concentration of carbon dioxide and/or water is 

increased. This is expected since carbon dioxide and water are reactants in 

electrolysis operation.  

The polarization curve for gas 1 shows a tendency of bending downward at high 

current densities, which is generally a sign of mass-transfer limitations. However, 

for the gas consisting of 1/49.5/49.5% H2/CO2/H2O (gas 5) the polarization curves 

appears to bend upwards at high current densities, not showing any mass-transfer 

limitations. Due to the different bending directions at high current densities, the 

iR-corrected polarization curves for gas 1 and for gas 5 intersect at a current 

density of -0.38 A·cm-2 and an overvoltage of -56 mV. This implies that lower 

electrode polarization losses could be obtained for gas 5 at high current densities, 

i.e. |𝑖|>0.38 A·cm-2.  
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Figure 4.5 iR-corrected polarization curves for the Ni electrode in the electrolysis cell at 

650 °C, with the gas of 25/25/25/25% H2/CO2/H2O/N2 (gas 1) and hydrogen-lean gases 

containing 1/24.5/24.5/50%, 1/49.5/24.5/25%, 1/24.5/49.5/25% and 1/49.5/49.5/0% 

H2/CO2/H2O/N2 (gases 2–5).  
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As discussed above, the Ni electrode has higher polarization losses in electrolysis 

cell mode than in fuel cell mode. Thus, the better performance of the cell in the 

MCEC is largely caused by the NiO oxygen electrode, as shown in Figure 4.6. It 

can be seen that the electrode polarization loss is much lower in the electrolysis 

cell than in the fuel cell at temperatures of 600–675 °C. Comparing the curves at 

a constant polarization of |150| mV, current densities obtained in electrolysis cell 

mode are higher than in fuel cell mode. This indicates that the NiO electrode shows 

significantly better performance for oxygen production (Reaction 1.11) in the 

MCEC than for oxygen reduction (Reaction 1.2) in the MCFC. 
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Figure 4.6 iR-corrected polarization curves for the NiO electrode in fuel cell and 

electrolysis cell modes at operating temperatures of 600–675 °C. 

 

For a better understanding of the electrochemical behavior of the NiO electrode, 

impedance measurements were performed in three operation modes at 650 °C, see 

Figure 4.7. An overpotential versus OCV of -0.15 V and +0.15 V was applied on 

the electrode to simulate fuel cell and electrolysis cell modes, respectively. The 

electrode impedances of 0.485, 0.562 and 0.283 Ω·cm2 are evaluated in OCV, fuel 

cell and electrolysis cell modes. The high-frequency and low-frequency arcs in 

OCV and fuel cell modes are not easily distinguishable. This is in agreement with 

previous studies [79, 89] of NiO electrodes, in which the mass-transfer arc is 

probably masked by the large kinetic impedance. It can be noted that a different 

appearance of the impedance spectrum is seen for the NiO electrode in electrolysis 

cell mode, two arcs are clearly shown; one arc at high and another at low 

frequencies. This implies that the charge-transfer polarization of the NiO electrode 

is much lower in the electrolysis cell than in the fuel cell.    
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Figure 4.7 Electrochemical impedance spectra of the NiO electrode in OCV, fuel cell and 

electrolysis cell modes at 650 °C. The solid symbols refer to some specific frequencies. 

 

4.1.3 Durability of the MCEC and the RMCFC 

The feasibility of using the molten carbonate fuel cell for electrolysis is evidenced, 

and moreover the cell shows lower polarization losses in the MCEC than in the 

MCFC. In spite of the promising performance of the electrolysis cell, further 

durability tests of the cell are still needed to demonstrate the potential viability of 

the molten carbonate electrolysis cell. Figure 4.8 shows the cell voltage recorded 

under a constant electrolysis current density of -0.16 A·cm-2 at 650 °C for 2165 h. 

The open circuit voltage of the cell is about 0.995 V when using the gas with 

25/25/25/25% H2/CO2/H2O/N2 for the Ni electrode. The interruptions observed in 

the figure are due to complementary electrochemical measurements for the cell 

and electrodes. During the long-term MCEC operation, the cell voltage initially 

shows a gradual increase and then levels off or even decreases slightly, instead of 

increasing continuously. The cell voltage eventually reached under the constant 

electrolysis conditions ranges from 1.155 to 1.170 V. By evaluating the voltage 

change for each period (e.g. 0–60 h, 60–150 h, 150–252 h, 252–340 h, etc.), the 

increase rate of the cell voltage is 0.2–0.6 mV/h. Despite interruptions and small 

disturbances taking place in the long-term test, the change trend of the cell voltage 

is not strongly affected. The small variation in cell voltage during 2165 h of MCEC 

operation indicates that it is viable and durable to operate the electrolysis cell for 

fuel gas production using conventional fuel cell components. 
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Figure 4.8 The cell voltage recorded under electrolysis operation for 2165 h at 650 °C. 

 

Figure 4.9 shows polarization losses of the electrodes obtained from the 

impedance measurements during 2165 h of MCEC operation. The Ni electrode has 

slightly higher polarization resistances in electrolysis cell mode than in OCV and 

fuel cell modes, see Figure 4.9a. During the long-term test, only small variations 

in polarization losses of the Ni electrode are shown and the values vary in the 

ranges of 0.15–0.17, 0.16–0.18 and 0.17–0.19 Ω·cm2 in OCV, fuel cell and 

electrolysis cell modes, respectively. This implies that the long-period electrolysis 

operation has only a small effect on the Ni electrode. 

