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Abstract 

A commercial porous polyvinylidene fluoride membrane (pore size 0.65 μm, nominally 125 µm 

thick) is spray coated with 1.2 - 4 µm thick layers of polybenzimidazole. The area resistance of 

the porous support is 36.4 mΩ cm2 in 2M sulfuric acid, in comparison to 540 mΩ cm2 for a 27 µm 

thick acid doped polybenzimidazole membrane, and 124 mΩ cm2 for PVDF-P20 (4 µm thick 

blocking layer). Addition of vanadium ions to the supporting electrolyte increases the resistance, 

but less than for Nafion. The expected reason is a change in the osmotic pressure when the ionic 

strength of the electrolyte is increased, reducing the water contents in the membrane. The 

orientation of the composite membranes has a strong impact. Lower permeability values are found 

when the blocking layer is oriented towards the vanadium-lean side in ex-situ measurements. Cells 

with the blocking layer on the positive side have significantly lower capacity fade, also much lower 

than cells using Nafion 212. The coulombic efficiency of cells with PVDF-PBI membranes (98.4%) 
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is higher than that of cells using Nafion 212 (93.6%), whereas the voltage efficiency is just slightly 

lower, resulting in energy efficiencies of 85.1 and 83.3%, respectively, at 80 mA/cm2. 

 

Keywords: porous PVDF; polybenzimidazole blocking layer; composite membranes; Vanadium 

Redox Flow Batteries 

 

1. Introduction 

Redox flow batteries are electrochemical energy storage devices which consist of two half cells, 

separated by a membrane.[1-4] In charged vanadium redox flow batteries (VRFB), one half cell is 

filled with a solution containing V2+ ions, while the other half cell contains a solution with V5+ 

ions.[5-7] During discharge, V2+ is oxidized to V3+, and V5+ is reduced to V4+. The opposite 

reactions take place when the cell is charged. Therefore, the output power is determined by the 

active cell area, while the capacity (stored energy) is based on the size of the electrolyte storage 

tanks. These features make flow batteries very attractive as energy storage solutions in 

combination with fluctuating sources of renewable energy. For example, Fraunhofer ICT 

combined a 2 MW wind turbine with flow batteries connected to 45,000 liter storage tanks for the 

electrolytes, producing a battery capacity of 20 MWh.[8] 

Since the electrolyte solutions are typically aqueous 1.5-3 M sulfuric acid solutions of vanadium 

ions, the membranes should show a high chemical resistance against acids and highly oxidative 

V5+ ions.[9] In addition, they should show a high conductivity for charge carriers like protons or 

sulfate but should block permeation of redox active species.[10] While perfluorinated Nafion 

membranes show an excellent stability and low resistance, they are cation exchange membranes 

and thus allow permeation of vanadium ions, resulting in a relative low coulomb efficiency (CE). 

This problem is typically addressed by increasing the thickness of the membranes, on the cost of 

resistance. Alternative materials which conduct selectively anions would help, but they are most 

commonly made from electron rich hydrocarbons, which are easily attacked by V5+.[11]  

An excellent solution seems to be the use of polybenzimidazole (PBI) based membranes.[12-17] 

In contact with sulfuric acid, the imidazole groups of PBI are protonated, and absorption of 

additional sulfuric acid molecules by hydrogen bond interactions leads to proton and sulfate 

conducting membranes. Apparently, the positive charge on the polymer backbone retards oxidative 

degradation of the polymer. Furthermore, similar to an anion exchange membrane, the positive 

charge on the polymer backbones (Donnan exclusion) in combination with the narrow space 

between the polymer channels (size exclusion for large vanadium ions) leads to a very low 
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vanadium permeation though PBI membranes. In fact, during an ex-situ test, no permeated V4+ 

ions could be observed by UV-VIS spectroscopy even after 10 days. Nevertheless, the CE of a PBI 

based cell is close to but lower than 100%. There are two possible reasons for this: a) migration in 

the electric field provides some vanadium ions with the energy needed to enter the membrane; b) 

CE is reduced by side reactions (hydrogen evolution).[14] Both mechanisms should correlate with 

the applied charging voltage, and indeed a slightly higher CE was observed for thinner membranes 

(lower resistance and thus lower average charging voltage), in contrast to Nafion based cells, which 

show lower CE (but higher VE) when the membrane thickness is reduced. 

