
IWMC2015 (Cassir) 
 

1 

 

Operating the nickel electrode with hydrogen-lean gases in the molten carbonate 

electrolysis cell (MCEC) 

Lan Hu*, Göran Lindbergh and Carina Lagergren 

Applied Electrochemistry, Department of Chemical Engineering and Technology,  

KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden 

* Corresponding author: lanhu@kth.se  Phone No. +46 (0)8-790 82 44 

 

Abstract 

If a molten carbonate electrolysis cell (MCEC) is applied for fuel gas production it is important to 

know the polarization of the nickel electrode when operated at low concentration of hydrogen. Thus, 

the electrochemical performance of the Ni electrode was investigated under 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 

in the temperature range of 600–650 °C and was then compared to the reference case with 25/25/25/25% 

H2/CO2/H2O/N2. The electrochemical measurements included polarization curve coupled with current 

interrupt, and electrochemical impedance spectroscopy. Polarization resistances of the Ni electrode 

obtained by the two different techniques agreed well. For the inlet gases containing low amounts of 

hydrogen the Ni electrode exhibited higher polarization losses than when using the reference case in 

the electrolysis cell. The electrochemical impedance measurements showed that both charge-transfer 

and mass-transfer polarizations were higher for hydrogen-lean gases at all measured temperatures. 

Except under the condition with 1/49.5/49.5% H2/CO2/H2O at 650 °C, the Ni electrode exhibited lower 

mass-transfer polarization when compared to the reference case. Furthermore, the mass-transfer 

polarization was strongly dependent on temperature under H2-lean gases, differing from the reference 

case when the temperature has almost no effect on mass-transfer polarization. The activation energy 

for hydrogen production was calculated to be in the range of 69–138 kJ·mol-1 under all measured 

gases, indicating that the Ni electrode is under kinetic and/or mixed control in the MCEC. 
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Introduction  

High-temperature electrolysis technology provides the opportunity for generating fuel gases, such as 

hydrogen or syngas, in an environmentally friendly way, especially when using renewable energy, e.g. 

solar energy and/or wind power, as power supply to the electrolysis. Additionally, due to favorable 

thermodynamic and kinetic conditions high-temperature electrolysis attains higher overall efficiency 

and requires lower applied voltage than low-temperature electrolysis [1, 2]. This may decrease the cost 

of fuel gases, because the electricity consumption is an essential factor for competitive 

commercialization of the electrolysis technology [3].  

Studies on high-temperature water electrolysis have been carried out since the early 1980s but limited 

only to solid oxide electrolysis cell (SOEC) technology [4]. Much progress on the SOEC technology 

has been achieved for hydrogen production, for example as regards the electrochemical performance 

and the durability of the cell and stack, electrode and electrolyte materials, and modeling of SOEC 

systems [5-9]. Furthermore, the SOEC technology is not only focused on water electrolysis for 

hydrogen production, but also on co-electrolysis of water and carbon dioxide for syngas and carbon 

fuels generation [10-14].  

However, concerning another high-temperature electrolysis technology, the molten carbonate 

electrolysis cell (MCEC), only a few studies have been made so far. The possibility of electrolysis in 

molten carbonate salts has been evidenced [15-19], but was initially investigated for carbon dioxide 

capture by converting CO2 into CO and/or C. Peelen et al. [15] studied the electrochemical reduction 

of CO2 into CO on a gold flag electrode in Li/K carbonate eutectics at temperatures from 575 to 

700 °C. Kaplan et al. [16, 17] studied the conversion of CO2 to CO 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. Chery et al. [18, 19] investigated the electrochemical reduction of CO2 on 

a gold flag or planar disk electrode by using cyclic voltammetry, and also presented thermodynamic 

calculations focused on the reduction processes (CO2/CO, CO2/C, CO/C, H2O/H2, and M+/M) in 

molten carbonates. However, none of the studies above were performed using porous electrodes. Our 

previous study [20] has proved the feasibility of operating the molten carbonate electrolysis cell by 

using conventional fuel cell (MCFC) materials, i.e. the cell components consist of Ni-based porous 

electrodes and carbonate electrolytes. In this case, the molten carbonate cell could be operated 

alternatingly as a fuel cell to produce electricity and as an electrolysis cell to generate fuel gases.   