Thus, the change in the cell polarization is largely caused by the NiO oxygen 

electrode, as shown in Figure 4.9b. Before the electrolyte addition at 760 h, the 

polarization resistances in OCV, fuel cell and electrolysis cell modes are almost 

constant, at values of about 0.35, 0.38 and 0.25 Ω·cm2, respectively. Concerning 

the effect of the added electrolyte on the polarization during the long-period 

operation, the NiO electrode is more sensitive to the electrolyte filling degree than 

the Ni electrode. For example, there is no significant change in the polarization of 

the Ni electrode in the three operation modes after a relatively high amount of 

electrolyte (0.090 g) added in the cell. However, polarization resistances for the 

NiO electrode drastically rise by about 0.25 Ω·cm2 in OCV and fuel cell modes in 

the interval 1195–1350 h, while an increase of 0.07 Ω·cm2 is shown in electrolysis 

cell mode. This reveals that the polarization behavior of the NiO electrode for 

oxygen production in the MCEC is less affected by the degree of electrolyte filling 

than for oxygen reduction in the MCFC. The electrolyte filling degree affects the 

effective diffusion path in the pores. In the electrolysis cell, the decomposition of 

carbonate ions (Reaction 1.11) takes place on the NiO electrode and the reactants 

are the electrolyte carbonate ions instead of gaseous reactants (oxygen and carbon 
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dioxide) which is the case in fuel cell operation. This could be a reason for the 

smaller effect of the electrolyte filling degree on performance of the NiO electrode 

in electrolysis- when compared to fuel cell mode. The electrode performance is 

partially recovered as the long-term electrolysis operation is completed, and the 

polarization losses of the NiO electrode are found to be 0.39, 0.44 and 0.25 Ω·cm2 

in OCV, fuel cell and electrolysis cell modes, respectively. 
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Figure 4.9 Polarization losses of (a) Ni and (b) NiO electrodes evaluated from impedance 

spectra in the OCV, fuel cell and electrolysis cell modes during the long-term MCEC test. 

 

The long-term MCEC operation somewhat decreases the electrode performance, 

and, as shown above, to a larger extent when measuring the electrochemical 

performance in fuel cell mode. However, the feasibility of operating the cell 

reversibly in carbonate melts for long time is still interesting. In order to 

demonstrate the viability of producing fuel gas and generating electricity in a 
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single device, it is crucial to understand the performance and durability of the cell 

under reversible conditions. In Figure 4.10, the cell voltage is recorded during 

1019 h of RMCFC operation, i.e. reversing the electrolysis cell (-0.16 A·cm-2) and 

the fuel cell (0.16 A·cm-2) back and forth, at 650 °C. The open circuit voltage of 

the cell is obtained to be about 1.060 V when introducing the gas composition 

64/16/20% H2/CO2/H2O to the Ni electrode. A gradual increase in the cell voltage 

is initially found under electrolysis condition, i.e. in periods 1, 3, 5 and 7, and the 

cell voltage then becomes constant or even decreases a little. This shows the same 

phenomenon as discussed in the MCEC durability test above. Following each of 

these intervals, the cell is put in fuel cell mode and the cell voltage, under a 

constant current load of 0.16 A·cm-2, stabilizes at about 0.9 V. This indicates 

stability of the cell when performing reversible operation in molten carbonate salts 

for long time. 
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Figure 4.10 The cell voltage recorded under reversible operation for 1019 h at 650 °C. 

 

The polarization behavior of the cell and electrodes is investigated before and after 

the RMCFC durability test, see Figure 4.11. No discontinuity takes place when 

shifting from fuel cell to electrolysis cell modes. Furthermore, the performance of 

the cell improves after running the reversible operation for 1019 h. The total 

resistances of the fuel cell and the electrolysis cell, obtained from the slopes of the 

curves in Figure 4.11a, are initially 0.98 and 0.91 Ω·cm2, respectively. After the 

long-term RMCFC operation, lower values are obtained in both MCFC (0.93 

Ω·cm2) and MCEC (0.80 Ω·cm2) modes.  
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Figure 4.11 (a) Polarization curves without iR correction for the cell, and with iR 

correction for (b) Ni and (c) NiO electrodes in both fuel cell and electrolysis cell modes, 

before and after the RMCFC durability test. 
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The polarization resistances of the Ni and NiO electrodes are calculated from the 

slopes of the iR-corrected curves in Figure 4.11b and 4.11c. Operating the cell 

reversibly for 1019 h gives only a slight influence on the polarization behavior of 

the Ni electrode in the fuel cell, while decreasing the polarization resistance from 

0.27 to 0.22 Ω·cm2 for water electrolysis. As regards the NiO electrode, the long-

period reversible operation results in an improvement of the electrode performance 

for both oxygen reduction (MCFC) and oxygen production (MCEC). The 

electrode polarization losses decrease from 0.48 to 0.41 Ω·cm2 in fuel cell mode 

and from 0.36 to 0.30 Ω·cm2 in electrolysis cell mode. 

Figure 4.12 shows the ohmic loss and polarization resistance of the cell, obtained 

from impedance spectra, during the long-term RMCFC test. To simulate MCFC 

and MCEC modes an overvoltage of -0.20 V and +0.20 V was applied on the cell, 

respectively. Despite small fluctuations, ohmic losses of the cell are almost 

constant at 0.30 Ω·cm2 for these three operating modes in the RMCFC durability 

test. A roughly decreasing tendency for the polarization resistances of the cell is 

shown in all measured modes. The values of Rp are initially 0.70, 0.67 and 0.60 

Ω·cm2 in OCV, MCFC and MCEC modes, respectively, and are reduced to 0.61, 

0.61 and 0.51 Ω·cm2 after 1019 h of RMCFC operation. The impedance 

measurements are consistent with the results from the polarization curves 

discussed above, confirming that the cell polarization is decreased after long-term 

reversible operation.  
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Figure 4.12 The ohmic losses and polarization loss of the cell evaluated from impedance 

spectra in the OCV, MCFC and MCEC modes during the long-term RMCFC operation. 
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In order to examine the influence of the long-period electrolysis and reversible 

operations on conventional fuel cell catalysts, the micrographs of the Ni and NiO 

electrodes used in the MCEC and RMCFC durability tests were studied and then 

compared to the reference case with about 1600 h of only MCFC operation, as 

shown in Figure 4.13. When comparing Figure 4.13c and 4.13e with Figure 4.13a, 

no obvious change is seen on the shape of the nickel catalyst particles after 

performing the durability tests of the MCEC and the RMCFC. This indicates that 

the long-period electrolysis and reversible operations have no or only a minor 

effect on the particle size and pore size of the Ni electrode. This is also confirmed 

by the relatively stable electrode performance during the MCEC and RMCFC 

long-term tests.  

