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Abstract: 

In co-ionic conducting solid oxide fuel cell (SOFC), both oxygen ion (O2-) and proton 

(H+) can transport through the electrolyte, generating steam in both the anode and cathode. 

Thus the mass transport phenomenon in the electrodes is quite different from that in 

conventional SOFC with oxygen ion conducting electrolyte (O-SOFC) or with proton 

conducting electrolyte (H-SOFC). The generation of steam in both electrodes also affects the 

concentration overpotential loss and further the SOFC performance.  However, no detailed 

modeling study on SOFCs with co-ionic electrolyte has been reported yet.  In this paper, a 

new mathematical model for SOFC based on co-ionic electrolyte is developed to predict its 

actual performance considering three major kinds of overpotentials. Ohm’s law and the 

Butler-volmer formula are used to model the ion conduction and electrochemical reactions, 

respectively. The Dusty Gas Model (DGM) is employed to simulate the mass transport 

processes in the porous electrodes. Parametric simulations are performed to investigate the 

effects of proton transfer number (tH) and current density (jtotal) on the cell performance. It’s 

interesting to find that the co-ionic conducting SOFC could perform better than O-SOFC and 

H-SOFC by choosing an appropriate proton transfer number.  In addition, the co-ionic SOFC 

shows smaller difference between the anode and cathode concentration overpotentials than 

O-SOFC and H-SOFC at certain tH values. The results could help material selection for 

enhancing SOFC performance.  

Keywords: Co-ionic electrolyte, Proton transport number, Concentration overpotential, Mass 

transport, Model. 
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Solid oxide fuel cell (SOFC) is an electrochemical device which can convert chemical 

energy of a fuel into electrical energy directly with high efficiency and fuel flexibility. SOFC 

mainly consists of three components: anode and cathode provide sites for electrochemical 

half-reactions, while electrolyte functions as an ion transport medium between the electrodes. 

According to the type of ions (oxygen ions or protons) transporting in the electrolyte, SOFC 

can be classified to 2 kinds: oxygen ion conducting SOFC (O-SOFC) and proton conducting 

SOFC (H-SOFC).  Although O-SOFC is traditionally used, previous research indicated that 

H-SOFC exhibited potentially higher efficiency than O-SOFC [1]. However, it’s also 

reported that most proton conducting oxides show both oxygen ion and proton conductivity, 

which are called as “co-ionic” oxide [2-4].  

Different from O-SOFC and H-SOFC, steam is generated at both anode and cathode in 

co-ionic conducting SOFC, leading to a different mass distribution in both electrodes.  As a 

result, the concentration overpotentials in co-ionic conducting SOFC are essentially different 

from those in O-SOFC and H-SOFC.  It is expected that the co-ionic effect in SOFC might 

lower down the electrode polarization [5]. However, previous modeling studies on co-ionic 

conducting SOFC are limited: Huang et al [6] derived the theoretical open-circuit voltage for 

SOFC with hybrid conducting (oxygen ion, proton and electron) electrolyte based on defect 

chemistry; Bavarian et al [7] and Demin et al [8] developed models to predict the 

performance of SOFCs with co-ionic conducting electrolytes. In Demin’s study, the proton 

transfer number was assumed to be 0.5 while in Bavarian’s study, BaCe1-xSmxO3- α was used 

as the co-ionic conducting electrolyte. No detailed modeling study has been performed to 

predict the co-ionic SOFC performance considering various overpotential losses and examine 

the effect of proton transfer number. 

In this paper, a new mathematical model of SOFC based on co-ionic conducting 

electrolyte is developed to predict its actual performance. The dusty gas model (DGM), 



3 
 

Ohm’s law and the Butler-volmer formula are used to describe the gas transport in pores, ion 

conduction in the electrolyte, and electrochemical reaction kinetics, respectively. Proton 

transfer number (tH) defined as the ratio of proton conductivity to total conductivity is used as 

an indicator of proton conductivity [8-9]. Since the co-ionic property mainly affects mass 

transfer in both anode and cathode when total conductivity is fixed, the effect of tH on 

concentration overpotentials are investigated. Parametric simulations are performed for 

anode-supported, electrolyte-supported and cathode-supported SOFCs at various operating 

voltages to examine the co-ionic effect.  