For the development of the MCEC technology, it is very important to investigate the process of 

hydrogen production in molten carbonate salts. In our previous studies [20, 21] the gases used for the 

Ni electrode still contain a relatively high amount of hydrogen in the MCEC. If the electrochemical 

cell is mainly applied for fuel gas production, the inlet gases should contain low amounts of hydrogen 

or even no hydrogen. Therefore, it is an essential issue to determine the Ni electrode polarization in 
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this case. The present paper aims to study the polarization losses of the Ni porous electrode in the 

electrolysis cell when using four different hydrogen-lean gases. The electrochemical performance of 

the Ni electrode is investigated by means of polarization curves and electrochemical impedance data 

and is compared to the reference case with the gas composition 25/25/25/25% H2/CO2/H2O/N2.  

 

Experimental  

The electrochemical measurements were carried out in a 3 cm2 laboratory cell unit. The cell has a 

porous Ni-Cr alloy as cathode, and porous Ni, oxidized and lithiated in situ, as anode. The electrodes 

are separated by a porous LiAlO2 matrix, which also supports the electrolyte, a eutectic mixture of 

62/38 mol% Li2CO3/K2CO3. The current collectors on the cathode and anode sides are made of nickel 

and stainless steel SS316, respectively. Each current collector has two probes, one for measuring the 

current and the other for potential measurement. Two reference electrodes, consisting of gold wires in 

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

same electrolyte as in the cell. These chambers are connected to the cell through a capillary with a 

gold plug. A schematic drawing of this laboratory cell set-up is found in Ref. 20. 

A gas consisting of 15/30/55% O2/CO2/N2 was used for the NiO electrode throughout the experiments. 

For the Ni electrode five different gas mixtures of H2/CO2/H2O/N2 were introduced. Table 1 gives the 

detailed gas compositions, including the reference case (gas 1) and the gases with low H2 

concentration (gases 2–5). The concentration of H2O in the inlet gases was controlled by the 

temperature of the water in the humidifier. The gas flow rates for the Ni and NiO electrodes were 

about 150 ml·min-1, while the reference gas had a flow rate of 20 ml·min-1. All the gases used in the 

experiments are certified gas mixtures from AGA Gas AB, Sweden.  

Table 1 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 — 

 

The electrochemical performance of the Ni electrode was measured by steady-state polarization curves 

and electrochemical impedance spectroscopy (EIS). These measurements were performed at 600, 625 

and 650 °C. The polarization data were obtained potentiostatically using a Solartron Interface SI1287. 

In order to correct for ohmic losses, the current-interrupt technique was used. The EIS measurements 

were carried out using a Solartron 1255 FRA and a Solartron Interface SI1287. The frequency spectra 
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were recorded in the electrolysis cell mode in the frequency range from 10 mHz to 10 kHz with an 

amplitude of 10 mV. An overpotential of -0.05 V was applied at the Ni electrode to simulate the 

electrolysis operation.     

Post-test analysis using scanning electron microscopy (SEM) was performed to study the 

microstructure of the Ni electrode. One electrode sample with carbonate and another leached in 50% 

acetic acid were examined.  