When comparing to the reference case in Figure 4.13b, a similar structure of the 

NiO electrode catalyst particles is shown after long-term electrolysis and 

reversible operations. The somewhat denser structure seen in parts of the electrode, 

especially in Figure 4.13d, is probably carbonate electrolyte remaining in the 

sample due to too short leaching. To fully understand the composition in different 

parts of the micrographs, elemental analysis with energy dispersive X-ray 

spectroscopy (EDX) will be needed.     
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Figure 4.13 SEM micrographs of the electrode samples leached in 50% acetic acid. (a) Ni 

and (b) NiO electrodes for the reference case with about 1600 h of MCFC operation; (c) 

Ni and (d) NiO electrodes after 2165 h of MCEC operation; (e) Ni and (f) NiO electrodes 

after 1019 h of RMCFC operation. 
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4.2 Electrode kinetics in the molten carbonate electrolysis 

cell 

As discussed above, the Ni electrode has slightly higher polarization losses for 

water electrolysis than for hydrogen oxidation. The better cell performance in 

MCEC mode is ascribed to the NiO electrode showing lower polarization in the 

electrolysis cell. The performance of the cell in electrolysis operation is largely 

determined by Reactions 1.10 and 1.11. To learn more about the use of the cell as 

an electrolyzer, it is of vital importance to elucidate the kinetics and reaction 

mechanism on the Ni electrode for hydrogen production and on the NiO electrode 

for oxygen production.       

 

4.2.1 Kinetics of the hydrogen production reaction  

In order to determine the kinetic parameters for Reaction 1.10, a large amount of 

polarization data of the Ni electrode in the electrolysis cell is evaluated, concerning 

the effect of gas composition and temperature. Figure 4.14 shows examples for 

water content variation from 10 to 50% at 650 °C and for operating temperature 

variation from 600 to 650 °C using the inlet gas 25/25/25/25% H2/CO2/H2O/N2. 

These iR-corrected polarization curves are approximately linear in the low 

overpotential range, < 40 mV. It is assumed that the porous Ni electrode in this 

range is mainly under kinetic control, where mass-transfer limitations are 

negligible. The polarization resistances, 𝑑𝜂 𝑑𝑖⁄ , are obtained from the slopes of 

these curves by linear regression analysis.  
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Figure 4.14 iR-corrected polarization curves for the Ni electrode in the electrolysis cell for 

(a) the water contents varied from 10 to 50% at 650 °C and for (b) the temperatures varied 

from 600 to 650 °C with the inlet gas 25/25/25/25% H2/CO2/H2O/N2. 

 

The exchange current densities for each gas composition and temperature can be 

obtained by solving Eq. 3.3, and partial pressure dependencies for hydrogen, 

carbon dioxide, and water could be determined from the slopes by fitting the 

parameters 𝑎, 𝑏, and 𝑐, see Figures 4.15–4.17. The results from the fitting are 

presented in Table 4.1, where the superscripts marked 1 and 2 refer to the low and 

high concentrations, respectively. 

The effect of hydrogen partial pressure on the exchange current density is shown 

in Figure 4.15, and it can be seen that the result is not a straight line. In this case 

the hydrogen partial pressure dependency could be evaluated in two ways. At first, 

the obtained data points are fitted to straight lines by means of linear regression 

(solid lines), resulting in values of 0.57–0.59 for hydrogen at 600–650 °C. 
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Secondly, the data points are fitted to curves in a more accurate way, resulting in 

different dependencies for different hydrogen concentration intervals (dashed 

lines). The hydrogen partial pressure dependency is in the range of 0.49–0.44 (𝑎1) 

when containing 5–25% H2 in the inlet gases. Then the value increases to the 

interval of 0.79–0.94 (𝑎2) within the H2 content range of 25–50%. Regardless of 

the way of evaluating data, the hydrogen partial pressure dependency does not 

strongly depend on the temperature in any of the concentration intervals. 
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Figure 4.15 Effect of hydrogen partial pressure on the exchange current density at 600–

650 °C. The vertical dashed line marks the inflection points of the curves. 
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Figure 4.16 Effect of carbon dioxide partial pressure on the exchange current density at 

600–650 °C. 
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Unlike the case of hydrogen, the partial pressure dependency of carbon dioxide is 

dependent on the temperature, see Figure 4.16. The values are 0.62, 0.79 and 0.86 

at 600, 625 and 650 °C, respectively. 

In Figure 4.17, the evaluation of the water partial pressure dependency is carried 

out in two ways as discussed for hydrogen above. For the first case (solid lines), 

the dependency value increases from 0.59 to 0.78 at 600–650 °C. In the second 

case (dashed lines), the water partial pressure dependency is in the range of 0.47–

0.67 (𝑐1 ) at the H2O concentration of 10–30%, and this then increases to the 

interval of 0.83–1.07 (𝑐2) at 30–50% H2O for these operating temperatures. 
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Figure 4.17 Effect of water partial pressure on the exchange current density at 600–

650 °C. The vertical dashed line marks the inflection points of the curves. 

   

Table 4.1 The dependency of exchange current densities on the partial pressure of the inlet 

gas compositions 𝑖0 = 𝑖0,𝐻2

0 (𝑝𝐻2
)

𝑎
(𝑝𝐶𝑂2

)
𝑏

(𝑝𝐻2𝑂)
𝑐
. The superscripts 1 and 2 refer to the 

low and high concentrations.   

