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Abstract 

A one-dimensional model based on the Maxwell-Stefan diffusion equations was applied to evaluate the 

effect of the reverse water-gas shift reaction and the influence of the gas phase mass transport on the 

performance of the porous nickel electrode in the molten carbonate electrolysis cell. The concentration 

gradients in the current collector are larger than in the electrode for the inlet gases not in equilibrium, 

due to the shift reaction taking place in the electrode. When the humidified 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 in the electrolysis cell when the inlet gases 

have low contents of hydrogen. The mass-transfer limitations at low contents of water and carbon 

dioxide are captured in the model, but the effect on the electrode polarization, especially of carbon 

dioxide, is overestimated. Despite an overestimation in the calculations, the experimental data and the 

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

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

A promising pathway for producing fuel gases, e.g. hydrogen and/or syngas (H2+CO), is by electrolysis 

of water and/or by co-electrolysis of water and carbon dioxide in molten carbonate salts, especially when 

using renewable energy sources such as wind, solar, tidal and hydropower as power supply to the 

electrolysis. The molten carbonate electrolysis cell (MCEC) operates at high temperatures, 600–700 °C, 

which gives the potential to attain high overall efficiency and to require low applied voltage. 

Furthermore, our previous study1 proved that lower polarization losses are found for the electrolysis cell 

than for the fuel cell when using conventional fuel cell components, i.e. nickel-based porous electrodes 

and molten carbonate electrolyte. In this case, the possibility of operating both the electrolysis cell for 

fuel gas production and the fuel cell for electricity generation in a single device may be beneficial from 

an economic perspective.     

In the MCEC, the electrolysis of water takes place on the Ni electrode according to 

                                                        H2O + CO2 + 2e− ⇌ H2 + CO3
2−                                                  [1] 

The electrolysis of carbon dioxide for CO production is regarded to be slower than the electrolysis of 

water for H2 production on the nickel-based electrodes.2, 3 Thus the possibility of direct carbon dioxide 

electrolysis producing CO is small, at least at low current densities. Despite that, carbon monoxide could 

be generated through the following reverse water-gas shift reaction. 

                                                               H2 + CO2 ⇌ H2O + CO                                                           [2] 

It has been reported that the shift reaction could rapidly establish equilibrium in the presence of suitable 

catalysts such as nickel at high temperatures, above 500 °C.4, 5 This will probably affect the gas 

composition in the electrode and therefore influence the electrode performance. 

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

electrolysis cell, it is important to know the reaction mechanism of hydrogen production as well as to 

understand the effect of the mass transport in the gas and electrolyte phases on the electrode kinetics. 

The previous study6 has shown that for the inlet gases at humidified conditions the experimentally 

obtained partial pressure dependencies for hydrogen and water are dependent on concentrations. For 

example, at low contents the partial pressure dependencies were found to be 0.49–0.44 and 0.47–0.67 

for hydrogen and water at 600–650 °C, respectively, while increasing to the intervals 0.79–0.94 and 

0.83–1.07 when containing high amounts of H2 or H2O. The dependence values of 0.62–0.82 were 

determined for carbon dioxide. The partial pressure dependencies are high, and they do not reasonably 

satisfy the reaction mechanisms suggested for hydrogen production, based on the reverse pathways of 

hydrogen oxidation in fuel cell operation.6 However, the proposed reaction mechanisms concern on flag 

electrodes, which are different from porous electrodes when regarding electrode surface and mass-

transfer limitations.  
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When determining the kinetics of the hydrogen production reaction in the MCEC, the porous Ni 

electrode was assumed to be mainly under kinetic control and the influence of mass-transfer limitations 

in the gas phase was not taken into account.6 Additionally, the reverse water-gas shift reaction is found 

to have an important effect on the water partial pressure dependency.6 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 reverse water-gas shift reaction. To evaluate the effect of the gas phase mass transport and 

the influence of the shift reaction on the performance of the Ni electrode in the electrolysis cell, a 

mathematical model can be developed. The Maxwell-Stefan formulation is a well-established method 

for describing mass transport in multicomponent systems.7, 8 Fontes et al.9 and Sparr et al.10 have used it 

to calculate the gas composition change in the current collector and in the electrode, in order to elucidate 

the effect of gas phase mass-transfer limitations on porous electrodes in molten carbonate fuel cells.  

