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Figure S1. Comparation of the total conductivity variations for the 3361BW membrane in mixed 
MgSO4+Na2SO4 electrolytes as a function of the cation composition in the external solution. The 
inter-gel phase conductivity (𝜅 ) is obtained via two different approaches: calculated with (a) the 
ionic mobilities in infinite dilution, (b) with the inter-gel phase conductivity data simulated in the 
OLI Studio. 
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Infinite dilution OLI Studio

 
Figure S2. Comparation of the total conductivity variations for the Nafion117 membrane in mixed 
MgSO4+Na2SO4 electrolytes as a function of the cation composition in the external solution. The 
inter-gel phase conductivity (𝜅 ) is obtained via two different approaches: calculated with (a) the 
ionic mobilities in infinite dilution, (b) with the inter-gel phase conductivity data simulated in the 
OLI Studio. 

Table S1 ~ Table S8 list the numerical results of the calculated total conductivity for 
three CEMs in equilibrium with mixed sulfates of different total sulfate concentration (0.1, 
0.5, and 1.0 M) in this work. 

Table S1. The numerical results of CEMs’ total conductivity under mixed MgSO4+Na2SO4 electro-
lytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are ob-
tained from the ionic mobilities in infinite dilution. 

Membrane SO42-Con. 
[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f (Na) f (Mg) f (Mg/Na) 

3361BW 

0.1  

0 12.36 12.55 13.58 13.06 
0.1 10.23 - - - 
0.3 8.05 9.48 10.01 9.74 
0.5 6.46 6.88 7.05 6.96 

0.75 5.24 4.60 4.58 4.59 
1.0 4.37 1.23 1.30 1.27 

0.5  
 

0 16.98 18.34 18.04 18.19 
0.1 16.17 - - - 
0.3 15.19 16.30 15.90 16.09 
0.5 12.49 12.20 11.66 11.92 

0.75 8.79 6.81 6.25 6.53 
1.0 7.00 2.68 2.32 2.49 

1.0  

0 20.74 21.25 20.14 20.69 
0.1 18.98 - - - 
0.3 18.71 20.20 19.03 19.61 
0.5 15.54 15.55 14.39 14.96 

0.75 11.22 8.42 7.52 7.96 
1.0 8.28 3.12 2.60 2.85 

Membrane 𝜿-total [mS cm-1] 
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SO42-Con. 
[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 
Exp. f (Na) f (Mg) f (Mg/Na) 

CSE 

0.1  

0 12.36 8.32 8.89 8.60 
0.1 10.23 9.26 10.17 9.71 
0.3 8.053 11.67 12.65 12.15 
0.5 6.46 12.30 13.56 12.91 

0.75 5.24 13.07 14.50 13.77 
1.0 4.37 10.99 13.36 12.12 

0.5  

0 16.98 9.96 9.97 9.97 
0.1 16.17 10.18 10.12 10.15 
0.3 15.19 11.83 11.82 11.82 
0.5 12.49 13.73 13.85 13.79 

0.75 8.79 15.56 15.89 15.72 
1.0 7.00 16.60 17.39 16.99 

1.0 

0 20.74 11.15 10.72 10.93 
0.1 18.98 11.63 11.09 11.35 
0.3 18.71 12.95 12.46 12.70 
0.5 15.54 14.66 14.24 14.45 

0.75 11.22 16.92 16.66 16.79 
1.0 8.28 19.20 19.09 19.15 

Membrane 
SO42-Con. 

[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f (Na) f (Mg) f (Mg/Na) 

Nafion117 

0.1  

0 12.36 14.64 13.69 14.16 
0.1 10.23 13.31 12.59 12.94 
0.3 8.053 10.38 9.96 10.17 
0.5 6.46 7.97 7.77 7.87 

0.75 5.24 5.23 5.20 5.21 
1.0 4.36 2.29 2.329 2.309 

0.5 

0 16.98 18.51 18.48 18.498 
0.1 16.178 - - - 
0.3 15.19 16.69 16.74 16.72 
0.5 12.48 13.71 13.84 13.78 

0.75 8.79 8.48 8.72 8.60 
1.0 7.00 2.72 2.90 2.81 

1.0  

0 20.74 20.08 20.51 20.29 
0.1 18.98 19.56 19.99 19.77 
0.3 18.71 17.57 17.97 17.77 
0.5 15.54 14.81 15.23 15.02 

0.75 11.22 9.37 9.77 9.57 
1.0 8.28 2.89 3.13 3.01 

Table S2. The numerical results of CEMs` total conductivity under mixed H2SO4 + Na2SO4 electro-
lytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are ob-
tained from the ionic mobilities in infinite dilution. 