 

Fig. 1 Working mechanism of SOFC based on co-ionic conducting electrolyte 

 

2. The model 

2.1. Model development 

Fig. 1 shows the working mechanism of SOFC based on co-ionic conducting 

electrolyte. Hydrogen is fed as fuel and air is used as oxidant. Electrochemical reactions are 

assumed to occur at the electrode-electrolyte interface only, which is valid as the reaction 

zone is usually very small compared with the thickness of the electrodes.  Since both O2-and 

H+ can be transported through electrolyte, half-reactions evolved in electrodes are: 

Anode: 
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Cathode:  

2 22 0.5 2H O e H O+ −+ + →                                                        (3) 
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Fig. 2 Equivalent circuit diagram of co-ionic SOFC  

The equivalent circuit diagram of co-ionic SOFC considering overpotential losses is 

shown in Fig.2. EH and EO represent the electromotive force caused by H+ and O2- conduction 

respectively. According to fuel cell thermodynamics, EH and EO could be described as [10]:  

                                                                (5) 

                                                                (6) 

                                                               (7) 

where, PH2O,r,c represents partial pressure of water in cathode reaction site; PH2O,r,a represents 

partial pressure of water in anode reaction site; PH2,r represents partial pressure of hydrogen 

in anode reaction site; PO2,r represents partial pressure of oxygen in cathode reaction site.  R, 

dict://key.0895DFE8DB67F9409DB285590D870EDD/equivalent%20circuit%20diagram�
dict://key.0895DFE8DB67F9409DB285590D870EDD/equivalent%20circuit%20diagram�
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F and T refer to ideal gas constant (8.314 J mol-1 K-1), Faraday constant (96485 C mol-1) and 

operating temperature (K). It is noted that the concentration overpotentials are implicitly 

included in Eqs. (5) and (6), as the partial pressure of gas species at the reaction sites are used.   

In operation, the voltage of the cell decreases due to various concentration losses. As 

the concentration losses have been included in the equilibrium voltages (Eqs. 5 and 6), the 

operating voltage U can be calculated as the equilibrium voltage E subtracted by the ohmic 

and activation overpotentials.    

                                                   (8) 

Activation overpotential can be determined by the Butler-Volmer equation[10]:  

                                            (9) 

where j0 is the exchange current density measuring the electrochemical activity of the 

electrode.   

Ohmic overpotential can be determined by the Ohm’s law:  

                                                                              (10) 

where L is the thickness of the electrolyte (m),  is the ionic conductivity (S.m-1). It is noted 

that, in Eqs. (9) and (10), j is the current density (associated with oxygen ion conduction or 

proton conduction, (A.m-2)).  

Although concentration overpotentials are included in Eqs. (5) and (6), they can be 

determined separately in order to examine the effects of proton transfer number on 

concentration overpotential as:  

                                                               (11) 

                                                                (12) 
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The partial pressure of gas species at the electrode surface are specified as input 

parameters.  Partial pressures at the reaction sites can be determined by DGM (more details 

can refer to [11-13]), 

                                                       (13) 

                                                                            (14) 

                                                                            (15) 

                              
where,  

Ni and yi represent mass transport rate and molar fraction of species i; 

  represents the effective Knudsen diffusion coefficient of gas species i;  

  represents the effective binary diffusion coefficient of species i and l. 

 

It should be noted that, in steady state, the mass transport rates (flux) of steam in anode 

(NH2O,a) and cathode (NH2O,c) are governed separately by corresponding current density jH and 

jO, while the mass transport rates of  NH2 and NO2 are codetermined by jH and jO, that is,  

                                                                            (16) 

                                                                            (17) 

                                                                          (18) 

                                                                          (19) 

 

2.2. Calculation procedure 

The calculation procedure is shown in Appendix.1: First, an output voltage U is 

specified; then jH and jO are assumed and used to calculate partial pressures of gas species 
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(PH2O,r,c, PH2O,r,a, PH2,r, PO2,r) at reaction sites using Eq. (13). After that, EH and EO are 

obtained using Eq. (5) and Eq. (6). Activation overpotentials (ηH,act,a, ηH,act,c, ηO,act,a, ηO,act,c) 

and ohmic overpotentials (ηH,ohmic, ηO,ohmic) caused by O2- conducting and H+ conducting are 

calculated with jO and jH separately (using Eq. (9) and Eq. (10)). New obtained output 

voltages UH’ and UO’ using Eq. (8) are compared with previous given U to determine the 

calculation loop terminal or not. Computation is repeated until converged results are achieved.  

