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Abstract 
The growing integration of renewable energy sources into modern power 
grids demands reliable large-scale energy storage, with vanadium redox flow 
batteries (VRFBs) emerging as a promising technology due to their scalable 

design and long operational lifespan. A central challenge in VRFB develop-
ment is the membrane, which must simultaneously provide high proton con-
ductivity, strong vanadium ion selectivity, chemical stability, and economic 
viability. Despite extensive literature on VRFB membranes, systematic com-
parisons under near-practical operating conditions remain scarce. This study 
evaluates four distinct types of membranes: Nafion-212, Asahi, SPEEK, and 
PBI through power distribution curves and galvanostatic cycling at current 
densities spanning 60–120 mA cm⁻². The power density and electrolyte 
flowrate were scaled from a 5 kW pilot energy storage system to maintain 
close to real conditions of laboratory cell tests. Nafion-212 achieves the high-
est peak power density of 490 mW cm⁻² and leads energy efficiency at 120 mA 

cm⁻² (72.6%), with Asahi following at 72.1% at roughly half the cost. PBI rec-
ords the highest Coulombic efficiency at every condition (up to 93.3%) and 
matches Nafion-212 in energy efficiency at moderate loads, while its voltage 
penalty grows at higher currents. SPEEK consistently underperforms, reach-
ing only 68.6% energy efficiency at 120 mA cm⁻². These results provide data-
grounded criteria for membrane selection across different VRFB operating 
regimes. 
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Key findings 
● Nafion-212 achieves the highest peak power density of 490 mW cm⁻² with the lowest 
ohmic resistance among all tested membranes of 1.03 Ω cm². 

● PBI leads in Coulombic efficiency at all current densities, reaching 93.3% at 120 mA cm⁻², 
reflecting near-ideal vanadium selectivity. 

● Asahi delivers energy efficiency within 0.5 percentage points of Nafion-212 across all test-
ed conditions at approximately half the cost. 

● SPEEK records the lowest energy efficiency at every current density, declining to 68.6% 
at 120 mA cm⁻² — over 4 points below Nafion-212. 

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed reuse of the work in any medium provided the original work is properly cited. 

1. Introduction 

1.1. General introduction 

Global efforts to develop renewable energy over the past 

decade have required changes in the architecture of elec-

tric grids. The unstable nature of solar and wind genera-

tion causes temporary discrepancies between supply and 

demand that can be eliminated by using large-scale sta-

tionary energy storage systems. Vanadium redox flow bat-

teries (VRFBs), among other electrochemical technologies, 

are promising for this role because their design allows 

them to vary the power and stored energy [1]. Additional-
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ly, it is possible to extend their lifespan through proper 

maintenance and service, providing tens of thousands of 

charge and discharge cycles or decades of stable opera-

tion [2]. 

A VRFB system consists of two separate electrolyte 

tanks and an electrochemical stack, in which redox reac-

tions take place between V²⁺/V³⁺ ions in the negolyte and 

VO2+/VO2
+ ions in the posolyte. The amount of electrolyte 

determines the stored energy, while the assembly of inter-

connected cells is responsible for the power output [3] as 

far as the following reactions occur on the surface of car-

bon felt electrodes during the charge process : 

𝑉3+ + 𝑒− ↔ 𝑉2+, (1) 

𝑉𝑂2+ +𝐻2𝑂 ↔ 𝑉𝑂2
++ 2𝐻+ + e− (2) 

Separating two semi-cells with a negolyte and a 

posolyte as shown in the Figure 1a, the membrane simul-

taneously serves two opposing functions: it must transport 

protons freely to complete the ionic circuit, while blocking 

the migration of vanadium ions. Ideally, these reactions 

are the only ones that occur, but unfortunately, real mem-

branes are not 100% selective [4,5]. Crossover occurs 

when vanadium ions migrate through a membrane. In 

most cases, migration of V₂⁺ and V₃⁺ ions from the 

negolyte side to the posolyte side predominates over the 

migration of VO2⁺ and VO₂⁺ [6]. This phenomenon (Figure 

1b) causes co-proportional reactions (Equation (3)–(6)) 

that lead to an imbalance in vanadium content between 

positive and negative electrolytes and also causes capacity 

loss. 