T (°C) 

𝑎 (H2) 

𝑏 (CO2) 

𝑐 (H2O) 

𝑎 
𝑎1 

(5-25%) 

𝑎2 

(25-50%) 
𝑐 

𝑐1 

(10-30%) 

𝑐2 

(30-50%) 

600 0.57 0.49 0.79 0.62 0.59 0.47 0.83 

625 0.59 0.44 0.94 0.79 0.66 0.51 1.07 

650 0.57 0.44 0.94 0.86 0.78 0.67 1.07 

 

Since the inlet gases used for the Ni electrode contain H2, CO2 and H2O, the 

reverse water-gas shift reaction, i.e. Reaction 1.5, takes place in the electrode. This 
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will affect the gas compositions inside the cell and thus influence the electrode 

performance. The effect of the shift reaction on partial pressure dependencies is 

evaluated by assuming that the gas compositions establish complete equilibrium 

in the electrode, see Paper IV. It is found that the shift reaction has a minor impact 

on the partial pressure dependencies of hydrogen and carbon dioxide but 

influences the dependence value of water in electrolysis operation. In Figure 4.18, 

the exchange current density as function of water partial pressure after equilibrium 

more or less follows a straight line for each temperature. The dependence values 

are given by slopes and are 0.82, 0.94 and 1.13 at 600, 625 and 650 °C, 

respectively. These data approach the water partial pressure dependency for higher 

H2O concentration (30–50%) in the inlet gases.     
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Figure 4.18 The water partial pressure dependency obtained at 600–650 °C, using the gas 

compositions calculated at shift equilibrium. 

 

If the reaction pathways of hydrogen production (electrolysis cell) are assumed to 

take place exactly as the reverse process of hydrogen oxidation (fuel cell) in 

molten carbonate salts, the theoretical partial pressure dependencies of hydrogen, 

carbon dioxide and water would be the same in both operating modes. Two 

mechanisms generally assumed for hydrogen oxidation are proposed by Ang and 

Sammells (AS) [90] and Jewulski and Suski (JS) [74], detailed information is 

given in Paper IV. The theoretical partial pressure dependencies for hydrogen, 

carbon dioxide and water are 0.25 for both mechanisms. The experimentally 

obtained dependence values in the electrolysis cell are however higher, which is 

difficult to correlate to the reverse paths of the AS and JS mechanisms. But the 

kinetic parameters for hydrogen production in the MCEC are close to the results 
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of Lindbergh et al. [71], 0.5 for hydrogen and carbon dioxide, and 0.7 for water in 

fuel cell operation. Since similar porous electrode catalysts are used and analyzed 

by polarization data in both studies, it implies that Reaction 1.10 in the electrolysis 

cell may follow the reverse steps of hydrogen oxidation in fuel cell operation.  

A possible explanation for the difference between experimentally obtained partial 

pressure dependencies in this study and theoretical dependence values is that the 

two generally proposed mechanisms concern flag electrodes, which are different 

from porous electrodes when regarding the electrochemically active surface area 

and mass-transfer limitations. On the other hand, the interpretation of polarization 

data and the evaluation of the exchange current densities are dependent on 

assumptions made regarding the effective electrolyte conductivity. The partial 

pressure dependencies could be affected if the surface area or/and the effective 

conductivity is/are dependent on the gas compositions. In this study it is assumed 

that the electrode is mainly under kinetic control. However, the performance of 

the Ni electrode in the lab-scale, at least in fuel cell mode, could be affected by 

mass-transfer limitations in the gas phase even at low overpotential, due to 

possibly not negligible concentration gradients in the current collector [91]. This 

may also be the case at the porous Ni electrode in the electrolysis cell, and further 

modeling for evaluating the effect of the gas phase mass transport on the electrode 

performance is undertaken in the following Chapter 4.3.   

 

4.2.2 Kinetics of the oxygen production reaction 

The procedure for determining the kinetics parameters for the oxygen production, 

i.e. Reaction 1.11, on the NiO electrode is the same as mentioned for the hydrogen 

production above. The polarization data is evaluated at 600–650 °C with different 

gas compositions by varying the contents of oxygen and carbon dioxide within the 

ranges 1.5–30% and 2.5–40%, respectively. The polarization curves are analyzed 

at low overpotential (i.e. < 45 mV), as shown in Paper V, assuming that the 

electrode is under kinetic control as it is not necessary to take mass-transfer 

limitations into consideration. The polarization resistances, 𝑑𝜂 𝑑𝑖⁄ , could be 

obtained from the slopes of these curves by linear regression analysis.  

The exchange current density for the NiO electrode is calculated numerically from 

the polarization resistances, using Eq. 3.1. The dependencies of the exchange 

current density on oxygen and carbon dioxide partial pressures are determined in 

Figures 4.19 and 4.20. The linear regression results show that the oxygen partial 

pressure dependency decreases from 0.97 to 0.80 in the temperature range 600–

650 °C. However, the dependency of the exchange current density on the carbon 
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dioxide partial pressure shows two cases, as in Figure 4.20. At lower CO2 

concentration, the partial pressure dependency gives positive values (0.09–0.30) 

at all measured temperatures, and this then changes to negative (-0.26–0.01) when 

increasing the CO2 content. In contrast to oxygen, the dependence values for 

carbon dioxide increase with temperature.  
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Figure 4.19 Effect of oxygen partial pressure on the exchange current density, from 600 to 

650 °C.  
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Figure 4.20 Effect of carbon dioxide partial pressure on the exchange current density, 

from 600 to 650 °C. 
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Thus, for all the measured temperatures from 600 to 650 °C, for a low 

concentration of CO2, Eq. 3.5 can be expressed as 

                             𝑖0 = 𝑖0,𝑂2
0 (𝑝𝑂2

)
0.97−0.80

(𝑝𝐶𝑂2
)

0.09−0.30
                                 (4.1) 

and for high CO2 content it could be expressed as 

                            𝑖0 = 𝑖0,𝑂2
0 (𝑝𝑂2

)
0.97−0.80

(𝑝𝐶𝑂2
)

−0.26−0.01
                                (4.2) 

It can be noted that the partial pressure dependency for oxygen is remarkably 

higher than for carbon dioxide. The following reaction paths could probably 

constitute the mechanism for the oxygen production reaction in the molten 

carbonate electrolysis cell, on the basis of the reversed process of oxygen reduction 

in fuel cell operation as proposed by Kunz et al. [78], see Paper V. 