In the past, there have been some reports on bilayer membranes, in which a thin blocking layer 

provides high selectivity while the bulk of the membrane shows a high conductivity. Examples are 

porous supports coated with Nafion[18] or PIM-1[19], a non-conductive polymer with narrow 

voids between kinked polymer chains which get filled with the electrolyte and hinder passage of 

vanadium ions by size exclusion. In other work, Nafion was coated with layers of positively 

charged polymers, like protonated poly(N,N-dimethylaminoethyl methacrylate)[20],  

poly(ethyleneimine)[21], or electrolyte doped PBI[22]. Kim et al. coated sulfonated poly(arylene 

ether)[23] and an imidazole functionalised PBI membrane with Nafion[24], to protect the bulk 

membrane material against attack from VO2
+.       

In our previous work, we hypothesised that application of a thin PBI blocking layer to a porous 

Nafion membrane should lead to a membrane with both high VE and CE.[25] This specific work 

was challenged by a) the different swelling behavior of PBI and Nafion, which may have induced 

cracks or pinholes, b) a high resistance of the layer between Nafion and PBI which was needed to 

promote adhesion, and c) the slow kinetics for filling the closed pores of porous Nafion with 

electrolyte.  

In this work, we apply a thin PBI layer on a porous poly(vinylidene difluoride) (PVDF) support. 

The commercial support has an open pore structure, which should facilitate filling with electrolyte, 

and no adhesive layer is needed, because PVDF is only partially fluorinated. Furthermore, PVDF 

does not show significant swelling in water, which should enhance the life time of the laminated 

structure. A very similar approach is currently developed by Oldenburg and Gubler, who spray 

coat porous Treopore PDA30 with a thin PBI blocking layer.[26] In contrast to previously 

published work, we also look at the effect of the blocking layer's orientation on efficiencies and 

capacity loss, and qualitatively explain the mechanisms leading to the observed differences.           

 

2. Experimental Part 
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2.1 Materials 

PBI fibers and 14 µm thick (ca. 26 µm in the swollen state) PBI membranes were purchased from 

Danish Power Systems. The porous PVDF membrane was purchased from Merck Millipore 

(Durapore Membrane Filter DVPP00010, as specified by Merck Millipore: hydrophilic PVDF, 

pore size 0.65 μm, 125 μm thickness, 70% porosity). Ethanol was purchased from Sigma Aldrich. 

Potassium hydroxide flakes were obtained from Daejung Chemical. 

 

2.2 Preparation of the PVDF membranes with a thin PBI layer 

PBI fibers were dissolved in 2.5% KOH/ethanol solution to obtain a 1wt% solution. A PVDF 

membrane of 6cm x 6cm size was placed inside of a plastic frame which has 4cm x 4cm size hole 

and the edge of the plastic frame was fixed with metal clamps. PBI solution was added in a spray 

gun (GP-2 produced by Richpen, Japan), and then was horizontally and vertically sprayed on the 

more dense side of the dry membrane. For each layer, the membrane was coated once in all 

directions. After each spraying time, sprayed layers were dried by nitrogen gas from the spray gun. 

Membranes were dried in the vacuum oven at 60 °C for 2 hours to evaporate ethanol. Dried 

membranes were immersed in DI water overnight to remove KOH from the PBI layer, and again 

dried for 24 hours at 60 °C in the vacuum. The PBI coated PVDF membranes are denominated as 

PVDF-Px, where x indicates the number of applied layers (6, 12 or 20).  

 

2.3 Membrane characterisation 

Vanadium ion permeability was measured in a cell which consisted of two compartments, 

separated by the membrane sample. One compartment was filled with 1.5 M VOSO4 in 2 M H2SO4 

(enriched side) and the other was filled with 1.5 M MgSO4 in 2 M H2SO4 (deficient side). At 

regular intervals samples were drawn from the deficient side into a cuvette, which was placed into 

an Agilent Technologies Cary 100 UV/Vis spectrometer to detect VO2+ ions. The intensity of the 

peak at 765 nm was used for analysis of the VO2+ concentration. The permeability coefficient P 

[m2 s-1] was calculated according to  

P [m2 s-1] = 
1

CV
(
∆CM(t)

∆t
) (

LVM

A
). 