𝑉2+ + 2𝑉𝑂2
+ + 2𝐻+ → 3𝑉𝑂2+ + 𝐻2𝑂, (3) 

𝑉3+ + 𝑉𝑂2
+ → 2𝑉𝑂2+, (4) 

𝑉𝑂2+ + 𝑉2+ + 2𝐻+ → 2𝑉3+ + 𝐻2𝑂, (5) 
𝑉𝑂2

+ + 2𝑉2+ + 4𝐻+ → 3𝑉3+ + 2𝐻2𝑂. (6) 

For this reason, membranes must satisfy several re-

quirements [7] in order to be applicable in real VRFB sys-

tems: 

 high proton/vanadium selectivity to minimise cross-

over; 

 
Figure 1 a) Schematic diagram of VRFB system and single electro-
chemical cell b) Schematic diagram of processes considered for 

ideal and real systems. 

 adequate proton conductivity to limit ohmic losses; 

 mechanical robustness; 

 chemical resistance to the strongly oxidising VO₂⁺ 

species present at high states of charge (SoC); 

 economic viability for large-scale deployment. 

1.2. Investigated membranes 

Membranes used in VRFBs can be broadly classified into 

cation-exchange membranes (CEM), anion-exchange 

membranes, and amphoteric systems [8]. Each type repre-

sents a different transport mechanism and selectivity pat-

tern [9]. Among these, PFSA-based CEM continues to be 

the industrial standard, thanks to the widespread com-

mercial success of Nafion® (DuPont, USA). Its structure 

consists of a chemically inert fluorinated backbone with 

attached sulfonic acid groups that promote nanoscale 

phase separation upon hydration. This creates intercon-

nected ionic domains that facilitate highly efficient proton 

transport [10]. The architecture determines its excellent 

conductivity and chemical stability under strong acid and 

oxidative conditions, but the relatively open pathways also 

allow significant crossover. This intrinsic trade-off be-

tween conductivity and selectivity leads to progressive 

capacity decay and remains a critical limitation of 

PFSA [10,11] membranes, alongside their high cost. Asahi 

perfluorinated membranes developed by AGC Engineering 

can be regarded as close structural analogues of Nafi-

on [12]. They feature a PTFE backbone with sulfonic acid 

functional groups attached to hydrophilic side chains, re-

sulting in a well-defined nanoscale channel morphology. 

Their significantly lower cost makes them a promising 

competitor for VRFB applications. 

In contrast, anion-exchange membranes (AEM) utilize 

fixed cationic groups to limit the transport of vanadium 

ions via the Donnan exclusion mechanism [13]. This ap-

proach effectively reduces the crossover and improves the 

coulombic efficiency. However, because ionic conduction 

in AEMs depends on anion migration rather than proton 

transport, the conductivity is generally lower due to the 

larger size and reduced mobility of charge carriers [14]. 

Additionally, the long-term chemical stability of AEM in 

strongly oxidative VRFB electrolytes remains a concern, 

especially under extended cycling conditions. As a result, 

their practical application is often constrained by the 

trade-offs between selectivity, durability, and power per-

formance. 

Amphoteric membranes have been proposed to bridge 

the gap between cation- and anion-exchange systems by 

incorporating both acidic and basic functional groups 

within a single polymer matrix. This dual functionality 

enables a more balanced transport behavior, allowing pro-

ton conductivity to be retained while partially suppressing 

vanadium crossover [15]. Although promising, the in-

creased structural complexity of such membranes presents 

challenges in synthesis, reproducibility, and large-scale 
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manufacturing, which currently limits their broader adop-

tion [16]. 