                                           CO3
2−  ⇌  O2− + CO2                                              (4.3) 

                                             O2−  ⇌  (O−) + e−                                               (4.4) 

                                        O2− + (O−)  ⇌ O2
2− + e−                                          (4.5) 

                                               O2
2−  ⇌  O2

− + e−                                                (4.6) 

                                               O2
−  ⇌  O2 + e−     (RDS)                                   (4.7) 

It is assumed that (i) Reaction 4.7 of oxygen evolution is the rate-determining step 

and (ii) there is a low coverage of oxide ion. Assuming the symmetry factor 𝛽 =

0.5  for the rate-determining step, the theoretical dependency of 𝑖0  on the gas 

partial pressures is calculated in detail in Paper V and is given by  

                                     𝑖0 = 𝑖0
0(𝑝𝑂2

)
0.875

(𝑝𝐶𝑂2
)

−0.25
                                       (4.8) 

The theoretical dependence value is 0.875 for oxygen, satisfying the oxygen 

partial pressure dependency (0.97–0.80) determined from the experimental data. 

The theoretical value of -0.25 for carbon dioxide could reasonably fit the partial 

pressure dependency at the high CO2 concentration, as shown in Eq. 4.2. However, 

it does not agree with the positive dependency at low CO2 content. If assuming the 

oxygen production as the reverse process of oxygen reduction in molten carbonate 

salts, the theoretical partial pressure dependencies for oxygen and carbon dioxide 

would be the same in both fuel cell and electrolysis cell modes. The dependence 

values for all of the reaction mechanisms for oxygen reduction are reported in the 

literature [92], and the exchange current density with a high coverage of O2− is  

                                      𝑖0 = 𝑖0
0(𝑝𝑂2

)
0.875

(𝑝𝐶𝑂2
)

0.75
                                       (4.9) 
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The partial pressure dependency of carbon dioxide, 𝑦, could be affected by the 

chemical decomposition of CO3
2− , producing O2−  and CO2. For example, the 

partial pressure dependency is stable at 0.875 for oxygen and the dependence value 

changes from negative (-0.25) to positive (0.75) for carbon dioxide when 

containing a high coverage of O2−, see Eq. 4.9. Upon lowering the partial pressure 

of carbon dioxide, it makes sense from the perspective of chemical kinetics that 

Reaction 4.3 will progress to produce the oxide ion. However, the theoretical value 

of 0.75 is still much higher than the experimental results (0.09–0.30), which 

indicates that Reactions 4.3–4.7 with an intermediate coverage of O2−  could 

constitute a possible mechanism for oxygen production on the porous NiO 

electrode at a low CO2 concentration. 

 

4.3 Gas phase mass transport in the porous Ni electrode 

In order to predict the performance of the Ni electrode under various operating 

conditions, it is important to know the reaction mechanism as well as the effect of 

the mass transport in the gas phase and electrolyte on the electrode kinetics. When 

determining the kinetics of the hydrogen production reaction in the molten 

carbonate electrolysis cell, the Ni electrode is assumed to be mainly under kinetic 

control and the influence of mass-transfer limitations in the gas phase is not taken 

into account. Additionally, the reverse water-gas shift reaction is found to have an 

important effect on the water partial pressure dependency. Reaction 1.5 has been 

reported to reach equilibrium rapidly in the presence of nickel-based catalysts at 

temperatures above 500 °C [21, 22]. This will affect the gas composition in the 

cell and thereby influence the electrode performance. The inlet gases used for the 

Ni electrode in electrolysis cell operation contain H2O, CO2, H2 and also N2, 

therefore it is necessary to consider the shift reaction.  

 

4.3.1 Development of a model for the gas phase mass transport  

A mathematical model based on the Maxwell-Stefan diffusion equations is 

developed to evaluate the effect of the shift reaction and the influence of the gas 

phase mass transport on the porous Ni electrode in the MCEC. The model is one-

dimensional for an isothermal and isobaric system. The model includes the gas 

phase mass transport in the current collector and in the electrode. Since the specific 

surface area is much larger in the electrode than in the current collector, the shift 

reaction is assumed to mainly take place in the electrode and to be negligible in 

the current collector. In this model the mass transfer in the electrolyte phase is not 
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taken into account, assuming that the electrolyte composition is uniform in the 

electrode. 

The mass transport of species 𝑖 in the gas phase can be described by the Maxwell-

Stefan equation [93]. 

                                  ∇𝑥𝑖 = ∑
𝑅𝑇

𝑃𝐷
𝑖𝑗
𝑒𝑓𝑓 (𝑥𝑖𝑁𝑗 − 𝑥𝑗𝑁𝑖)𝑖≠𝑗                                     (4.10) 

where 𝑥𝑖 is the molar fraction of species 𝑖 and the sum of molar fractions is one, 

∑ 𝑥𝑖 = 1. 𝑁𝑖 is the molar flux of species 𝑖 with respect to the stationary axis, and 

𝐷𝑖𝑗
𝑒𝑓𝑓

 is the effective binary diffusion coefficient between gas species 𝑖 and 𝑗. In a 

porous medium, the effective diffusion coefficient, following the expression 

𝐷𝑖𝑗
𝑒𝑓𝑓

 = 𝜀1.5𝐷𝑖𝑗 , is used to account for the effect of porosity and tortuosity. The 

binary diffusion coefficient 𝐷𝑖𝑗  is determined by using the Chapman-Enskog 

theory [93] and the calculated values are given in Paper VI. 

The molar of flux, including the diffusion and convection, is given by 

                                  𝑁𝑖 =
𝑃∙𝑥𝑖∙𝑀𝑖

𝑅𝑇
(− ∑ 𝐷𝑖𝑗

𝑒𝑓𝑓
∇𝑥𝑗𝑗 + 𝑢)                                   (4.11)  

where 𝑀𝑖 is the molar mass of species 𝑖 and 𝑢 is the velocity. 