 

Results and Discussion 

Fig. 1 shows SEM micrographs of the Ni porous electrode used in the electrolysis cell. Although the 

electrode is filled with electrolyte, the macroporosity is still distinguished. The macropores are used 

for supplying gas to all parts of the electrode. The micropores on the other hand are completely filled 

by the electrolyte. However, it is difficult to know whether the carbonate distribution is the same as 

when the cell is running. Redistribution of carbonate may occur when the cell is cooled down to room 

temperature. From the micrograph of the electrode leached in 50% acetic acid, Fig. 1(b), it is possible 

to acquire information on the particle size, pore size and agglomerate size. For example, an average 

diameter of approximately 4–7 μm is estimated for the nickel particles. However, the structure seems 

to consist of very small particles that are not easily distinguished in the SEM micrographs. Thus, to 

obtain particle sizes and pore size distribution more accurately, it would be necessary to perform, for 

example, mercury porosimetry measurements [22].  

 

   

Fig. 1 SEM micrographs of the Ni electrode (a) filled with electrolyte, and (b) leached in 50% acetic acid. 

 

 

(a) (b) 
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The iR-corrected polarization curves of the Ni electrode are measured in the temperature range of 

600–650 °C for all gas compositions, see Fig. 2. When compared to the reference case, the Ni 

electrode shows higher polarization losses under the gases with low H2 concentration at all measured 

temperatures. Using a constant overvoltage of |50| mV, an electrolysis current density of -0.23 A·cm-2 

is obtained for the reference case at 600 °C, while the values for the hydrogen-lean gases range from   

-0.15 to -0.18 A·cm-2. The Ni electrode polarization decreases when increasing the amount of CO2 

and/or H2O. This is expected, since carbon dioxide and water are reactants in the electrolysis operation 

[20, 21]. The polarization curve for the reference case 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 the polarization curve appears to bend upwards at high 

current densities, not showing any mass-transfer limitations.  

As the temperature is increased to 625 °C, the absolute values of electrolysis current densities obtained 

at the cathodic overvoltage of 50 mV are still lower for the H2-lean gases (0.19–0.25 A·cm-2) than for 

the reference case (0.29 A·cm-2). Due to the different bending directions at high current densities, the 

polarization curve for the gas containing 25/25/25/25 H2/CO2/H2O/N2 and that for the gas containing 

1/49.5/49.5% H2/CO2/H2O intersect at -0.42 A·cm-2 and the cathodic overvoltage of 78 mV. This 

implies that lower electrode polarization losses could be obtained under the gas with 1/49.5/49.5% 

H2/CO2/H2O at high current densities, i.e. |𝑖 |>0.42 A·cm-2. The same behavior also takes place at 

650 °C, where the intersection occurs at a current density of -0.38 A·cm-2 and an overvoltage of -56 

mV.  
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Fig. 2 iR-corrected polarization curves obtained for five different inlet gases in the electrolysis cell. (a) 600 °C, 

(b) 625 °C and (c) 650 °C. Gas 1: 25/25/25/25% H2/CO2/H2O/N2, gas 2: 1/24.5/24.5/50% H2/CO2/H2O/N2, gas 3: 

1/49.5/24.5/25% H2/CO2/H2O/N2, gas 4: 1/24.5/49.5/25% H2/CO2/H2O/N2, gas 5: 1/49.5/49.5% H2/CO2/H2O. 
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Fig. 3 shows the impedance spectra of the Ni electrode in electrolysis operation at the temperatures of 

600–650 °C. The existence of two arcs is observed in the Nyquist diagrams. The first arc in the high 

frequency region (at about 20 Hz–10 kHz) corresponds to charge-transfer polarization, while the 

second arc in the low frequency region (at about 0.01 Hz–20 Hz) corresponds to mass-transfer 

polarization [23]. The intercept with the X-axis at the high frequency gives the ohmic loss of the Ni 

electrode. The ohmic loss, charge-transfer and mass-transfer polarizations obtained from the Nyquist 

diagrams are shown in Fig. 4. The ohmic losses of the Ni electrode are more or less unaffected by gas 

composition at all measured temperatures, and the values are estimated to be 0.14, 0.10 and 0.08 

Ω·cm2 at 600, 625 and 650 °C, respectively. 