Beyond fluorinated systems, considerable attention has 

been devoted to non-fluorinated polymer membranes as 

cost-effective alternatives. Among these, sulfonated 

poly(ether ether ketone) (SPEEK) is one of the most exten-

sively studied materials. Its hydrocarbon backbone and 

tunable degree of sulfonation allow control over the densi-

ty and connectivity of ionic domains. Compared to PFSA 

membranes, SPEEK typically exhibits narrower transport 

channels, contributing to reduced vanadium permeabil-

ity [17]. However, increasing the degree of sulfonation to 

enhance conductivity often leads to excessive swelling, 

reduced mechanical integrity, and decreased chemical sta-

bility, underscoring the need for careful optimiza-

tion [18,19]. 

Polybenzimidazole (PBI)-based membranes represent 

another important class of materials characterized by ex-

cellent thermal and chemical stability. In their pristine 

form, PBI polymers are not intrinsically proton-conductive 

and require acid doping to facilitate ionic transport [20]. 

While higher doping levels improve conductivity, they also 

tend to compromise mechanical strength, thereby limiting 

operational flexibility [21]. Nevertheless, the inherent re-

sistance of PBI to oxidative degradation, combined with its 

low vanadium permeability, makes it a promising candi-

date for long-lifetime VRFB applications, yet with some 

limitations in voltage efficiency at high current densi-

ties  [22]. 

In addition to the crossover, membranes make a signif-

icant contribution to the ohmic resistance of an element as 

they have limited ionic conductivity [23,24]. Due to this 

fact, the influence of a particular membrane on the entire 

battery system is complex due to indirect links between 

various characteristics. It is often necessary to find a bal-

ance between crossover intensity and ohmic resistance in 

order to minimize parasitic heating and maximize overall 

energy efficiency [25]. 

Overall, the development of membranes for VRFBs is 

governed by a fundamental trade-off between conductivi-

ty, selectivity, and stability. Current research efforts are 

increasingly focused on tailoring membrane nanostructure 

and transport pathways to decouple these competing fac-

tors, with the aim of achieving high efficiency without 

compromising durability or cost. Despite the extensive 

literature on VRFB membranes, systematic comparisons of 

membrane performance under conditions that closely re-

flect realistic battery operation remain limited [6,26]. The 

present study addresses this gap by evaluating four mem-

branes considered promising for VRFB applications: PBI, 

SPEEK, Asahi, and Nafion-212, through polarization and 

cyclic charge-discharge tests conducted at realistic flow 

rates and current densities. The aim is to provide a rigor-

ous, directly comparable assessment of their electrochem-

ical performance under near-practical conditions. 

2. Experimental section 

All membrane materials used for the evaluation were 

made from the corresponding solutions except the Nafion-

212 purchased in a form of a ready-made film. SPEEK was 

prepared by sulfonation of PEEK using concentrated sulfu-

ric acid. 5 g of Poly(ether ether ketone) (PEEK, 450PF) 

powder from Victrex, (UK) was put into 50 mL of concen-

trated sulfuric acid. The reaction mixture was subsequent-

ly maintained at 55 °C for 3 h in a thermostatically con-

trolled water bath and then precipitated by pouring it into 

an ice-cooled water. The degree of sulfonation of 74% was 

chosen based on previous studies identifying this composi-

tion as providing a favorable balance between ionic con-

ductivity, chemical stability, and electrochemical perfor-

mance in VRFB applications [27]. After that, SPEEK was 

dissolved in DMF solvent under stirring for 5 hours at 

60 °C. PBI powder was purchased from Suzhou Youqun 

Plastic & Chemistry Co and dissolved in N,N-

dimethylacetamide (DMAC) under stirring for 8 h under 

80 °C. Asahi PSFA membrane was obtained in a form of 

ethanol solution of FORBLUE™ i-SERIES ionomer disper-

sion. Thus, all three solutions were dried at 140 °C for 8h 

in a vacuum oven to evaporate solvents resulting into the 

membrane films.  

Before the membranes were used in VRFB single cells 

for electrochemical studies, they were immersed in 3.0 M 

H2SO4 solution for 24 h. This pretreatment was carried out 

in order to achieve optimal ion conductivity characteris-

tics for PBI, while for other membranes 6-hours immer-

sion is enough. However, such a pretreatment allows the 

membranes to demonstrate their best performance, main-

taining the uniformity of conditions. Thus, the membranes 

have the following thickness after the exposure in the 

3.0 M H2SO4 solution: 

• Nafion-212: 50±1 µm, 

• PBI: 33±2 µm, 

• Asahi: 45±1·µm, 

• SPEEK: 33±2·µm. 