The aim of this paper is to apply a model based on the Maxwell-Stefan diffusion equations for 

investigating the effect of the shift reaction and the influence of the gas phase mass transport on the 

performance of the porous Ni electrode in the molten carbonate electrolysis cell. The model is combined 

with equations describing the current distribution in the electrode and electrolyte. Some previously 

obtained experimental data for the Ni electrode6 are used as input for the model. Based on the 

experimentally obtained kinetic parameters, i.e. the partial pressure dependencies, no mechanism has 

been found to explain the electrode reaction of hydrogen production in the MCEC. Therefore, in this 

paper Reaction 1 is assumed to follow the reverse pathways of the hydrogen oxidation mechanism 

proposed by Ang and Sammells11. 

 

Model 

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 porous electrode. Since the specific surface area is 

much larger inside 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 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.12  

                                                        ∇𝑥𝑖 = ∑
𝑅𝑇

𝑃𝐷𝑖𝑗
𝑒𝑓𝑓 (𝑥𝑖𝑁𝑗 − 𝑥𝑗𝑁𝑖)𝑖≠𝑗                                                      [3] 

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. 
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The binary diffusion coefficient 𝐷𝑖𝑗  is determined by using the Chapman-Enskog theory12 and the 

calculated values are shown in Table I.  

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

                                                         𝑁𝑖 =
𝑃∙𝑥𝑖∙𝑀𝑖

𝑅𝑇
(− ∑ 𝐷𝑖𝑗

𝑒𝑓𝑓
∇𝑥𝑗𝑗 + 𝑢)                                                     [4] 

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 + 𝑅𝑖                                                               [5]      

where 𝑅𝑖  is the molar rate of production of 𝑖  per unit volume. Both the electrochemical reaction 

hydrogen production and the homogeneous chemical reaction, i.e. the shift reaction, are taken place in 

the electrode. This gives the following equation for the reaction rate.     

                                                     𝑅𝑖 = 𝜐𝑖
𝑗𝑙𝑜𝑐𝑎𝑙 ∙

𝑆∙𝑗𝑙𝑜𝑐𝑎𝑙

𝑛𝐹
+ 𝜐

𝑖

𝑟𝑠ℎ𝑖𝑓𝑡 ∙ 𝑟𝑠ℎ𝑖𝑓𝑡                                                 [6] 

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

reaction takes place.6 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 reverse 

water-gas shift reaction, and 𝜐𝑖 is the stoichiometric coefficient of species 𝑖 in the hydrogen production 

and the shift reaction. 

In this study the inlet gases containing five components (H2O, CO2, H2, CO and N2) are used for 

calculations, thus the continuity equations can be written using Eqs. 5 and 6. 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                                                        [7] 

                                                          ∇ · 𝑁𝐶𝑂2
=

𝑆

𝑛𝐹
𝑗𝑙𝑜𝑐𝑎𝑙 − 𝑟𝑠ℎ𝑖𝑓𝑡                                                         [8] 

                                                                     ∇ · 𝑁𝐶𝑂 = 𝑟𝑠ℎ𝑖𝑓𝑡                                                                 [9] 

                                                          ∇ · 𝑁𝐻2
= −

𝑆

𝑛𝐹
𝑗𝑙𝑜𝑐𝑎𝑙 − 𝑟𝑠ℎ𝑖𝑓𝑡                                                     [10] 

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                                                                     [11] 
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In this model the reverse water-gas shift reaction, i.e. Reaction 2, is assumed to only take place in the 

electrode, and the reaction rate is given by 

                                                    𝑟𝑠ℎ𝑖𝑓𝑡 = 𝑘𝑏
𝑃

𝑅𝑇
(𝑥𝐻2

𝑥𝐶𝑂2
−

𝑥𝐻2𝑂𝑥C𝑂

𝐾𝑝
)                                                 [12] 

Here the equilibrium constant 𝐾𝑝 has been calculated in the previous study6, 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. 11 into Eq. 4, resulting in 

                                                                 𝑢 = ∑ (𝐷𝑁2𝑗
𝑒𝑓𝑓

∙ ∇𝑥𝑗)𝑗                                                             [13] 

At the inlet to the current collector, the boundary condition is 

                                                                          𝑥𝑖 = 𝑥𝑖,𝑖𝑛                                                                      [14] 

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                                                                       [15] 

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                                               [16] 

where 𝑖2 is the geometric current density in the electrolyte phase and 𝜅𝑒𝑓𝑓 is the effective electrolyte 

conductivity. 