A mass balance for gas species 𝑖 in the electrode is given by 

                      
𝜕𝑐𝑖

𝜕𝑡
= −∇ ∙ 𝑁𝑖 + 𝜐𝑖

𝑗𝑙𝑜𝑐𝑎𝑙 ∙
𝑆∙𝑗𝑙𝑜𝑐𝑎𝑙

𝑛𝐹
+ 𝜐

𝑖

𝑟𝑠ℎ𝑖𝑓𝑡
∙ 𝑟𝑠ℎ𝑖𝑓𝑡                        (4.12) 

Here 𝑆 is the exterior surface area of the agglomerate, where the dominating part 

of the electrode reaction takes place.  𝑛  is the number of electrons in the 

electrochemical reaction, 𝑗𝑙𝑜𝑐𝑎𝑙  is the local current density from the hydrogen 

production reaction, 𝑟𝑠ℎ𝑖𝑓𝑡  is the local reaction rate for the shift reaction, and 𝜐𝑖 is 

the stoichiometric coefficient of species 𝑖 in the hydrogen production and the shift 

reaction. 

The inlet gas containing five components (H2O, CO2, H2, CO and N2) is used for 

calculations, thus the continuity equations can be written using Eq. 4.12. At steady 

state the time-dependent concentration change of any gas species is zero, 

i.e. 𝜕𝑐𝑖 𝜕𝑡⁄ = 0, resulting in the following main equations for the electrode. 

                                     ∇ · 𝑁𝐻2𝑂 =
𝑆

𝑛𝐹
𝑗𝑙𝑜𝑐𝑎𝑙 + 𝑟𝑠ℎ𝑖𝑓𝑡                                        (4.13) 

                                     ∇ · 𝑁𝐶𝑂2
=

𝑆

𝑛𝐹
𝑗𝑙𝑜𝑐𝑎𝑙 − 𝑟𝑠ℎ𝑖𝑓𝑡                                         (4.14) 

                                               ∇ · 𝑁𝐶𝑂 = 𝑟𝑠ℎ𝑖𝑓𝑡                                                 (4.15) 
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                                     ∇ · 𝑁𝐻2
= −

𝑆

𝑛𝐹
𝑗𝑙𝑜𝑐𝑎𝑙 − 𝑟𝑠ℎ𝑖𝑓𝑡                                      (4.16) 

Furthermore, at steady state there is no flux of nitrogen, since it is inert and is 

neither produced nor consumed in the electrode. 

                                                     𝑁𝑁2
= 0                                                      (4.17) 

In this model the reverse water-gas shift reaction, i.e. Reaction 1.5, is assumed to 

only take place in the electrode, and the reaction rate is given by 

                               𝑟𝑠ℎ𝑖𝑓𝑡 = 𝑘𝑏
𝑃

𝑅𝑇
(𝑥𝐻2

𝑥𝐶𝑂2
−

𝑥𝐻2𝑂𝑥C𝑂

𝐾𝑝
)                                 (4.18) 

where 𝐾𝑝  is the equilibrium constant and the value of the rate constant, 𝑘𝑏 , is 

varied to obtain different reaction rates. For each calculation, however, the value 

𝑘𝑏 is constant in the electrode.  

The model includes the effect of convection in the current collector and in the 

electrode. At steady state the velocity can be derived by putting Eq. 4.17 into Eq. 

4.11, resulting in 

                                            𝑢 = ∑ (𝐷𝑖𝑁2

𝑒𝑓𝑓
∙ ∇𝑥𝑖)𝑖                                              (4.19) 

At the inlet to the current collector, the initial condition is 

                                               𝑥𝑖 = 𝑥𝑖,𝑖𝑛                                                      (4.20) 

At the electrode/matrix interphase, there is no flux of the gas components out from 

the electrode at steady state, resulting in the following boundary condition.  

                                                      𝑁𝑖 = 0                                                        (4.21) 

In the MCEC, the effective conductivity for the solid phase of the Ni electrode is 

much higher than for the electrolyte phase, indicating that the solid phase potential 

may be set as constant. Thus the potential change is assumed to occur only in the 

electrolyte phase, which follows the Ohm’s law and is given by 

                              ∇ ∙ 𝑖2 = ∇ ∙ (−𝜅𝑒𝑓𝑓∇𝛷2) = 𝑆 ∙ 𝑗𝑙𝑜𝑐𝑎𝑙                                  (4.22) 

where 𝑖2 is the geometric current density in the electrolyte phase and 𝜅𝑒𝑓𝑓  is the 

effective electrolyte conductivity.    

Based on the experimentally obtained kinetic parameters no mechanism has been 

found to explain the hydrogen production in the electrolysis cell, thus Reaction 

1.10 is assumed to follow the reverse pathways of hydrogen oxidation proposed 

by Ang and Sammells [90] (AS mechanism), as given by Reactions 4.23–4.25.  
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                                    H2O + M + e− ⇌ MH + OH−                                     (4.23) 

                             OH− + CO2 + M + e− ⇌ MH + CO3
2−     (RDS)                (4.24) 

                                              2MH ⇌ H2 + 2M                                               (4.25) 

It is assumed that Reaction 4.24 is the rate-determining step and that there is a low 

coverage of MH, which results in the following equation for the local current 

density of hydrogen production.   

𝑗𝑙𝑜𝑐𝑎𝑙 = 𝑖0 [(
𝑥𝐻2

𝑥𝐻2,𝑖𝑛
)

0.5

exp (
(1−𝛽)𝐹𝜂

𝑅𝑇
) −

                     (
𝑥𝐻2

𝑥𝐻2,𝑖𝑛
)

−0.5

(
𝑥𝐶𝑂2

𝑥𝐶𝑂2,𝑖𝑛
) (

𝑥𝐻2𝑂

𝑥𝐻2𝑂,𝑖𝑛
) exp (−

(1+𝛽)𝐹𝜂

𝑅𝑇
)]                           (4.26) 

The exchange current density 𝑖0 is given by 

                               𝑖0 = 𝑖0
0 [𝑥𝐻2,𝑖𝑛

0.5𝛽
∙ 𝑥𝐶𝑂2,𝑖𝑛

0.5(1−𝛽)
∙ 𝑥𝐻2𝑂,𝑖𝑛

0.5(1−𝛽)
]                                (4.27) 

In a porous electrode the current density is distributed along the depth of the 

electrode and the local electrochemical reaction rate is dependent on the local 

overpotential, 𝜂, i.e. the difference from the equilibrium potential [94]. 