To perform electrochemical tests, each membrane was 

installed in a separate VRFB cell with the standardized 

flow-through configuration described in Table 1 immedi-

ately after pretreatment. The utilized carbon felt elec-

trodes were subjected to the activation by the 5 h thermal 

treatment under the air atmosphere at 500 °C. 

An electrolyte used for the electrochemical tests was 

taken of 1.6 mol/L with mass percentage of the compo-

nents: 

 V2(SO4)3: > 15 %, 

 VOSO4: 8 - 10 %, 

 H2SO4: 10 %, 

 HCl: 10 %, 

 H2O: >50 %. 
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Table 1 VRFB parameters. 

Parameter name Units Value 

Operating voltage range V 0.8–1.65 

Electrolyte volume ml 35 
Cell volume cm3 1.6 

Membrane active surface area cm2 4 

Membrane active length cm 2 
Membrane active width cm 2 

Vanadium concentration M 1.6 

Number of cells unit 1 
Theoretical capacity mA·h 1501 

Temperature K 298 

Inner electrodes material N/A Annealed 
Sigracel® SGL 

4.6EA 

Inner electrodes thickness mm 4 

 

 
Figure 2 The experimental VRFB setup. 

Sigracel® carbon felt electrodes with 5 mm thickness 

were utilized in the experimental single-cell batteries af-

ter undergoing thermal activation during 5 h at 500 °C in 

the air atmosphere. The used experimental VRFB setup is 

presented in the Figure 2. The battery operation was car-

ried out using the Elins P-40 potentiostat. Before the elec-

trochemical experiments the VRFB system was fully 

charged and discharged using the same CC+CV (Constant 

current + constant voltage) technique with a constant cur-

rent density of 100 mA/cm2 and 50 mA CV cut-off. 

The laboratory operating conditions were chosen based 

on a geometric scaling approach using membrane-area 

parameters. Since the electrochemical processes governing 

VRFB operation occur at the electrode–electrolyte inter-

face and across the membrane, both the applied current 

and the electrolyte flow rate were expressed as quantities 

normalized to the geometric active membrane area. Con-

sequently, the key operating parameters become the cur-

rent density (mA cm⁻²) and the area-specific flow  

rate (mL min⁻¹ cm⁻²), which are independent of the abso-

lute cell size [4]. 

To maintain close to real conditions of the tests, the 

nominal flowrate and current characteristics of 40-cells 

stack with an active area of 608 cm² per cell Pilot test 

bench produced by Pinflow® were calculated in relative 

values dividing by the effective membrane area. This ap-

proach was chosen so that the obtained data could be line-

arly scaled for design and modeling of commercial vanadi-

um redox flow energy storage systems in the future stud-

ies [28,29]. As a result, each square centimeter of active 

membrane surface experiences the same electrolyte supply 

rate and the same electrochemical load regardless of 

whether the system consists of a single laboratory cell or a 

multi-cell stack. From a physical standpoint, this approach 

preserves the two principal scale-invariant quantities gov-

erning VRFB operation: 

𝑗 =
𝐼

𝐴
 ,           (8) 

𝑞 =
𝑄𝑣

𝐴
 ,           (9) 

where j is the current density, q is the area-specific flow 

rate, I is the applied current, Qv is the volumetric flow 

rate, and A is the active membrane area. The electrochem-

ical conversion rate is determined by j, while the supply of 

active species to the reaction zone is governed by q [30]. 

Therefore, maintaining these parameters ensures that the 

balance between charge transfer and convective mass 

transport remains unchanged during scaling. Preserving 

both current density and area-specific flow rate simulta-

neously also preserves the current-to-flow ratio [31]. This 

quantity determines electrolyte utilization, the concentra-

tion change through 

the cell, and the extent of reactant exhaustion within the 

porous electrodes [32].  