Membrane SO42-Con. 
[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

3361BW 0.1  

0 12.56 13.11 10.20 11.56 
0.1 13.89 - - - 
0.3 16.54 16.18 13.77 14.93 
0.5 22.15 29.59 22.69 25.91 

0.75 30.22 46.78 30.02 37.48 
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1.0 45.75 94.01 60.61 75.48 

0.5  

0 14.21 17.11 16.88 16.99 
0.1 18.68 - - - 
0.3 23.04 22.06 22.10 22.08 
0.5 27.33 37.80 33.42 35.54 

0.75 53.77 61.78 55.44 58.53 
1.0 98.20 126.94 106.97 116.52 

1.0 

0 15.15 21.21 25.36 23.19 
0.1 21.18 - - - 
0.3 26.10 - - - 
0.5 33.60 39.75 42.64 41.17 

0.75 60.40 77.44 76.18 76.80 
1.0 116.86 147.32 141.78 144.52 

Membrane SO42-Con. 
[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

CSE 

0.1   

0 12.56 7.60 7.64 7.62 
0.1 13.89 11.33 11.37 11.35 
0.3 16.54 13.81 13.88 13.85 
0.5 22.15 19.37 19.48 19.42 

0.75 30.22 33.95 34.08 34.02 
1.0 45.75 45.52 45.87 45.69 

0.5  

0 14.21 10.42 10.41 10.41 
0.1 18.68 16.62 16.61 16.61 
0.3 23.04 19.34 19.33 19.34 
0.5 27.33 23.46 23.50 23.48 

0.75 53.77 33.47 33.49 33.48 
1.0 98.20 57.77 57.94 57.86 

1.0  

0 15.15 10.82 10.81 10.81 
0.1 21.18 13.64 13.62 13.63 
0.3 26.10 17.82 17.80 17.81 
0.5 33.60 25.36 25.34 25.35 

0.75 60.40 40.49 40.50 40.49 
1.0 116.86 72.06 71.97 72.02 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

Nafion117 

0.1 

0 12.56 14.17 15.26 14.71 
0.1 13.89 27.21 29.29 28.23 
0.3 16.54 31.77 34.29 33.01 
0.5 22.15 34.28 37.29 35.75 

0.75 30.22 45.94 49.77 47.82 
1.0 45.75 61.95 67.09 64.47 

0.5 

0 14.21 17.96 17.96 17.96 
0.1 18.68 30.44 31.81 31.12 
0.3 23.04 36.73 37.32 37.02 
0.5 27.33 43.99 44.62 44.30 

0.75 53.77 56.28 57.41 56.84 
1.0 98.20 72.34 74.66 73.49 

1.0 

0 15.15 19.51 19.01 19.26 
0.1 21.18 31.01 30.48 30.74 
0.3 26.10 39.39 38.48 38.94 
0.5 33.60 38.83 37.75 38.29 

0.75 60.40 58.87 57.03 57.94 
1.0 116.86 86.33 84.33 85.32 
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Table S3. The numerical results of CEMs’ total conductivity under mixed MgSO4 + Na2SO4 electro-
lytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are simply 
equivalent to the conductivity of the external solution (𝜅 ). 

Membrane SO42-Con. 
[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

3361BW 

0.1  

0 12.36 16.91 16.79 16.85 
0.1 10.23 13.74 14.04 13.88 
0.3 8.05 10.48 11.01 10.74 
0.5 6.46 7.90 8.57 8.23 

0.75 5.24 7.02 7.62 7.31 
1.0 4.37 8.57 8.82 8.70 

0.5  

0 16.98 23.44 28.06 25.65 
0.1 16.17 - - - 
0.3 15.19 19.10 22.89 20.91 
0.5 12.49 14.77 18.06 16.33 

0.75 8.79 9.70 12.56 11.03 
1.0 7.00 10.31 13.01 11.58 

1.0  

0 20.74 29.92 37.37 33.44 
0.1 18.98 - - - 
0.3 18.71 24.72 31.08 27.72 
0.5 15.54 19.39 24.86 21.96 

0.75 11.22 13.07 17.60 15.17 
1.0 8.28 12.70 16.73 14.58 

Membrane 
SO42-Con. 