 

 

 

Fig. 3 Nyquist diagrams of the Ni electrode in electrolysis cell mode (OCV-0.05 V), (a) 600 °C, (b) 625 °C and 

(c) 650 °C. Gas 1: 25/25/25/25% H2/CO2/H2O/N2, gas 2: 1/24.5/24.5/50% H2/CO2/H2O/N2, gas 3: 1/49.5/24.5/25% 

H2/CO2/H2O/N2, gas 4: 1/24.5/49.5/25% H2/CO2/H2O/N2, gas 5: 1/49.5/49.5% H2/CO2/H2O. 
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In the Nyquist diagrams, it may be seen that the high-frequency arc shows larger size for gases 2–5 

than for the reference case at all measured temperatures. It indicates that the Ni electrode exhibits a 

higher charge-transfer polarization as the inlet gases contain low amounts of H2. In Fig. 4(b), for the 

reference case charge-transfer resistances are 0.095, 0.065 and 0.045 Ω·cm2 at 600, 625 and 650 °C, 

respectively, while the corresponding values for the H2-lean gases are in the ranges of 0.12–0.14, 

0.08–0.09, and 0.06–0.07 Ω·cm2. In the electrolysis cell the Ni electrode shows relatively slow 

kinetics when using the inlet gases only containing 1% H2. Concerning the effect of carbon dioxide or 

water, it is unexpectedly found that in gases 2–5 an increase of the CO2 or H2O concentration from 

24.5 to 49.5% does not significantly decrease the charge-transfer polarization. This is in contrast to the 

previous conclusion [21] that the electrode kinetics of hydrogen production is strongly dependent on 

the partial pressure of carbon dioxide or water in the MCEC. But it is necessary to point out that in 

previous study the inlet gas has a higher amount of hydrogen, being constant at 25%. There are two 

possible factors that could be an explanation to the contradiction; one is the inaccuracy of the charge-

transfer polarization when estimated only according to the frequency region, and the other one is that 

the effect of carbon dioxide or water on the charge-transfer polarization is probably related to the 

content of hydrogen in the electrolysis cell. The latter factor is presumably very likely, since the roles 

played by hydrogen, carbon dioxide and water in the electrolysis cell are complex and most probably 

affect each other. Despite the previous research to elucidate the electrode kinetics, the reaction 

mechanism of the Ni electrode for hydrogen production in the MCEC is still not determined [21].    

In Fig. 4(c), it is noted that at all measured temperatures the Ni electrode exhibits a lower mass-

transfer polarization for the reference case than for H2-lean gases, even though these gases contain 

higher amounts of carbon dioxide or water (i.e. 49.5%). This is most likely due to diffusion properties 

in gas phase. The binary diffusion coefficients for carbon dioxide and water in nitrogen are three or 

four times lower than in hydrogen. At 650 °C the binary diffusion coefficients of carbon dioxide in 

nitrogen and hydrogen are 1.23 × 10−4  and 4.18 × 10−4 m−2 · s−1 , respectively, while the 

corresponding values for water are DH2O N2
= 2.03 × 10−4 m−2 · s−1  and DH2O H2

= 6.48 ×

10−4 m−2 · s−1 [24]. It is not surprising that the lower binary diffusion coefficient might increase the 

mass-transfer limitations in the gas phase and that this could be an explanation for the higher mass-

transfer polarization under hydrogen-lean gases observed in Fig. 4(c). However, an exception is shown 

for the gas consisting of 1/49.5/49.5% H2/CO2/H2O at 650 °C, where a lower mass-transfer 

polarization, 0.08 Ω·cm2, is obtained when compared to that with the reference case (0.10 Ω·cm2). For 

gas 5 the amount of reactants is very high and that will decrease the mass-transfer limitations in the 

reaction. Additionally, more hydrogen will be produced under such operating conditions, thereby 

improving the diffusion of the reactants in the gas phase.  
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Fig. 4 (a) Ohmic loss, (b) charge-transfer polarization and (c) mass-transfer polarization obtained from the 