In this study the electrode reaction of hydrogen production in the MCEC is assumed to follow the reverse 

pathways of hydrogen oxidation proposed by Ang and Sammells (AS mechanism), as given by 

Reactions 17–19. 

                                                          H2O + M + e− ⇌ MH + OH−                                                    [17] 

                                                   OH− + CO2 + M + e− ⇌ MH + CO3
2−     (RDS)                                        [18] 

                                                                    2MH ⇌ H2 + 2M                                                              [19] 

It is assumed that Reaction 18 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 (Reaction 1).   

            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
)]      [20] 
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where 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)
]                                               [21] 

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.13    

                                                                𝜂 = (𝛷1 − 𝛷2) − 𝐸𝑒𝑞                                                           [22] 

The equilibrium potential for Reaction 1, calculated against the reference electrode (i.e. gold wires in 

equilibrium with the gas mixture of 33/67% O2/CO2), is  

                                                     𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑛𝐹
(

𝑥𝐻2𝑂,𝑖𝑛𝑥𝐶𝑂2,𝑖𝑛

𝑥CO2,𝑟𝑒𝑓𝑥O2,𝑟𝑒𝑓
0.5 𝑥𝐻2,𝑖𝑛

)                                               [23] 

where 𝐸0 is the standard equilibrium potential for hydrogen production in the MCEC, and 𝑥𝑖,𝑟𝑒𝑓 is the 

molar fraction of species 𝑖 in the reference gas. The value of 𝐸0 is calculated from the literature14, 15 and 

is listed in Table I. 

At the current collector/electrode interphase, the boundary condition is  

                                                                             𝑖2 = 0                                                                       [24] 

At the electrode/matrix interphase, the boundary condition is given by 

                                                                           𝑖2 = 𝑖𝑎𝑝𝑝                                                                    [25] 

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)                                      [26] 

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 Table I. 

 

Results and Discussion 

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, see Fig. 1. Table II presents the best-
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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. 

Figure 2 shows the concentration gradients through the current collector and the Ni electrode at 1600 

A·m-2 for the four different cases. It can be seen that the gas composition is almost uniform in the 

electrode but changes in the current collector for all modeled cases. It indicates that the concentration 

gradients in the current collector are larger than in the electrode. This is more obvious for case 2, where 

the gas at the inlet to the current collector is under humidified conditions and the shift reaction is 

assumed to be fast. If there is no occurrence of the shift reaction in the electrode or the inlet gas 

composition has already reached equilibrium, the gas composition in the current collector varies slightly. 

Upon these five gas components, the concentration profiles of carbon dioxide change most. This is not 

surprising since the binary diffusion coefficient of carbon dioxide in nitrogen is lower than that of other 

gas components in nitrogen.  

In Fig. 3a, the reaction rate of hydrogen production is quite low or even almost zero at the current 

collector/electrode interphase. This implies that in cases 1 and 3 the gas composition variation in the 

current collector may be only affected by the mass transport, i.e. diffusion and convection. Figure 3b 

shows that at the current collector/electrode interphase the shift reaction rate is rather high for the inlet 

humidified gas, which gives the reason for the large concentration gradients in the current collector for 

case 2. When the gas at the inlet to the current collector has already reached equilibrium in case 4, the 

local reaction rate of the shift reaction is very low at the current collector/electrode interphase, see Fig. 

3b. This explains the relatively uniform gas composition profiles in the current collector in case 4. The 

gas composition in the electrode for the humidified condition (case 2) is not the same as for the 

equilibrium condition (case 4) even though both gas conditions are in equilibrium in the electrode. 