CV is the vanadium concentration in the VOSO4 solution, the second term is the slope of the quasi-

linear trend when the vanadium ion concentration in the MgSO4 solution is plotted against the time, 
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L is the membrane thickness, VM is the volume of the MgSO4 solution, A is the effective membrane 

area.[27] 

SEM graphs were measured with an Inspect F50 SEM (FEI) instrument. Samples were prepared 

by freeze-breaking membranes in liquid nitrogen and sputtering the samples with platinum. 

Conductivity was measured in a through-plane cell, which consists of two electrolyte-filled 

compartments separated by the membrane. During impedance measurements, a small alternating 

current is applied over the membrane, using gold-coated disc electrodes. Membrane resistance was 

obtained by subtracting the resistance of the cell without membrane from the resistance of the cell 

with membrane. For calculation of the conductivity, the thickness of the electrolyte swollen 

membranes was used.    

 

2.4 VRFB cell tests 

A cell kit with an active area of 4 cm2 was used. Carbon felt (Toyobo XF30A, thickness 3.5 mm) 

was used for the electrodes, without applying any pre-treatment. The composite membranes were 

assembled so that the PBI layer was directed to the positive electrode. 1.5 M VOSO4 dissolved in 

2 M H2SO4 was used as electrolyte in both reservoirs, 15 ml at the negative electrode, 17 ml at the 

positive electrode. The pump rate was 22 ml min-1. During the activation process, VO2+ was 

converted into VO2
+ in the positive side by oxidation, while VO2+ was reduced to V3+ in the 

negative side. After the activation process, VO2
+ solution was disposed and the positive reservoir 

was filled again with VO2+ solution. Then, at room temperature, the cell was repeatedly charged 

up to a voltage of 1.7 V and discharged down to a voltage of 0.8 V at a fixed current density of 80 

mA cm-2 (ca. 2.5 hours per cycle). 

 

3. Results and Discussion 

3.1 Membrane fabrication 

Membranes were prepared by spray coating a commercially available PVDF based filtration 

membrane. SEM analysis of the commercial membrane showed that the side in contact with the 

cover film has a more open pore structure (Figure 1a,b). To achieve a dense, defect free layer, the 

PBI coating was applied on the denser side. While already a few coating layers give a visually 

homogenously coated impression (Supporting Information, Figure S1), SEM analysis of the 

membrane surface revealed several potential defects when only 6 layers were applied (Figure 1c). 
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A membrane coated by 20 PBI layers seems to be defect free (Figure 1d), and analysis of the 

cross-sectional area showed that the PBI layer has an average thickness of 3.5 µm (Figure 1e,f). 

This correlated well with the calculated thickness, based on the weight gain during spraying. After 

washing the membrane with water to remove KOH, the weight gain was about 0.5 mg/cm2. 

Assuming a density of 1.3 g cm-3 for PBI[28], this relates to a thickness of 3.8 µm. A slightly 

higher value by gravimetric method can be expected, because some material must have entered the 

pores. For 6 and 12 applied PBI layers, the thickness was determined as 1.2 and 2.1 µm, 

respectively. In conclusion, the spraying process allowed to exactly control the thickness of the 

PBI coating layer, and each applied PBI layer increased the thickness by 0.2 µm. 
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Figure 1: SEM images of the porous PVDF membrane: the more dense side (a), the more open 

side (b), the PBI coated surface of a PVDF-P6 membrane (c) and for a PVDF-P20 membrane the 

PBI coated surface (d), and cross-sectional area (e, f). 
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While 14 µm thick PBI is a strong material with a tensile strength of 123 ± 8.9 MPa, the tensile 

strength of the porous PVDF support was determined as 6.2 ± 0.3 MPa. A PVDF support coated 

with 2 µm PBI showed a tensile strength of 7.4 ± 0.8 MPa. 

