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1. Characterization of Pore-Filling Ion Exchange Membranes (PIEMs) 

The ion exchange capacities (IECs) of the PCEMs and PAEMs were measured by the 

following method. The PCEMs and PAEMs were soaked in an aqueous 2M HCl solution 

and an aqueous 1M NaCl solution, respectively, for 24 h for acidification of sulfonic 

groups in the PCEMs, and conversion of ammonium groups into Cl− in the PAEMs. After 

that, the PCEMs and PAEMs were immersed in an aqueous 3M NaCl solution and an 

aqueous 0.5M Na2CO3 solution of 50 mL for 24 h, respectively. Subsequently, the solutions 

from the PCEMs and PAEMs were titrated with an aqueous 0.01 M NaOH solution and 

an aqueous 0.01M AgNO3 solution, respectively, by using an auto-titrator (848 Titrino 

Plus, Metrohm, Switzerland), and the IECs were calculated using the following equation:  

 

IEC (milliequivalents per gram (meq/g)) = (C × V) / Mdry 

 

Here, C is the concentration of titration solutions (0.01 M), V is the volume of the 

titration solutions added at the equivalence point (mL), and Mdry is the weight of the dried 

PCEMs and PAEMs. 

The measurement on the PCEMs and PAEMs was performed by the following 

method, the PCEMs and PAEMs were immersed in an aqueous NaCl solution with 0.5M 

concentration for 24 h. And then, PCEMs and PAEMs were assembled by insertion be-

tween a two-compartment cell with a 1-cm2 Pt electrode. The total resistance of the PCEMs 

(or PAEMs) and aqueous 0.5M NaCl solution was measured using an inductance–capac-

itance–resistance–impedance (LCRZ) meter (DU-6011, Delta United Instrument, Taiwan) 

at a frequency of 1 kHz. (R1) In addition, a resistance of only aqueous 0.5M NaCl solution 

was measured. (R2) The membrane resistances (R) were calculated using the following 

equation. 

R = (R1 − R2) × S 

Here, S is the effective membrane area. 

The permselectivities of the PCEMs and PAEMs were measured by the following 

method. First of all, all membranes were soaked in an aqueous 0.017M NaCl solution for 

24 h. And then, the PCEMs and PAEMs were assembled by insertion between a two-com-

partment cell. Each compartment in the two-compartment was filled with aqueous 0.5M 

and 0.017M NaCl solutions. During the membrane potential (Em) measurements using 



 

digital multimeter and two Ag/AgCl reference electrodes, aqueous 0.5M and 0.017M NaCl 

solutions were stirred to minimize the boundary-layer effects.  

The transport number of counter-ions (t) in each PIEM was obtained using the mem-

brane potential and the following equation. 
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Here, t, T, R, F, z, a1, and a2 are the transport number of cations and anions in the 

PCEM and PAEM, respectively, absolute temperature, gas constant, Faraday constant, 

counter-ion electrovalence, the activity of the aqueous 0.5M NaCl solution, and the activ-

ity of the aqueous 0.017M NaCl solution, respectively. 

The permselectivity of the PCEM and PAEM was obtained using the following equa-

tion. 
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Here, α and t is the permselectivity and transport number, respectively. Subscripts 

M and X mean counter- and co-ions, respectively. Superscripts m and s indicate the mem-

brane and the solution phases, respectively. 

 

 



 

 

Figure S1. (a) Stack current-power curves, and (b) stack voltage-power curves ac-

cording to a composition of PIEMs and size of RED stacks. “S” and “L” in Figure indicates 

results obtained from small and large RED stack, respectively. 

 

 

 

 

 

 