For model validation, an H-SOFC performance analysis is conducted by setting tH = 1 in 

present procedure. Input parameters are adjusted to fit the experimental conditions and are 

listed in Table 1. The calculated results agree well with the experimental data [14]. 
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Fig. 3 Comparison between simulation results and experimental data [14] for H-SOFC 

Table.1 Parameters used in model validation 

Parameter Value Unit 

Operating temperature,T 973 K 

Operating pressure,P 105 Pa 

Anode thickness, La 650 µm 

Electrolyte thickness, Le 50 µm 
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Cathode thickness,Lc 35 µm 

Porosity, θp 0.4  

Tortuosity, τ 5  

Conductivity, σ 0.938 S m-1 

Average pore radius, rp 0.5 µm 

Universal gas constant, R 8.314 J mol-1 K-1 

Faraday constant, F 96485 C mol-1 

Exchange current density in anode, j0,a 3000 A m-2 

Exchange current density in cathode, j0,c 1000 A m-2 

Gas molar ratio in anode channel H2:H2O=0.99:0.01  

Gas molar ratio in cathode channel O2:H2O=0.97:0.03  

 

3. Results and discussion 

In this section, the co-ionic effect on SOFC actual performance and concentration 

overpotentials are presented and analyzed. Simulations are conducted at an operating 

temperature of 1073K and a total conductivity of 3.86 S.m-1 for the electrolyte (conductivity 

of BaCeSmO3, a typical co-ionic oxide) [5].  With the given total conductivity, the proton 

transfer number (tH) is defined to be the ratio of proton conductivity to the total conductivity 

and varied in the present study.  Three different supporting structures are considered: anode-

supported, electrolyte-supported and cathode-supported. Gas molar ratio at the anode surface 

is H2:H2O=0.973:0.027, while at the cathode surface is O2:N2:H2O=0.20:0.79:0.01 in 

operating condition 1 (to approximate air supply) and O2:H2O=0.973:0.027 in operating 

condition 2 (to approximate pure oxygen supply).   Other parameters different from those 

used in model validation are summarized in Table 2.  It should be noted that due to lack of 

solid experimental data on the exchange current densities related to jH and jO, it’s considered 
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that the different transfer numbers do not affect the exchange current densities.  Thus the 

present paper focused on the co-ionic effect on the concentration overpotentials.    

Table 2 Parameters used in simulation of co-ionic conducting SOFC 

Parameter Value Unit 

Operating temperature, T 1073 K 

Thickness of anode/electrolyte/cathode 

Anode-supported 

Cathode-supported 

Electrolyte-supported 

 

500/50/50 

50/50/500 

50/500/50 

μm 

Tortuosity, τ 3  

Conductivity,  σ 3.86 S m-1 

Exchange current density in anode, J0,a 4000 A m-2 

Exchange current density in cathode, J0,c 2000 A m-2 

 

3.1. Effect of co-ionic property on SOFC actual performance  

Fig. 4 shows the actual performance of anode-supported SOFC in operating condition 

1 (O2:N2:H2O = 0.20:0.79:0.01 at the cathode surface).  It is interesting to find that the co-

ionic conducting SOFC with tH = 0.5 performs better than both O-SOFC (tH = 0) and H-SOFC 

(tH = 1).  However, when SOFC works in operating condition 2 (O2:H2O = 0.973:0.027 at the 

cathode surface), the performance of co-ionic conducting SOFC is significantly higher than 

O-SOFC but lower than H-SOFC (Fig. 5).  From Fig. 4 and Fig. 5, it can be seen that H-

SOFC perform better than O-SOFC when anode-supported structure is used, which agrees 

with the previous studies [15].  In comparison, O-SOFC performs better than H-SOFC when 

cathode-supported structure is used (Fig. 6). The performance of co-ionic conducting SOFC 

(tH = 0.5 in the present case) with cathode-supported structure is between that of the O-SOFC 
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and H-SOFC.  Fig. 7 shows that O-SOFC and H-SOFC have similar performance with 

electrolyte-supported structure, while co-ionic conducting SOFC (when tH = 0.5) exhibits 

much better performance.  
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Fig. 4 Performance simulation of anode-supported SOFC in operating condition 1 
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Fig. 5 Performance simulation of anode-supported SOFC in operating condition 2 
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Fig. 6 Performance simulation of cathode-supported SOFC in operating condition 2 