                                           𝜂 = (𝛷1 − 𝛷2) − 𝐸𝑒𝑞                                            (4.28) 

At the current collector/electrode interphase, the boundary condition is  

                                                       𝑖2 = 0                                                       (4.29) 

At the electrode/matrix interphase, the boundary condition is given by 

                                                     𝑖2 = 𝑖𝑎𝑝𝑝                                                    (4.30) 

where 𝑖𝑎𝑝𝑝 is the applied current density for the electrode.  

When plotting the simulated polarization curves, we use the following definition 

for the overpotential of the electrode at the electrode/matrix interphase. 

                      𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝜂 − 𝜂𝑖𝑎𝑝𝑝=0 = −(𝛷2 − 𝛷2,𝑖𝑎𝑝𝑝=0)                       (4.31) 

The model is solved in Comsol Multiphysics 5.2.0.220. The physics-controlled 

mesh is used in the model and the mesh size is extremely fine, resulting in a mesh 

of 101 elements of equal size. The element type is linear for the simulations. All 

parameter values used in this model are presented in Paper VI. 
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4.3.2 The effect of the shift reaction 

In the model the gas at the inlet to the current collector is evaluated under two 

conditions: one is the humidified gas composition 25/25/25/25% H2O/CO2/H2/N2, 

and one is the gas at the corresponding equilibrium condition, i.e. the shift reaction 

in equilibrium, containing 30.97/19.03/19.03/5.97/25% H2O/CO2/H2/CO/N2. The 

standard exchange current density for the hydrogen production in the MCEC can 

be determined by fitting to the experimental polarization data, and Table 4.2 

presents the best-fit values of 𝑖0
0  for four different cases when the hydrogen 

production follows the reverse process of the AS mechanism. For the humidified 

gas entering the current collector the standard exchange current density is fitted to 

be 670 and 960 A·m-2 for the cases of no shift reaction and the shift reaction being 

fast in the electrode, respectively, while the values of 1190 and 960 A·m-2 are 

found for the inlet gases at equilibrium condition. This illustrates that the shift 

reaction influences the electrode kinetics, i.e. the standard exchange current 

density. It can be noted that when assuming a high rate (kb=500 s-1) for the shift 

reaction the same values of 𝑖0
0 are shown for the humidified inlet gas and for the 

corresponding equilibrium composition at the inlet to the current collector. That 

is, if the hydrogen production in the MCEC is assumed to follow the reverse 

pathways of the AS mechanism, the polarization behavior of the electrode does 

not strongly depend on the inlet gas being simply humidified or at equilibrium, as 

long as the shift reaction has rapidly established equilibrium in the electrode, at 

least for the inlet gas composition 25/25/25/25% H2O/CO2/H2/N2. 

Table 4.2 The standard exchange current densities obtained for four different cases by 

fitting to the experimental polarization data in the MCEC. 

Case 1 Case 2 Case 3 Case 4 

Humidified 

no shift reaction 

Humidified 

shift reaction 

(kb=500 s-1) 

Equilibrium 

no shift reaction 

Equilibrium 

shift reaction 

(kb=500 s-1) 

670 A·m-2 960 A·m-2 1190 A·m-2 960 A·m-2 

 

The effect of the reaction rate of the shift reaction on the performance of the Ni 

electrode is shown in Figure 4.21. For the inlet humidified gas composition 

25/25/25/25% H2O/CO2/H2/N2 the electrode performance improves as the shift 

reaction rate decreases. This effect is obvious when reducing the rate constant from 

100 to 10 s-1, but a small influence of the shift reaction rate on the electrode 

polarization is found for varying the rate constant from 500 to 100 s-1. 
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Figure 4.21 The simulated polarization curves with different shift reaction rates, the inlet 

humidified gas containing 25/25/25/25% H2O/CO2/H2/N2. 

 

4.3.3 The effect of the gas phase mass transport  

In comparison with the incoming gas at equilibrium, simply humidified gas at the 

inlet to the current collector does not reach the same equilibrium composition 

when entering in the electrode, see Paper VI. But the standard exchange current 

density is identical for these two gas conditions in the calculations. This result 

supports that the reactants in the gas mutually affect the electrochemical 

performance of the porous Ni electrode in the MCEC. To better understand the 

influence of the gas composition on the electrode performance, only one gas 

component is varied for each calculation and balanced with nitrogen. Since 

lowering the amount of the gaseous reactants will increase the mass-transfer 

limitations, the contents of H2O, CO2 and H2 are decreased by 15% to capture the 

mass transport in the gas phase.  

The simulated polarization curves for different gas compositions corresponding to 

humidified conditions are shown in Figure 4.22. In the calculations the standard 

exchange current density of 960 A·m-2 is applied for the four gases and the shift 

reaction is assumed to be fast. When comparing to the experimental polarization 

data, the influence of the gas phase mass transport on the electrode performance 

is clearly established by the model as the hydrogen content decreases, i.e. the inlet 

gases containing 10/25/25/40% H2O/CO2/H2/N2. The model has captured the 

mass-transfer limitations at a low content (e.g. 10%) of water and carbon dioxide, 

but the effect on the polarization behavior of the electrode is overestimated, 

especially for carbon dioxide. An explanation for this discrepancy could be that 

the inlet gases containing low amounts of CO2 at humidified conditions may not 
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reach equilibrium in the electrode or that the shift reaction is quite slow in this 

case. Figure 4.22 shows that the simulated polarization behavior with the 

assumption of no shift reaction occurring in the electrode is closer to the 

experimentally obtained data than when assuming the shift reaction being fast. The 

cell or electrode performance may also be affected by the mass transport in the 

electrolyte phase, which is not included in the model.   
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Figure 4.22 Polarization curves for experimental data (symbols), and calculated data at 

kb=500 s-1 (solid lines) and with no shift reaction (dashed line) at 𝑖0
0= 960 A·m-2. 

 

Although there is an overestimation of the influence of carbon dioxide in the 

calculations, the experimental data and the modeling results are consistent in that 

carbon dioxide has a stronger impact on mass-transfer limitations than the other 

components, i.e. water and hydrogen. Figure 4.23 shows the concentration 

gradients in the current collector and in the electrode for the gas containing 

25/10/25/40% H2O/CO2/H2/N2 at the inlet to the current collector at 3000 A·m-2. 