Despite that, in Fig. 1 there is no difference in the calculated polarization behavior of the porous Ni 

electrode in the MCEC under these two cases, i.e. identical values of the standard exchange current 

density obtained for cases 2 and 4. It implies that all components in the gas influence the electrode 

performance, and thus it is not possible to eliminate any of the components to simplify the model.  
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When the gases at the inlet to the current collector are not in equilibrium, the shift reaction is found to 

strongly influence the gas composition in the electrode. For example, in Fig. 2a and 2b, for the inlet 

humidified gas containing 25/25/25/25% H2O/CO2/H2/N2, the gas composition entering the electrode at 

1600 A·m-2 is 23.8/23.0/26.5/26.7% H2O/CO2/H2/N2 for the case of no shift reaction and changes to 

27.8/15.4/24.8/5.9/26.1% H2O/CO2/H2/CO/N2 for the case of the shift reaction being fast. Figure 4 

presents how the reaction rate of the shift reaction affects the concentration gradients in the current 

collector and in the electrode. In order to evaluate the influence more clearly a higher current density of 

3000 A·m-2 is applied. When lowering the shift reaction rate, the content of carbon dioxide in the 

electrode is increased, while a relatively small rise is shown for the hydrogen content. As expected, 

water and carbon dioxide have lower concentrations in the electrode as the reaction rate of the shift 

reaction decreases.   

The effect of the shift reaction rate on the electrochemical performance of the Ni electrode is shown in 

Fig. 5. For the inlet humidified gas composition 25/25/25/25% H2O/CO2/H2/N2 the electrode 

polarization decreases with the shift reaction rate. 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 polarization behavior of the Ni 

electrode is found for varying the rate constant from 500 to 100 s-1. 

As discussed above, 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. 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 Fig. 6. 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 data6, 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 disparity could be that the inlet gases containing 

low amounts of CO2 at humidified conditions may not reach equilibrium in the electrode or that the shift 

reaction is quite slow in this case. Figure 6 shows that the simulated polarization behavior with the 

assumption of no shift reaction occurring in the electrode is closer to the experimentally obtained data 
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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.  

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 7 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 reference 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. For the case that the shift reaction has rapidly established 

equilibrium, the content of carbon dioxide entering in the electrode is calculated to be only 2.6%, while 

increasing to 3.9% for the case with no shift reaction occurring in the electrode.    

If the concentrations of the reactant gas components are increased, the effect of mass-transfer limitations 

in the gas phase will be very small. The previous study6 presented that in the MCEC the porous Ni 

electrode for hydrogen production was mainly under kinetic control when the inlet gases containing high 

amounts of the reactants. In order to evaluate whether the model well describes the electrode 

performance or not in this case, the polarization curves for the gases with higher reactant contents are 

simulated with the standard exchange current density of 960 A·m-2, see Fig. 8. It can be observed that 

the modeled polarization behavior is not well fitted to the experimental data. The effect of water, carbon 

dioxide and hydrogen on the electrode polarization is somewhat overestimated when using higher 

concentrations. The electrochemical performance of the Ni electrode is also simulated under hydrogen-

lean gases, but the calculated polarization behavior of the electrode is still overestimated when 

comparing to the experimental findings16. The wetting property of the porous Ni electrode is dependent 

on the gas composition, and this therefore influences the electrochemically active surface area and/or 

the effective conductivity.17 In this model the specific surface area is assumed to be constant, not 

including the effect of the wetting property. This will appear as a small increase or decrease in the 

standard exchange current density for different gas compositions10, probably having a slight influence 

on the calculated polarization behavior of the Ni electrode.  

Two possible factors could be an explanation for the discrepancy observed between the modeling results 

and experimental data: one is that the effect of mass-transfer limitations is rather small at high contents 

of reactants in the inlet gases (i.e. linear characteristic of polarization curves even at high current density) 

and this model will probably be not appropriate for this case, and the other one is that in the calculations 

the reverse pathways of the AS mechanism may be not reasonable for higher contents. The effect of the 

gas components, i.e. H2O, CO2 and H2, on the kinetics of the hydrogen production reaction is dependent 

on their concentrations. The previous study6 has reported that at low contents of the reactants (<25%) 

the strong effect of reactants on the electrode kinetics, i.e. the partial pressure dependencies, is given in 
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the following series: CO2>H2O>H2. However, the dependency on the reactants is changed when 

increasing to higher concentrations (>25%), where the electrode kinetics is most relied on water and 

least on carbon dioxide. On the other hand, this model still has limitations. For example, the effect of 

the mass transport in the electrolyte phase and the influence of the wetting property are not taken into 

account, and the reaction mechanism of hydrogen production assumed in this study is actually not 

determined on the basis of the experimentally obtained dependence values. If these effects were all 

considered in the model, it would be more desirable and accurate for describing the electrode 

performance. But this would increase the already complex equation system even more, and it is doubtful 

that this would strongly affect the acquired conclusions in this study. It might well predict the 

polarization behavior of the electrode under different operating conditions.   