Nyquist diagrams in Fig. 3. Gas 1: 25/25/25/25% H2/CO2/H2O/N2, gas 2: 1/24.5/24.5/50% H2/CO2/H2O/N2, gas 

3: 1/49.5/24.5/25% H2/CO2/H2O/N2, gas 4: 1/24.5/49.5/25% H2/CO2/H2O/N2, gas 5: 1/49.5/49.5% H2/CO2/H2O. 
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Regardless of the water concentration, a higher mass-transfer polarization is found for the gases with 

24.5% CO2 (gases 2 and 4) compared to the gases containing 49.5% CO2 (gases 3 and 5). This 

indicates that carbon dioxide has a stronger impact on mass-transfer limitations than water in the 

electrolysis cell. The electrolyte in the MCEC is based on molten carbonate salts and carbon dioxide 

may play a very complex role in the electrolysis cell. For example, CO2 is a reactant in the production 

of carbonate ions or when generating CO, and further CO2 is involved in the reverse water-gas shift 

reaction and other reactions [20]. The observations made in this study show that all components in the 

gas influence the mass-transfer polarization of the Ni electrode in the electrolysis cell. However, in 

order to interpret the mass-transfer behavior of the Ni electrode more thoroughly further modeling 

studies of the MCEC may be needed. 

Regarding the low-frequency arc, the arc size is almost unaffected by temperature for the reference 

case with 25/25/25/25% H2/CO2/H2O/N2, and the mass-transfer resistance is more or less constant at 

0.10 Ω·cm2 in the temperature range of 600–650 °C, see Fig. 4(c). However, when using inlet gases 

with low H2 concentration, the size of the low-frequency arc strongly depends on cell temperature. In 

the molten carbonate electrolysis cell, an increasing amount of hydrogen is produced at the Ni 

electrode as the operating temperature is raised. In accordance with the binary diffusion coefficients 

given above, a higher hydrogen concentration will enable a better reactant diffusion and thereby a 

decreased mass-transfer polarization. This is also observed for both hydrogen-lean gases when the 

temperature is raised. 

In Fig. 5, the relationship between the polarization resistance (Rp) evaluated from the iR-corrected 

polarization curves and that evaluated from the impedance spectra is shown for the Ni electrode in the 

MCEC. The slopes of the full polarization curves give the value of Rp, and in the Nyquist diagrams the 

electrode polarization is calculated by subtracting the ohmic loss from the total impedance. This graph 

shows that the polarization resistances recorded by these two techniques are equal for the Ni electrode 

in the electrolysis cell.    
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Fig. 5 Relationship between polarization resistances (Rp) obtained from IV curves and impedance spectra for the 

Ni electrode in the electrolysis cell. The solid line fits to equal values and symbols refer to measured values. 

 

On the basis of the polarization data in Fig. 2, the exchange current densities are determined using the 

same theory and method as discussed in the previous study [21]. When analyzing the polarization data 

for a porous electrode, it is important to take the current distribution into account. Lagergren and 

Simonsson [25] derived an expression for evaluating the total polarization resistance for a porous 

electrode. The current-interrupt technique is applied to correct the iR drop, and thus the polarization 

data does not include the ohmic contribution in this study. In addition, the effective conductivity of the 

Ni electrode is much higher than that of the electrolyte phase, then a simplified expression (Eq. 1) is 

obtained for the polarization resistance of the Ni electrode [21, 22].   

                                                                       
𝑑𝜂

𝑑𝑖
= √

𝑅𝑇

𝑛𝐹𝑆𝑖0𝜅
                                                                    (1) 

where 𝜅 is the effective conductivity in the electrolyte phase. 𝑆 is the exterior surface area of the 

agglomerates, where the dominating part of the electrode reaction takes place.  