Consequently, the local electrochemical environment 

experienced by the electrolyte remains comparable be-

tween laboratory and pilot-scale systems. 

The selected area-specific flow rate of  

3.75 mL min⁻¹ cm⁻² or 15 ml·min⁻¹ was maintained using a 

peristaltic pump (Watson Marlow, USA). Such a regime 

was chosen to reproduce the operating conditions of the 

pilot-scale system. For the 40-cell installation, this value 

corresponds to a total electrolyte flow rate of approxi-

mately 90 L min⁻¹, which represents the maximum-

performance operating regime of the centrifugal pump. 

The operating current densities used in the laboratory 

study were also selected based on the practical operating 

range of the pilot-scale VRFB system. During long-term 

operation, the pilot stack demonstrated stable perfor-

mance at currents between 35 and 75 A, corresponding to 

current densities of approximately 60 and 120 mA cm⁻², 

respectively. To cover the entire range of relevant operat-

ing conditions, four current density values of 60, 80, 100 

and 120 mA cm⁻² were selected for comparative testing. In 

addition, a current density of 100 mA cm⁻² was chosen for 

extended cycling experiments, as it is one of the most 

commonly used current densities in the VRFB 

literature [3,28]. 

3. Results and discussion 

3.1. Preliminary membrane analysis 

All four membranes were analyzed using Fourier Trans-

form Infrared Spectroscopy (FTIR) to confirm qualitatively 
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their molecular structures. The use of FTIR spectroscopy is 

justified by its high sensitivity to the presence and bond-

ing environment of functional groups such as –SO₃H, –CF₂, 

and imidazole fragments. Due to the relatively high thick-

ness of the samples Infrared spectroscopy was performed 

using the technique of attenuated total reflectance. As 

shown in the Figure 3 for Asahi and Nafion membranes, 

both being structurally similar PFSA membranes, absorp-

tion peaks attributed to the asymmetric vibration and 

symmetric stretching of -CF₂ are observed at 1136 and 

1204 cm⁻¹ respectively. The absorption line at 971 cm⁻¹ 

corresponds to the symmetric stretching of C-O-C while 

1051 cm⁻¹ is determined by the S-O band vibration  

of -SO₃⁻ [33]. 

In the spectra, characteristic peaks of PBI membrane 

can be distinctly observed at 3153 cm⁻¹ and 3068 cm⁻¹, 

which are attributed to the stretching vibrations of C-H 

and -CH₂ on imidazole fragment. The characteristic bands 

at 1431 cm⁻¹ and 1605 cm⁻¹ are assigned to the stretching 

vibrations of C-N and C=N [34]. SPEEK membrane shows 

the absorption peak at 1467 cm⁻¹ is due to the asymmetric 

stretching vibration of O=S=O, while the absorption peak 

at 1067 cm⁻¹ is linked to the symmetric stretching vibra-

tion of O=S=O. The stretching vibrations of S-O and S=O 

correspond to 763 cm⁻¹ and 1150 cm⁻¹, respectively [35]. A 

characteristic broad peak of the hydroxyl group in the sul-

fonic acid group can also be found at 3455 cm⁻¹ (Figure 3). 

3.2. Power output analysis 

Firstly, polarization curves were measured and analyzed 

for all the membranes. Power output was registered for a 

number of discharge current densities applied to cells pre-

charged to SoC = 0.5 with an equilibrium potential of 

1.4 V. The corresponding curves are shown in Figure 4a. 

As shown, cells equipped with Nafion-212 and Asahi 

membranes exhibit higher limiting current densities 

compared to SPEEK and PBI. This difference is reflected in 

both the extended current range and the higher attainable 

power densities. In contrast, SPEEK and PBI demonstrate 

an earlier voltage drop with increasing current density, 

indicating stronger resistive limitations. From Ohm's law, 

it is possible to calculate the ohmic resistance of the four 

cells equipped with the corresponding membranes using a 

close to linear current density range of 0–200 mA cm⁻², 

the values of which are shown on the comparative graph 

in the Figure 4b. Thus, in correspondence with the the 

deviations from linearity in the mentioned current density 

range, the error gaps were calculated using linear 

regression providing the confidence interval for Ohmic 

losses.  