When comparing to the case with 25/25/25/25% H2O/CO2/H2/N2, reducing the 

concentration of CO2 from 25% to 10% only gives a small increase in the hydrogen 

content in the electrode, but shows a relatively large decrease in the concentrations 

of water and carbon monoxide. Regardless of the occurrence of the shift reaction 

or not in the electrode, the concentration profiles of carbon dioxide change most 

in the current collector. This is not surprising since the binary diffusion coefficient 

of carbon dioxide in nitrogen is lower than that of other gas components in 

nitrogen. 
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Figure 4.23 The concentration gradients for the reference case and the gas with low 

content of carbon dioxide at 3000 A·m-2. Solid symbols and solid lines: the case with 

25/25/25/25% H2O/CO2/H2/N2 and kb=500 s-1, open symbols and solid lines: the low 

CO2-containing gas 25/10/25/40% H2O/CO2/H2/N2 and kb=500 s-1, and open symbols and 

dashed lines: the low CO2-containing gas and kb=0 s-1. 
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5   Conclusions  

In the thesis, the feasibility of using the molten carbonate fuel cell for electrolysis 

and reversible operations is confirmed. Thus the molten carbonate cell is 

technically viable, at least in lab-scale, to be operated reversibly as a fuel cell for 

electricity generation and as an electrolysis cell for fuel gas production. 

This work investigated the performance and durability of the cell in the electrolysis 

and reversible operations. The cell shows better electrochemical performance in 

the MCEC mode than in the MCFC mode. This is attributed to the NiO oxygen 

electrode having lower polarization losses in the electrolysis cell. A slightly higher 

polarization of the Ni electrode is found for hydrogen production than for 

hydrogen oxidation, even with the gas components having similar contents.  

The durability of the MCEC and the RMCFC was tested by running the 

electrolysis and reversible operations for 2165 h and 1019 h, respectively. 

Although a decrease in the performance of the cell and electrodes is shown after 

the MCEC long-term test, especially when performing measurements in fuel cell 

mode, the degradation is not permanent and the cell performance could be partially 

recovered. In the RMCFC durability test, an improvement of the cell performance 

is shown after running the cell reversibly for 1019 h. The stable performance of 

the cell in the two long-term tests demonstrates the potential viability of the molten 

carbonate electrolysis cell and the reversible molten carbonate fuel cell.          

This study also elucidated the electrode kinetics of the hydrogen and oxygen 

production reactions to better understand these two processes that determine the 

performance of the electrolysis cell.  

For hydrogen production on the porous Ni electrode, the partial pressure 

dependencies of hydrogen and water are dependent on concentrations, while this 

does not hold for carbon dioxide. The experimentally obtained dependence values 

are high in the electrolysis cell, and therefore difficult to correlate to the reverse 

pathways of hydrogen oxidation in fuel cell operation. A possible explanation for 

this disparity is that the generally proposed mechanisms for hydrogen oxidation 

concern flag electrodes, differing from porous electrodes regarding electrode 

surface and mass-transfer limitations. On the other hand, the partial pressure 

dependencies would be affected if the electrochemically available surface area and 

the effective electrolyte conductivities were dependent on the gas compositions.    

When determining the kinetics of oxygen production on a porous NiO electrode, 

the oxygen partial pressure dependency lies between 0.97 and 0.80 at temperatures 

of 600–650 °C. There are two cases for the dependence on carbon dioxide partial 
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pressure, positive values of 0.09–0.30 at low CO2 concentration and then negative 

dependency (-0.26–0.01) with high CO2 content. The reverse process of an oxygen 

reduction mechanism in fuel cell operation is found to suitably describe the oxygen 

production in the MCEC, assuming a low coverage of the oxide ion at high CO2 

content and an intermediate coverage for a low CO2 concentration.   

In the evaluation of the kinetic parameters for the porous Ni electrode in the 

electrolysis cell, the reverse water-gas shift reaction has an important impact on 

water partial pressure dependency. In order to predict the electrode performance 

under various operating conditions, it is important to know the reaction mechanism 

as well as the effect of the mass transport in the gas phase and electrolyte on the 

electrode kinetics. In this thesis, a one-dimensional model based on the Maxwell-

Stefan diffusion equation was developed to evaluate the effect of the shift reaction 

and the influence of the gas phase mass transport on the Ni electrode in the MCEC. 

The shift reaction influences the electrode kinetics, i.e. the standard exchange 

current density. When the inlet gases enter the current collector at humidified 

conditions (i.e. not in equilibrium), the decrease of the shift reaction rate increases 

the performance of the Ni electrode. For decreased hydrogen content, the influence 

of the gas phase mass transport on the electrode polarization is well described by 

the model. The model has also captured the mass-transfer limitations at low 

content (e.g. 10%) of water and carbon dioxide, but the effect on the polarization 

behavior of the electrode is overestimated, especially for carbon dioxide. When 

the inlet gases contain low amounts of CO2, the gas composition may not reach 

equilibrium in the electrode or there may not be any shift reaction. Despite the 

overestimation in the calculations, the experimental data and the modeling results 

are consistent in that carbon dioxide has a stronger effect on the gas phase mass 

transport than other components, i.e. water and hydrogen. 

Overall, the use of the molten carbonate fuel cell for electrolysis provides a new 

opportunity for fuel gas production in an environmentally friendly way. When 

comparing to the low-temperature electrolysis technology, i.e. the AEC and the 

PEMEC, the MCEC has the potential to attain higher efficiency and also requires 

lower applied voltage due to the favorable thermodynamic and kinetic conditions. 

Additionally, the MCEC avoids the need for noble catalysts such as platinum often 

used at lower temperature electrolysis and the advanced ceramic materials for the 

higher temperatures (i.e. SOEC). However, the complex gas compositions used in 

the molten carbonate electrolysis cell make the system more complicated than in 

other types of electrolysis cells. Despite that, the molten carbonate electrolysis cell 

is a very promising technology for power-to-gas.    
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