The effective conductivity of the electrolyte is set to be 5.0 S·m-1 at 650°C [22]. By using the 

Arrhenius equation [26], the values of 4.1 S·m-1 and 4.6 S·m-1 are calculated for the effective 

electrolyte conductivity at 600 and 625 °C, respectively. The exterior agglomerate surface area, 𝑆, is 

estimated to be 2.7·105 m-1 by assuming that the agglomerates are spherical and have a radius of 

approximately 4.5 µm [22]. The polarization resistance, 𝑑𝜂 𝑑𝑖⁄ , is obtained from the slopes of the 

polarization curves at low overpotential, i.e. < 40 mV. It is assumed that in this low overpotential 
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range the Ni electrode is mainly under kinetic control, where the mass-transfer limitations can be 

neglected [22].  

The exchange current densities calculated for these five inlet gases are shown in Fig. 6. For the 

reference case the exchange current density increases from 76 to 130 A·m-2 in the temperature range of 

600–650 °C. Lower values are obtained for the Ni electrode when the inlet gases contain low amounts 

of hydrogen. In the measured temperature interval, exchange current densities of 31–61, 35–85, 32–62, 

and 43–114 A·m-2 are obtained for gases 2, 3, 4 and 5, respectively. Since the exchange current 

density is determined by the rate of charge transfer, this confirms that the Ni electrode kinetics is 

relatively slow under hydrogen-lean gases. 

 

 

Fig. 6 Exchange current densities as function of temperature for five different gas compositions in the 

electrolysis cell. Gas 1: 25/25/25/25% H2/CO2/H2O/N2, gas 2: 1/24.5/24.5/50% H2/CO2/H2O/N2, gas 3: 

1/49.5/24.5/25% H2/CO2/H2O/N2, gas 4: 1/24.5/49.5/25% H2/CO2/H2O/N2, gas 5: 1/49.5/49.5% H2/CO2/H2O. 

 

For hydrogen production at the Ni electrode in the MCEC, the activation energy is calculated to be 69 

kJ·mol-1 for the reference case, using the Arrhenius equation [27]. For the gases with low hydrogen 

concentration, higher values, 85, 112, 99 and 138 kJ·mol-1 are obtained for gases 2, 3, 4 and 5, 

respectively. The result shows that the activation energy is lower for the gases with 24.5% CO2 (gases 

2 and 4) than for the gases with 49.5% CO2 (gases 3 and 5). The activation energy may be a clue to 

determining the rate-limiting process [28] and according to the values reported here it seems that the 

Ni electrode is under kinetic or mixed control. 
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Conclusions  

The polarization losses of the porous Ni electrode in a molten carbonate electrolysis cell were studied 

using four gases containing low amounts of H2 (i.e. 1%) in the temperature range 600–650 °C. When 

compared to the reference case with the gas containing 25/25/25/25% H2/CO2/H2O/N2, higher 

polarization losses were found for the hydrogen-lean gases.  

The electrochemical impedance spectra revealed that in the MCEC the Ni electrode showed a higher 

charge-transfer polarization for the gases with low hydrogen concentration than for the reference case. 

The effect of carbon dioxide or water on electrode kinetics was not strong as shown in a previous 

study [21]. The combined effects of hydrogen, carbon dioxide and water probably influence the Ni 

electrode performance in the electrolysis cell. At all measured temperatures the mass-transfer 

polarization is also higher for H2-lean gases. Except under the condition with 1/49.5/49.5% 

H2/CO2/H2O at 650 °C, the Ni electrode exhibited a lower mass-transfer polarization compared to the 

reference case. It is also noted that for the reference case the mass-transfer polarization was more or 

less unaffected by temperature. However, when using hydrogen-lean gases it was strongly dependent 

on temperature. The mass-transfer limitations could probably be affected by diffusion properties in the 

gas phase.       

The exchange current densities confirm that when compared to the reference case the Ni electrode 

kinetics are slower for the gas containing low amounts of hydrogen in the electrolysis cell. The 

activation energy, calculated for all measured gas compositions, indicates that the Ni electrode is 

under kinetic or mixed control.      
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