  

3.2 Membrane Permeability 

The permeability of the membranes for VO2+ ions was analysed by separating a sulfuric acid filled 

chamber and a chamber filled with vanadium salt solution in sulfuric acid with a membrane, and 

monitoring the increasing concentration of VO2+ ions in the vanadium deficient chamber by 

UV/VIS spectrometry. As shown in Figure 2a, the vanadium ion concentration increased most 

rapidly when the cells were separated by 25 µm thick (dry state) Nafion 211. Nafion 212, which 

is 50 µm thick in the dry state, already showed  a much lower  permeability. Even lower 

permeabilities were observed for PVDF-P6, PVDF-P12 and PVDF-P20 membranes. Since PBI 

has a remarkably low vanadium ion permeability, we assume that the observed flux for PVDF-P6 

is strongly influenced by defects in the PBI coating layer. The number of such defects is expected 

to decrease with each additional coating layer. The permeability coefficients were 4.9, 1.8, 1.3 and 

0.5 x 10-11 m2 s-1 for N211, N212, PVDF-P6 and PVDF-P12, respectively. These values seem to 

be a little high. For example, others reported 1.3 x10-12 m2 s-1 [29] and 3.2 x 10-12  m2 s-1[30] for 

N212. On the other hand, these values are lower than values reported for other layered membranes, 

which were in the range of 10-9-10-11[18, 21, 23, 24], and permeability also depends on the 

pretreatment of the membranes.[31] For PVDF-P20, no permeability could be calculated during 

the first 4 hours, because the measured concentration did not increase enough. In a second test, the 

measurement time was prolonged to 48 hours, and the permeability constants were determined to 

be 1.1 x 10-12 and 5.8 x 10-13 m2 s-1 when the PBI layer was directed to the magnesium and the 

vanadium side, respectively. The effect of the direction of the PBI layer on the observed 

permeability can be explained by Fick's 1st law. When PBI is directed to the vanadium lean side, 

permeated vanadium ions are rapidly transported away by the stirred magnesium solution, 

resulting in a constantly high concentration gradient over the PBI layer (Figure 2 c). When the 

PBI layer is directed to the vanadium rich side, permeated vanadium ions remain close to the PBI 

layer, because there is no forced convection in the pores. This leads to a strongly reduced 

concentration gradient over the PBI layer (Figure 2 d).         
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Figure 2: Vanadium permeability a) over 4 hours for Nafion and PBI coated P-PVDF membranes; 

the PBI layer was directed to the vanadium solution. b) for 48 hours for PVDF-P20, measured in 

a flow battery set-up with 32 ml solution on each side. c), d) explanation why permeability is lower 

when a 4 µm thick PBI layer is directed towards the vanadium rich side.  

 

3.3 Membrane Resistance 

The voltage efficiency (VE) of flow batteries strongly depends on the membrane resistance, 

expressed as the area specific resistance (ASR). While the membrane conductivity is a material 

property, the ASR depends on the membrane thickness. As shown in Figure 3, the ion conductivity 

of meta-PBI membranes in 2M sulfuric acid is rather low, around 5 mS cm-1. Shaped into a 27 µm 

thick membrane, this leads to an ASR of 540 mΩ cm2, which is between literature values of Nafion 

112 and Nafion 117[32] (however, those values were measured in 0.5M sulfuric acid (SA), and 

increasing the acid concentration reduces the water content and thus the ion conductivity of 
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Within the series of PBI coated porous PVDF membranes, the perceived ion conductivity 

decreases with increasing thickness of the PBI layer, and the ASR increases. However, the ASR 

of PVDF-P20, which showed a high repulsion of vanadium ions in the permeability test, is just 

124 mΩ cm2, much lower than the ASR of 14 µm thick PBI (540 mΩ cm2, wet thickness 27 µm) 

and only slightly higher than the ASR of Nafion 212 (85 mΩ cm2). Obviously, the ASR of thicker 

Nafion membranes (e.g. Nafion 115 is nominally 2.5 times thicker than Nafion 212) would be 

even higher. The conductivity of Nafion 212 was measured as 68 mS cm-1. 