 

Conclusions 

In this study a one-dimensional model based on the Maxwell-Stefan diffusion equations was applied to 

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

transport on the electrochemical performance of the porous nickel electrode in the MCEC. The simulated 

polarization curves of the Ni electrode were compared to the previously obtained experimental data.  

The shift reaction influences the standard exchange current density. When assuming that the shift 

reaction is fast in the electrode and that the hydrogen production follows the reverse process of AS 

mechanism, the standard exchange current density does not depend on the inlet gas conditions whether 

at humidified or at the corresponding equilibrium.  

The concentration gradients in the current collector is larger than in the electrode, especially when using 

the humidified gas composition at the inlet to the current collector and having a high rate of the shift 

reaction. If no shift reaction takes place in the electrode or the inlet gas has reached equilibrium, the gas 

composition change in the current collector is relatively small, and the concentration gradients in the 

current collector is attributable to the mass transport, e.g. diffusion and convection.          

For the inlet gas not in equilibrium the polarization of the Ni electrode decreases with the reaction rate 

of the shift reaction. This is more obviously taken place when reducing the rate constant from 100 to 10 

s-1, but a small influence on the electrode polarization is found for varying the rate constant from 500 to 

100 s-1.  

When lowering the hydrogen content in the inlet gases the influence of the gas phase mass transport on 

the electrode performance is well described by the model. The model has also captured the mass-transfer 

limitations at low contents (e.g. 10%) of water and carbon dioxide, but the effect, especially of carbon 

dioxide, is overestimated on the polarization behavior of the electrode. When the inlet gases containing 

low amounts of CO2, the gas compositions may not reach equilibrium in the electrode or there may not 

be any shift reaction. Furthermore, the mass transport in the electrolyte phase may also be a reason for 
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the discrepancy between the modeling results and experimental data. Despite the overestimation in the 

calculations, the experimental data and the modeling results are in agreement that carbon dioxide is 

responsible for a stronger effect on the gas phase mass transport than other components, i.e. water and 

hydrogen.  

When comparing to the experimental data, this model does not well capture the polarization behavior of 

the electrode for the inlet gases having high concentrations of reactants. The simulated results are 

dependent on assumptions made about the reaction mechanism and the electrochemically active surface 

area. Additionally, the mass-transfer limitations in the gas phase are quite small for higher reactant 

contents in the inlet gases, and thus it may not be appropriate for the model to take into account the gas 

phase mass transport in this case.     
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List of Symbols 