0.0 0.1 0.2 0.3 0.4 0.5

0.2

0.4

0.6

0.8

1.0

O
ut

pu
t v

ol
ta

ge
, U

 (V
)

Current density, jtotal (A.cm-2)

 tH=0  tH=0
 tH=0.5  tH=0.5
 tH=1  tH=1

electrolyte-supported
operating condition 2

0.0

0.1

0.2

0.3

0.4

Po
we

r d
en

sit
y 

P 
(W

.c
m

-2
)

 

Fig. 7 Performance simulation of electrolyte-supported SOFC in operating condition 2 

 

Simulations are performed to examine the effect of proton transfer number on the 

SOFC performance.  Fig. 8 and Fig. 9 show variations of current density jtotal with tH at given 

output voltage U.  For anode-supported SOFC in operating condition 1 (Fig. 8), the computed 

current density jtotal increases with increasing tH, reaches the maximum value at tH = 0.7, and 

then decreases slightly with a further increase in tH.  For comparison, SOFCs with different 
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supporting structures in operating condition 2 are shown in Fig. 9.  Similar to case 1, the 

maximum current density is found at a tH value of 0.7 for anode-supported SOFC.  For 

comparison, optimal tH value of 0.2 is observed for cathode supported SOFC.  The effect of 

tH on performance of electrolyte-supported SOFC is small due to small thickness of the 

electrodes.  The results are interesting as they demonstrate the feasibility of enhancing the 

SOFC performance by designing appropriate tH value.  
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Fig. 8 Variation of current density jtotal with different tH in operating condition 1 
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Fig. 9 Variation of current density jtotal with different tH in operating condition 2 
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3.2. Effect of co-ionic property on concentration overpotential in both electrodes 

In a co-ionic conducting SOFC, the co-ionic property only affects the concentration 

overpotentials when the total conductivity of electrolyte is fixed. To gain a better 

understanding on the co-ionic effect on SOFC performance (shown in section 3.1), the 

concentration overpotentials in the electrodes are investigated in detail at various proton 

transfer number.  As can be seen from Fig. 10, the difference between the anode and cathode 

concentration overpotentials is decreased with increasing proton transfer number (for 

operating condition 2).  

Variation of concentration overpotential in each electrode with different tH is shown 

in Fig. 11 and Fig. 12. For anode-support SOFC, the anode concentration overpotential 

decreases while the cathode concentration overpotential increases with increasing tH from 0 

to 1. As a result, the cathode concentration overpotential is higher than the anode 

concentration overpotential at tH = 1.  Variations of concentration overpotentials of cathode-

supported SOFC and electrolyte-supported SOFC are also presented in Fig. 12.  From the 

results presented in Figs. 11 and 12, it can be concluded that the difference between the anode 

concentration overpotential and cathode concentration overpotential can be reduced at certain 

tH values.   
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Fig. 10 Variation of concentration overpotential with different jtotal 
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Fig. 11 Variation of concentration overpotential with different tH in operating condition 1 
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Fig. 12 Variation of concentration overpotential with different tH in operating condition 2 

 

4. Conclusion 

In this paper, a new mathematical model for co-ionic conducting SOFC is established 

for actual performance analysis. Variations of Concentration overpotentials with different tH 

and jtotal are also studied. It can be concluded that, co-ionic conducting SOFC usually shows a 

better performance than H-SOFC (tH=1) and O-SOFC (tH=0) when current density jtotal is not 

very large. In comparison with H-SOFC and O-SOFC, the co-ionic property reduces the 

concentration overpotential difference between anode and cathode at given proton transfer 

number. This study could improve our understanding for co-ionic conducting SOFC could 

help material selection for performance improvement.  
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Appendix. 1 

 

 

If (UH’=UO’=U) 

End 
 

YES 
NO 

Assume: jH Assume: jo 

Calculate: ηH,act,a and ηH,act,c Calculate: ηO,act,a and ηO,act,c 
 

Calculate: ηH,ohmic Calculate: ηO,ohmic 
 

Calculate: UH’ 
 

Calculate: Uo’  
 

Calculate: PH2,r PO2,r PH2O,r,a PH2O,r,c 

Output voltage U 

Calculate: EH Calculate: EO 