The contributions from the porous, electrolyte filled PVDF membrane and the PBI blocking layer 

can be obtained by plotting the ASR values against the number of applied PBI layers. The y-axis 

intercept of the highly linear trend indicates that the ASR of the PVDF membrane is 36.4 mΩ cm2. 

Based on this, the ASR of the applied PBI layers of 1.2, 2.4 and 4 µm thickness can be calculated 

to be 26.7, 51.7 and 87.7 mΩ cm2, respectively, referring to a conductivity of 4.6 mS/cm, very 

similar to the 4.8-5.0 mS cm-1 obtained for homogeneous PBI membranes in our lab. In conclusion, 

the ASR of the porous support membrane is far smaller than that of Nafion membranes, and a high 

Voltage efficiency (VE) can be expected from PBI coated PVDF membranes. 

    

Figure 3: Conductivity and area specific resistance (ASR) in 2M SA at room temperature. The 

wet thickness of PBI was 26.8 µm. 
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(Figure 4). This decreasing effect should be smaller for PBI membranes, which repel vanadium 

ions. Nevertheless, the conductivity of PBI decreased significantly from 3.1 mS/cm to 1.5 mS/cm 

(52% decrease), when 1.8M VO2+ was added. The probable reason for this decrease is the 

increased osmotic pressure difference over membrane and solution, which reduces the water 

contents of the membrane.[34, 35] In conclusion, since addition of vanadium ions decreases the 

resistance of PBI less strongly than that of Nafion, the VE of PBI coated PVDF membranes could 

be closer to that of Nafion than expected based on the conductivity in sulfuric acid. 

 

 

 

Figure 4: Effect of the addition of 1.8M VO2
+ to 2M sulfuric acid on the conductivity of Nafion 

117 and PBI; the temperature was controlled to 20 °C. 
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orientations, and in the range of 85.3-86.5%, close to the 88.1% achieved by a VRFB using a 

Nafion 212 membrane (86.3% in [14]). 

 

Consequentially, the energy efficiency (EE) of the cells equipped with Nafion 212, PVDF-P20 

(positive side) and PVDF-P20 (negative side) was 82.5%, 85.1% and 83.3%, respectively. 

Therefore, in terms of efficiency, the coated PVDF membranes seem to perform best when the PBI 

layer is directed towards the positive electrolyte. In comparison to literature data, the EE of the 

VRFB using PVDF-P20 (positive side) is high.[36] The EE of a porous ab-PBI membrane was 

reported to be 87% at 40 mA cm-2, but the practically linear decrease of the EE in that work allows 

to predict an EE of just 79% at 80 mA cm-2.[37] The apparently highest EE reported so far at 80 

mA cm-2 is 90%, and was achieved by Li et al. with a VRFB using a 34 µm thick porous O-PBI 

membrane.[15] The decreasing trend which was observed for VE and EE is probably not 

related to the membranes, but to changes in the surface chemistry of the electrodes, where 

loss of hydrophilic groups increases kinetic and mass transport losses.[38]     

When comparing PVDF supported PBI and free standing PBI films, PVDF-PBI membranes show 

a slightly lower voltage and energy efficiency (Figure 6), because of the additional ASR 

contribution of the porous support and because some PBI enters the pores during spray coating. 

This increases the average thickness and decreases the average area of the PBI layer, and thus 

increase the ASR of PVDF-P membranes. However, thin, self-supporting PBI membranes may 

easily get damaged during handling, and in contact with carbon felts, carbon fibers may easily 

poke through thin membranes, leading to short circuits. Therefore, PVDF-PBI membranes are a 

good way to balance performance and stability. 