𝑐𝑖  concentration of species 𝑖, mol·m-3 

𝐷𝑖𝑗  binary diffusion coefficient between species 𝑖 and 𝑗, m2·s-1 

𝐷𝑖𝑗
𝑒𝑓𝑓

  binary diffusion coefficient between species 𝑖 and 𝑗, m2·s-1 

𝐸0  standard equilibrium potential, V 

𝐸𝑒𝑞  equilibrium potential of electrochemical reaction, V 

𝐹  Faraday’s constant, 96485, A·s·mol-1 

𝑖0  exchange current density, A·m-2 

𝑖0
0  standard exchange current density, A·m-2 

𝑖2  geometric current density in electrolyte phase, A·m-2 

𝑖𝑎𝑝𝑝  applied current density for electrode, A·m-2 

𝑗𝑙𝑜𝑐𝑎𝑙  local current density from electrochemical reaction, A·m-2 

𝑘𝑏  rate constant for shift reaction, s-1 

𝐾𝑝  equilibrium constant for shift reaction 

𝑛  number of electrons  

𝑁𝑖  molar flux of species 𝑖 with respect to stationary axis, mol·m--2·s-1 

𝑃  pressure, atm 

𝑅  gas constant, 8.314, J·mol-1·K-1 

𝑅𝑖  reaction rate of species 𝑖, mol·m-3·s-1 

𝑟𝑠ℎ𝑖𝑓𝑡  local reaction rate of shift reaction, mol·m-3·s-1 

𝑆  specific surface area, m-1 

𝑡  time, s 

𝑇  temperature, K 

𝑢  velocity, m·s-1 

𝑥𝑖  mole fraction  

Greek  

𝛽  symmetry factor in electrochemical reaction 

𝜀  porosity  

𝜂  overpotential, V 

𝜅𝑒𝑓𝑓  effective conductivity in electrolyte phase, S·m-1 

𝜐𝑖  stoichiometric coefficient of gas species 𝑖 

𝛷1  potential in solid phase, V 

𝛷2  potential in electrolyte phase, V 

Subscript 

𝑖𝑛  inlet gas compositions 

𝑟𝑒𝑓  reference electrode 
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Figure captions 

Table I. Input parameters used in the model. 

Table II. The standard exchange current density obtained for four different cases by fitting to the 

experimental polarization data in the molten carbonate electrolysis cell. 

Figure 1. The calculated polarization curves for four different cases fitting to the experimental 

polarization data. 

Figure 2. The concertation gradients in the current collector and in the electrode at 1600 A·m-2 for four 

different cases. (a) Case 1, (b) case 2, (c) case 3, and (d) case 4. 

Figure 3. The local reaction rates of (a) hydrogen production and (b) the shift reaction in the electrode 

at 1600 A·m-2. 

Figure 4. The concertation gradients for the gas containing 25/25/25/25% H2O/CO2/H2/N2 at the inlet to 

the current collector at 3000 A·m-2. Solid symbols and solid lines: kb=500 s-1, open symbols and solid 

lines: kb=100 s-1, and open symbols and dashed lines: kb=10 s-1. 

Figure 5.The simulated polarization curves with different shift reaction rates, the inlet humidified gas 

containing 25/25/25/25% H2O/CO2/H2/N2. 

Figure 6. 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. 

Figure 7. 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 reference 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. 

Figure 8. Polarization curves for the experimental data (symbols) and calculated results (lines) at 𝑖0
0= 

960 A·m-2 and kb=500 s-1. 
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Table I 

Operating temperature (T) 923.15 K 

Pressure (P) 1 atm 

Number of electrons (n) 2 

Effective conductivity in the electrolyte (𝜅𝑒𝑓𝑓) 5 S·m-1 

Specific surface area (𝑆) 2.7 × 105 m-1 

Diffusion coefficient 𝐷𝐻2𝑂 𝐶𝑂2
= 1.45 × 10−4 m2·s-1 

 𝐷𝐻2𝑂 𝐶𝑂 = 1.89 × 10−4 m2·s-1 

 𝐷𝐻2𝑂 𝐻2
= 6.48 × 10−4 m2·s-1 

 𝐷𝐻2𝑂 𝑁2
= 2.03 × 10−4 m2·s-1 

 𝐷𝐶𝑂2 𝐶𝑂 = 1.09 × 10−4 m2·s-1 

 𝐷𝐶𝑂2 𝐻2
= 4.18 × 10−4 m2·s-1 

 𝐷𝐶𝑂2 𝑁2
= 1.23 × 10−4 m2·s-1 

 𝐷𝐶𝑂 𝐻2
= 4.90 × 10−4 m2·s-1 

 𝐷𝐶𝑂 𝑁2
= 1.40 × 10−4 m2·s-1 

 𝐷𝐻2 𝑁2
= 5.04 × 10−4 m2·s-1 

Gas void fraction of the current collector  0.25 

Gas void fraction of the electrode 0.54 

Electrode thickness 0.6 mm 

Current collector thickness 1.2 mm 

Standard equilibrium potential (𝐸0)  1.018 V 

Equilibrium constant (𝐾𝑝)  0.510 

 

Table II 

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 
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Figure 1 
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Figure 2a 

 

Figure 2b 
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Figure 2c 

 

Figure 2d 
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Figure 3a 

 

Figure 3b 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

 

 

 

 

 