[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

CSE 

0.1  

0 12.36 11.57 11.81 11.69 
0.1 10.23 8.28 8.59 8.44 
0.3 8.05 4.89 5.19 5.04 
0.5 6.46 3.74 4.01 3.87 

0.75 5.24 3.42 3.66 3.54 
1.0 4.37 3.96 4.18 4.07 

0.5  

0 16.98 15.39 16.66 16.02 
0.1 16.17 13.45 14.62 14.03 
0.3 15.19 9.58 10.54 10.05 
0.5 12.49 6.77 7.53 7.14 

0.75 8.79 4.36 4.94 4.64 
1.0 7.00 4.58 5.16 4.86 

1.0  

0 20.74 17.32 19.13 18.20 
0.1 18.98 14.11 15.73 14.90 
0.3 18.71 11.67 13.07 12.35 
0.5 15.54 8.29 9.40 8.83 

0.75 11.22 5.01 5.80 5.39 
1.0 8.28 4.29 4.97 4.61 

Membrane 
SO42-Con. 

[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

Nafion117 0.1 

0 12.36 24.83 24.73 24.78 
0.1 10.23 20.43 20.38 20.41 
0.3 8.05 15.29 15.27 15.28 
0.5 6.46 12.25 12.25 12.25 
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0.75 5.24 10.88 10.87 10.88 
1.0 4.37 10.34 10.33 10.34 

0.5  

0 16.98 29.71 29.90 29.81 
0.1 16.17 - - - 
0.3 15.19 23.65 23.81 23.73 
0.5 12.49 19.44 19.58 19.51 

0.75 8.79 13.72 13.85 13.78 
1.0 7.00 13.63 13.74 13.69 

1.0  

0 20.74 27.00 27.31 27.16 
0.1 18.98 26.11 26.42 26.26 
0.3 18.71 24.08 24.36 24.22 
0.5 15.54 20.64 20.87 20.76 

0.75 11.22 15.77 15.96 15.86 
1.0 8.28 14.44 14.62 14.53 

 

Table S4. The numerical results of CEMs` total conductivity under mixed H2SO4 + Na2SO4 electro-
lytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are simply 
equivalent to the conductivity of the external solution (𝜅 ). 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

3361BW 

0.1  

0 12.56 17.27 17.04 17.16 
0.1 13.89 - - - 
0.3 16.54 18.74 19.65 19.19 
0.5 22.15 26.69 27.17 26.93 
0.75 30.22 39.42 39.19 39.30 
1.0 45.75 61.51 58.57 60.02 

0.5  

0 14.21 24.54 30.23 27.24 
0.1 18.68 - - - 
0.3 23.04 34.50 42.63 38.35 
0.5 27.33 43.44 53.92 48.40 
0.75 53.77 80.40 93.97 86.92 
1.0 98.20 150.64 163.92 157.14 

1.0  

0 15.15 26.33 35.63 30.63 
0.1 21.18 - - - 
0.3 26.10 43.39 57.40 49.91 
0.5 33.60 54.62 72.72 63.03 
0.75 60.40 94.81 122.07 107.58 
1.0 116.86 190.68 226.61 207.87 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

CSE 

0.1  

0 12.56 12.07 12.56 12.32 
0.1 13.89 7.77 8.69 8.21 
0.3 16.54 14.75 15.61 15.17 
0.5 22.15 22.51 23.25 22.88 
0.75 30.22 29.45 30.51 29.98 
1.0 45.75 60.69 59.20 59.94 

0.5  

0 14.21 15.50 18.44 16.91 
0.1 18.68 12.38 15.43 13.82 
0.3 23.04 16.39 20.27 18.23 
0.5 27.33 28.22 33.59 30.79 
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0.75 53.77 51.47 59.40 55.29 
1.0 98.20 104.43 114.72 109.45 

1.0  

0 15.15 15.69 19.80 17.63 
0.1 21.18 16.31 20.90 18.46 
0.3 26.10 19.18 24.85 21.83 
0.5 33.60 27.76 35.45 31.37 
0.75 60.40 57.75 70.71 63.90 
1.0 116.86 90.91 110.06 100.03 

 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

Nafion117 

0.1  

0 12.56 25.17 25.87 25.52 
0.1 13.89 17.85 17.83 17.84 
0.3 16.54 27.53 27.87 27.70 
0.5 22.15 42.89 44.00 43.44 
0.75 30.22 65.87 68.16 67.00 
1.0 45.75 110.66 116.38 113.48 