Another important measure is the capacity retention during cycling. As expected from the high CE 

and low ex-situ crossover values, the cell with a PVDF-PBI20 membrane in which the PBI layer 

was directed to the positive electrolyte showed the most stable charge capacity (the capacity that 

was charged in one cycle) over the tested 20 cycles (Figure 7a). As often observed for Nafion 

membranes, the charge capacity decreased rapidly over the first cycles, after which the further 

decrease followed a rather linear trend of 82 mAhL-1/cycle, which is slightly higher than the charge 

capacity loss rate of the cell with PVDF-P20 (positive side), which was just 73 mAhL-1/cycle. In 

strong contrast to this, PVDF-P20 (negative side) showed a catastrophic loss rate of 403 mAhL-

1/cycle. A repeat experiment with 3 fresh membranes confirmed this result (Figure 7b). 
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Figure 5: VRFB full cell test results for Nafion 212 and PBI coated P-PVDF, current density 80 

mA/cm2. (a) Charge efficiency (b) Voltage efficiency (c) Energy efficiency; the first 3 cycles 

(startup phase) are not shown.  
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Figure 6: VE and EE of PBI membranes of different thickness (data for 25 and 35 µm thick PBI 

membranes is from our previous work[14]) 

 

 

Figure 7: Changes in the charge capacity, monitored over 20-23 cycles; a) for data shown in Figure 

5, b) repeat experiment.   
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b) Crossover of vanadium ions will be mainly along the electric field, following the movement of 

the protons. This implies that the main contribution to crossover during charging will be from 

VO2+/VO2
+ ions, while crossover during the discharging step will be dominated by the crossover 

of V2+/V3+ ions.  

c) Concentration driven diffusion of vanadium ions through PBI membranes is low, but the 

application of an additional electric field may push vanadium ions over the existing energy barrier, 

allowing them to overcome the Donnan potential[14]. Since the voltage over the membrane is 

higher during charging than during discharging, we hypothesize that crossover over thin PBI 

membranes is higher during charging than during discharging. 

Based on the above three assumptions, for PVDF-P (negative) we would expect a high VO2+/VO2
+ 

crossover during charging (both diffusion and migration in the electric field are high) and low 

V2+/V3+ crossover during discharging (both terms, concentration driven diffusion and migration in 

the electric field are low), resulting in a net flow of electrolyte from the positive to the negative 

electrode.  

In the case of PVDF-P (positive), we expect some crossover during charging: high voltage 

(migration in the electric field), but a low membrane potential. During discharging we expect some 

crossover in the opposite direction: migration in the electric field is low, but the concentration 

gradient is high. As a result, no large imbalance of the electrolyte is expected. 

     

Table 1: Electrolyte balance for a cell with PVDF-P20 at the begin of test and after 20 cycles at 

80 mA/cm2. 

 PBI on the positive side PBI on the negative side 

Begin of test End of test Begin of test End of test 

Negative electrolyte (V2+/V3+) 15 ml 14.7 ml 15 ml 22 ml 

Positive electrolyte (VO2+/VO2
+) 17 ml 17.3 ml  17 ml 10 ml 
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Figure 8: Considerations explaining why electrolyte imbalance and capacity fade are more 

pronounced when the PBI blocking layer is directed towards the negative electrolyte.   

 

The orientation of the PBI layer towards the positive or negative electrode has also an effect on 

the self-discharge (Figure 9). While the redox-couple V2+/VO2
+ was consumed after 9.3 hours in 

the case of Nafion 212, cells with PVDF-P20 on the positive and negative side lasted for 10.7 and 

16.4 hours, respectively. For Nafion 115, it was reported that the permeability coefficient for V2+ 

is 6.3·10-7 cm2 min-1, 5.7, 2.5 and 4.3 times higher than for V3+, VO2+ and VO2
+, respectively.[39] 

When we assume a similar trend for Nafion 212 and PVDF-P20 membranes, we can expect that 

the main contribution to the self-discharge comes from V2+ ions moving to the positive electrolyte. 

When PBI is on the positive side, the concentration gradient over the membrane remains high, 

because V2+ ions diffusing to the positive electrolyte are immediately transported away by the 
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electrolyte passing the membrane surface. When the PBI layer faces the negative electrolyte, V2+ 

ions which crossed the membrane are inside of the PVDF pores, and the concentration gradient 

over the PBI later decreases, reducing the driving force for diffusion.  Therefore, the self-discharge 

curves nicely support the hypothesis demonstrated in Figure 8, according to which the orientation 

of the PBI layer affects the concentration gradient over the membrane and thus the crossover.             

  

Figure 9: Self-discharge curves for cells equipped with Nafion 212 and PVDF-P20. 

