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S2

Fig. S1. Porous PVDF film stability in the highly oxidizing and acidic solution of 2M (VO2)2SO4

(V5+) + 2M H2SO4 (i.e., high concentration catholyte of vanadium RFB): (a) fresh sample, (b) 
sample after 6-month treatment in the solution, and (c) sample weight as a function of time in 
solution,

(a)

(b)

(c)



S3

Fig. S2. (a) Photograph of the vacuum-assisted filtration coating apparatus and (b) schematic 
showing the self-repairing mechanism of the filtration coating process [21].

(a)

(b)
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Fig. S3. Photograph of the RFB single cell used for measurements of EIS, RFB charge-
discharge, and RFB polarization curves.
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Fig. S4. Zeolite samples and pore size distributions: (a) SEM image of the flower-like ZN 
assemblies after SDA removal by calcination in air at 550oC for 6 h, (b) regular brick-shaped
silicalite crystals, and (c) pore size distributions of the activated ZN assemblies and regular
crystals.

(a)

(b)

(c)

( )
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Fig. S5. ZNPT-PVDF membranes from suspensions with ZNP contents that were too low or too 
high to avoid defect formation: (a) and (b) SEM picture of the ZNPT membrane from suspension 
containing 0.01wt% ZNPs and results of its ion diffusion test, respectively; and (c) and (d) SEM 
picture of the membrane from suspension with 0.06wt% ZNPs and results of its ion diffusion test, 
respectively. The same amounts of suspension (3.5 mL) were used for total filtration membrane 
coating and thus the thickness was expected to be ~250 nm for the former and ~1.5 m for the 
latter. The , , and estimated from mixture permeation data in (b) and (d) are 
summarized and compared with the ZNPT-PVDF membrane from suspension containing 0.02wt% 
ZNPs in Table S1.

(a) (b)

(c) (d)
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Fig. S6. SEM images of the NZ-ZNPT-PVDF synthesized under same conditions as used for 
ZNPT-PVDF membrane preparation: (a) cross-section and (b) surface.  
 

  
(a) 

 

 
(b) 

  



S8

Fig. S7. UV adsorption spectra for various VO2+ concentrations in 1 M MgSO4 solution for 
calibration. The concentrations of VO2+ in the permeate sides of the highly selective ZNPT-PVDF 
were well below 10-4 M in the first 3 h that caused large measurement errors. Thus, the data after 
4 h were used for determining VO2+ flux. The data of late period were also appropriate for 
selectivity calculation with the linear segment of H+ concentration trend.
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Fig. S8. Transient ion diffusion/permeation results for operations with the ZNPT layer facing the 
feed (4/7M VOSO4 + 4/7M H2SO4) and the sweep solution on permeation side (1M MgSO4), 
respectively. The membrane orientation appeared to have no significant impacts on the ion 
selectivity and fluxes when stabilized.  
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Fig. S9. Results of transient ion permeation on a ZNPT-PVDF membrane presoaked with 2 M 
H2SO4 solution in comparison with that on the water-soaked ZNPT-PVDF in Fig. 5: (a) time-
dependencies of ion concentrations for H2SO4-soaked membrane and water-soaked membrane, 
respectively, (b) linearly fitted time-dependences for H+ and V4+ concentrations in stabilized
stages, (c) time-dependencies of H+ concentrations in the initial periods of diffusion showing the 
H2SO4-soaked membrane causing much earlier onset of  H+ concentration increase as compared 
to the water-soaked membrane, and (d) time-dependencies of V4+ (VO2+) concentrations in the 
initial periods showing delayed transitional increases of V4+ concentrations for both membranes. 
The one set of V4+ concentration increase for the H2SO4-soaked membrane appeared to be delayed 
for longer time. This could be attributed to its higher selectivity ( ~ 480) and lower V4+ flux 
as well as the large uncertainty of UV spectroscopic measurements below 2 10-5 M (Fig. S7).

   

(a) (b)

  

(c) (d)
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Fig. S10. Use of polarization curves for RFB and IEM property analyses: the linear sections of the 
polarization curves for estimating the ASR for the ZNPT-PVDF and Nafion117 membrane under 
RFB operation conditions. 
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Fig. S11. SEM images of the ZNPT-PVDF membrane after RFB charge-discharge operations: (a) 
cross-section, and (b) surface.

  

(a) (b)
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Table S1. The ion fluxes (  and ) and proton selectivity   for ZNPT membranes in Fig. 
S5 made from ZNP suspensions of various ZNP contents 
 

ZNP content in 
suspension, wt.% 

, 
mol/cm2‧h 

, 
mol/cm2‧h  * 

0.01 6.19E-04 2.69E-04 2.3 1.2 
0.02 4.40E-05 1.57E-07 280.5 140 
0.06 1.68E-05 6.69E-07 25.1 13.0 

 

 *   
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Table S2. Ion fluxes and proton permeation selectivity for various membrane layers in Fig. 5. 
 

 
Membrane layer 

 , mol/h cm2 

 *   
Bare PVDF 125 4.64E-03 2.58E-03 1.8 0.9 
NA-ZNPT 0.50 3.35E-06 7.40E-07 4.5 2.3 

ZNPT: stage 3 0.50 2.54E-05 9.04E-08 280.5 140 
ZNPT: stage 2 0.50 7.08E-06 9.04E-08 78.3 39 
ZNPT: stage 1 0.50 5.58E-07 9.04E-08 6.2 3.1 
Nafion117® 183 1.04E-04 4.85E-06 21.5 10.8 

 

  *  

 

 
 