0.5  

0 14.21 25.91 24.61 25.25 
0.1 18.68 23.52 22.02 22.76 
0.3 23.04 27.51 25.65 26.57 
0.5 27.33 40.73 38.32 39.51 
0.75 53.77 71.88 68.50 70.17 
1.0 98.20 145.87 142.37 144.11 

1.0  

0 15.15 28.08 26.04 27.04 
0.1 21.18 21.80 19.69 20.72 
0.3 26.10 28.43 25.70 27.03 
0.5 33.60 38.26 34.69 36.43 
0.75 60.40 69.02 63.28 66.09 
1.0 116.86 116.81 108.18 112.42 

 

Table S5. The numerical results of CEMs’ total conductivity under mixed MgSO4  + Na2SO4 elec-
trolytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are ob-
tained from the conductivity data analyzed in the OLI Studio. 

Membrane SO42-Con. 
[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

3361BW 

0.1  

0 12.36 10.79 12.62 11.67 
0.1 10.23 8.85 10.09 9.45 
0.3 8.05 6.48 7.34 6.89 
0.5 6.46 4.87 5.39 5.12 
0.75 5.24 4.27 4.74 4.50 
1.0 4.37 3.02 4.20 3.57 

0.5 

0 16.98 16.87 16.42 16.64 
0.1 16.17 - - - 
0.3 15.19 12.60 12.62 12.61 
0.5 12.49 9.29 9.30 9.29 
0.75 8.79 5.75 5.63 5.69 
1.0 7.00 5.97 6.01 5.99 

1.0  
0 20.74 21.28 20.12 20.70 

0.1 18.98 0.00 0.00 0.00 
0.3 18.71 16.51 15.87 16.19 
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0.5 15.54 12.35 11.88 12.12 
0.75 11.22 7.70 7.32 7.51 
1.0 8.28 7.31 7.13 7.22 

Membrane 
SO42-Con. 

[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

CSE 

0.1  

0 8.07 8.60 9.55 9.07 
0.1 5.64 5.68 6.38 6.02 
0.3 3.82 3.59 3.77 3.68 
0.5 3.04 2.55 2.73 2.64 
0.75 2.51 2.21 2.44 2.32 
1.0 2.07 1.80 2.38 2.07 

0.5  

0 10.00 11.07 11.41 11.24 
0.1 9.22 9.74 9.93 9.83 
0.3 7.07 6.81 6.88 6.84 
0.5 5.42 4.69 4.71 4.70 
0.75 3.97 2.92 2.90 2.91 
1.0 2.88 2.81 2.94 2.88 

1.0  

0 11.34 12.84 12.64 12.74 
0.1 9.75 10.67 10.26 10.47 
0.3 8.52 8.44 8.22 8.33 
0.5 6.54 5.84 5.66 5.75 
0.75 4.50 3.42 3.25 3.33 
1.0 2.81 2.87 2.75 2.81 

Membrane 
SO42-Con. 

[M] 

Equivalent Mg2+ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(Mg) f(Mg/Na) 

Nafion117 

0.1 

0 17.19 20.08 17.81 18.91 
0.1 14.98 16.66 14.99 15.81 
0.3 12.11 12.31 11.18 11.74 
0.5 10.66 9.88 9.06 9.46 
0.75 9.00 8.82 8.11 8.46 
1.0 7.86 8.23 7.49 7.85 

0.5  

0 21.70 24.18 23.64 23.91 
0.1 20.97 - - - 
0.3 18.78 18.59 17.97 18.28 
0.5 16.56 14.98 14.42 14.70 
0.75 13.08 10.29 9.99 10.13 
1.0 10.09 10.26 9.92 10.09 

1.0  

0 19.98 21.37 21.69 21.53 
0.1 19.99 20.41 20.59 20.50 
0.3 19.33 18.28 18.18 18.23 
0.5 17.67 15.34 15.15 15.25 
0.75 14.82 11.40 11.26 11.33 
1.0 10.62 10.48 10.31 10.40 

 

Table S6. The numerical results of CEMs’ total conductivity under mixed H2SO4 + Na2SO4 electro-
lytes of different total sulfate concentration. The inter-gel phase conductivity (𝜅 ) values are ob-
tained from the conductivity data analyzed in the OLI Studio. 