 

3.5 Upscaling 

For upscaling the membrane fabrication, the process was changed from hand spraying to 

automated spraying. To avoid potential corrosion issues with the available machine, the spraying 

solution was changed from alkaline ethanol to dimethylacetamide (see supporting information for 

details). In this adjusted process, it was possible to spray areas of 24 cm x 28 cm. These membranes 

were tested in a small three-cell stack (3 x 25 cm2). At 60 mA cm-2, a stable performance over 200 

cycles was observed (Figure 10). While the VE of the stack equipped with Nafion 117 decreased 

continuously, the VE and thus also the EE of the stack equipped with PVDF-P20 showed no such 

decrease. 
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Figure 10: Coulomb (full symbols), voltage (empty symbols) and energy efficiency (half-filled symbols) 

for a three-cell stack, active are 25 cm2, operated at 60 mA/cm2. PBI faces the positive electrode. 

 

 Even though the coulomb efficiency of the stack with the PVDF-PBI membranes was significantly 

higher than that of Nafion 117 over all 200 cycles, the discharge capacity became similar to that 

of the stack with Nafion 117 after about 80 cycles (Figure 11). Also for the following 120 cycles 

the discharge capacity of the stack with Nafion 117 remained higher than that of the stack with the 

PVDF-PBI membrane. The exact reason for this is unknown, but we expect that the cut-off 

voltages were reached earlier mainly due to changes in the cell resistance, and less by cross-over. 
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Figure 11: Discharge capacity for a three-cell stack, active are 25 cm2, operated at 60 mA/cm2. PBI faces 

the positive electrode. 

 

4. Conclusions 

A new membrane type, polybenzimidazole coated porous PVDF, was prepared by spraying a 

solution of PBI in ethanol/KOH on a porous PVDF membrane. As expected, adhesion between the 

two layers was strong, and no delamination was observed during handling, ex-situ test in 0.15 M 

VO2
+ solution (Figure S2), and operation in the flow battery. All membranes showed lower ex-

situ permeability than Nafion 211 and Nafion 212. For PVDF-P20, diffusion was so low that the 

measurement time needed to get reliable data needed to be extended from 4 hours to 48 hours. One 

striking feature was that the permeability of the coated membranes depends on the direction of the 

PBI layer. Permeability constants were determined to be 1.1 x 10-12 and 5.8 x 10-13 m2 s-1 when the 

PBI layer was directed to the magnesium and the vanadium side, respectively. This behavior was 

explained by the formation of a low concentration gradient over the PBI layer, when the PBI layer 

was directed towards the vanadium rich side, and the formation of a higher membrane potential 

when the PBI layer was directed to the vanadium lean side, because permeated ions are 

immediately transported away from the PBI layer in the latter configuration.  

 

The area specific resistance of 26.8 µm (in the wet state) thick PBI in 2M sulfuric acid was 6.6 

times higher than that of Nafion 212, while that of PVDF-P20 was just 1.5 times higher. When 
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1.8M VO2
+ were added to the electrolyte, the conductivity of Nafion decreased more than that of 

PBI. 

 

As expected from the ex-situ data, the charge efficiency was significantly higher for PVDF-P20 

membranes than for Nafion 212. The highest CE was observed when the membrane was oriented 

to the positive electrolyte. Because of a rather similar voltage efficiency, the energy efficiency of 

PVDF-P20 membranes was higher than that of Nafion 212. 

 

An important finding was the strong effect which the orientation of the PBI blocking layer has on 

the charge capacity during cycling. Reproducibly, cells showed the lowest capacity fade when the 

PBI layer was directed towards the positive electrolyte, and the highest capacity fade when the 

PBI layer was directed to the negative electrolyte. A qualitative explanation for this behavior is 

given. 

 

In summary, coating of porous support structures with a 4 µm thin PBI blocking layer provided 

access to membranes which showed better VRFB performance than Nafion 212 in the VRFB in 

terms of CE, EE and capacity fade during cycling. Future research will be aimed at optimising the 

porous support in regard to material, porosity and thickness. We expect that smaller pores will lead 

to stronger PBI layers with a reduced number of defects.  
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