Membrane SO42-Con. 
[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

3361BW 0.1  0 12.56 13.07 10.77 11.87 
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0.1 13.89 0.00 0.00 0.00 
0.3 16.54 14.16 12.52 13.32 
0.5 22.15 19.95 16.93 18.38 
0.75 30.22 25.83 19.59 22.50 
1.0 45.75 46.75 37.02 41.60 

0.5  

0 14.21 16.02 15.63 15.82 
0.1 18.68 0.00 0.00 0.00 
0.3 23.04 21.14 19.89 20.50 
0.5 27.33 24.93 22.63 23.75 
0.75 53.77 51.40 46.50 48.89 
1.0 98.20 105.46 92.90 98.98 

1.0  

0 15.15 18.34 20.87 19.56 
0.1 21.18 0.00 0.00 0.00 
0.3 26.10 25.96 26.09 26.03 
0.5 33.60 31.64 31.38 31.51 
0.75 60.40 56.96 55.59 56.27 
1.0 116.86 131.11 126.78 128.92 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

CSE 

0.1  

0 7.25 7.87 8.69 8.27 
0.1 8.22 6.13 6.24 6.18 
0.3 11.53 9.91 10.78 10.34 
0.5 16.00 14.80 16.35 15.56 
0.75 23.30 23.54 24.65 24.09 
1.0 35.41 37.67 43.25 40.36 

0.5  

0 10.42 11.87 11.88 11.88 
0.1 11.31 10.25 9.86 10.06 
0.3 14.12 12.85 12.58 12.71 
0.5 19.52 18.20 19.07 18.63 
0.75 37.03 36.82 38.00 37.40 
1.0 61.84 67.79 73.27 70.48 

1.0  

0 9.82 11.22 11.17 11.19 
0.1 11.65 11.49 11.41 11.45 
0.3 14.56 13.46 13.32 13.39 
0.5 20.01 18.87 18.95 18.91 
0.75 39.65 39.32 40.15 39.73 
1.0 63.29 72.78 71.48 72.13 

Membrane 
SO42-Con. 

[M] 

Equivalent H+ ra-
tio in the external 

solution [-] 

𝜿-total [mS cm-1] 

Exp. f(Na) f(H) f(H/Na) 

Nafion117 

0.1  

0 14.83 20.38 22.93 21.62 
0.1 17.10 14.63 15.76 15.19 
0.3 21.28 22.32 24.59 23.43 
0.5 28.51 33.83 38.34 36.01 
0.75 42.00 53.63 60.76 57.08 
1.0 66.28 93.27 106.55 99.69 

0.5  

0 17.96 20.91 21.19 21.05 
0.1 20.68 16.73 17.46 17.09 
0.3 22.71 20.99 21.20 21.10 
0.5 31.93 31.38 31.97 31.68 
0.75 51.04 55.28 57.33 56.29 
1.0 87.76 111.74 119.83 115.71 

1.0  
0 20.07 22.38 22.07 22.22 

0.1 20.64 16.83 16.22 16.52 
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0.3 26.42 22.26 21.37 21.81 
0.5 33.11 29.67 28.69 29.18 
0.75 57.80 56.11 54.10 55.10 
1.0 87.21 95.50 93.12 94.30 

 

Table S7. The numerical fitting results of the correlation between 𝜅  and σ for CEMs in mixed 
MgSO4 + Na2SO4 electrolytes, according to Equation 6. 

Membranes Sulfate concentration [M] σ 
 [-] 

𝑹𝟐  
[-] 

3361BW 
0.1 14.497 0.900 
0.5 -3.780 0.995 
1.0 -2.017 0.999 

CSE 
0.1 5.219 0.972 
0.5 4.086 0.988 
1.0 3.514 0.972 

Nafion117 
0.1 6.276 0.999 
0.5 0.751 0.999 
1.0 -6.409 0.995 

 

Table S8. The numerical fitting results of the correlation between 𝜅  and σ for CEMs in mixed 
H2SO4 + Na2SO4 electrolytes, according to Equation 6. 

Membranes Sulfate concentration [M] σ 
 [-] 

𝑹𝟐  
[-] 

3361BW 
0.1 -33.601 0.975 
0.5 -21.728 0.987 
1.0 -23.994 0.999 

CSE 
0.1 6.937 0.976 
0.5 11.720 0.981 
1.0 -4.427 0.976 

Nafion117 
0.1 37.128 0.994 
0.5 55.350 0.994 
1.0 22.154 0.974 
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Figure S3. The variation of the experimental and the predicted total membrane conductivities with 
the cation composition of the mixed external H2SO4 + Na2SO4 electrolytes (total sulfate concentration 
0.5 M). The gel phase conductivity (𝜅 ) of the CEMs is obtained from the nonlinear correlation 
method considering the interaction parameter (𝛼). 

 
 