Lower ohmic resistance in Nafion and Asahi mem-

branes directly translates into improved power output. 

The power density curves (Figure 4a) show that these 

membranes reach higher maxima and sustain performance 

over a broader current range. Conversely, SPEEK exhibits 

the lowest maximum power density, while PBI demon-

strates intermediate behavior exceeding SPEEK but re-

maining below Nafion and Asahi.  

As seen in Figure 4b, Nafion-212 achieves the highest 

peak power approaching 490 mW·cm⁻² and the lowest 

ohmic resistance (1.03 Ω cm²), followed closely by Asahi: 

460 mW cm⁻² and 1.12 Ω cm². PBI exhibits substantially 

higher ohmic losses of 1.31. These results indicate that, 

under the operating conditions, where peak loads are una-

voidable and high power performance is crucial, PFSA-

based membranes maintain their leading positions. In 

such scenarios ohmic resistance of the cell is the key fac-

tor governing the electrochemical stack design, Nafion and 

Asahi provide the most favorable ionic conductivity during 

the real operation. 

 
Figure 3 FTIR of Nafion 212, SPEEK, Asahi and PBI membranes. 

 
Figure 4 a) Power distribution curves (with error caps) for  
SoC = 0.5; b) Ohmic resistance and maximum power density 

comparison graph. 
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Figure 5 Galvanostatic cycling curves for the VRFB cells equipped with the studied membranes under current density conditions of a) 

60 mA cm⁻² b) 80 mA cm⁻² c) 100 mA cm⁻² d) 120 mA cm⁻². 

  
Figure 6 Galvanostatic curves for continuous 10 cycles at 100 mA cm-2 with the studied membranes: a) Nafion-212 b) Asahi c) PBI d) 
SPEEK. The evolved calculated parameters of: e) discharge capacity f) Coulombic efficiency (CE) g) Voltage efficiency (VE) h) Energy 

efficiency (EE). 

Table 2 Calculated efficiency parameters. 

 

3.3. Cyclic performance tests 

Charge–discharge profiles obtained during galvanostatic 

cycling (Figure 5) provide a more practical perspective on 

membrane behavior than polarization curves alone, as 

they expose how all losses accumulate in realistic operat-

ing regimes. Moreover, fixed anode potential limit used 

for cycling, results into the insufficient charge and the 

corresponding decrease in voltage efficiency and discharge 

capacity. By that fact, discharge capacity and the efficien-

cy metrics derived from cyclic tests are complex values 

influenced by the ionic conductivity and selectivity of the 

membranes. The selected current densities (60– 

120 mA cm⁻²) cover the transition from moderate to rela-

tively demanding modes, where the conductivity and se-

lectivity influence all the efficiency parameters simultane-

ously. 

At first glance, the behavior of Nafion-212 and Asahi is 

consistent with expectations, given their shared per-

fluorosulfonic nature. Their discharge voltage profiles re-

main consistently higher across the current range from 80 

to 120 mA cm-2, confirming that proton transport is not 

the limiting factor. The cost, however, is the compromise 

in Coulombic efficiency presented in the Table 2 which are 

lower than the same characteristics for PBI and SPEEK. It 

could be also noted, Nafion-212 still outperforms Asahi in 

 

Current density 
(mA cm-2) 

Nafion-212 Asahi SPEEK PBI 

Coulombic 
efficiency 

60 87,10 85,49 87,61 87,31 

80 88,57 87,93 89,60 89,83 

100 90,53 90,26 91,64 92,16 

120 92,08 92,07 92,83 93,29 

Voltage 

efficiency 

60 88,00 88,21 85,44 88,29 

80 85,02 84,60 81,04 84,37 

100 81,94 81,43 77,28 80,52 

120 78,88 78,32 73,90 76,93 

Energy 

efficiency 

60 76,65 75,42 74,85 77,09 

80 75,30 74,39 72,61 75,79 

100 74,18 73,50 70,82 74,21 

120 72,62 72,10 68,60 71,78 
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the discharge capacity, which could be caused by more 

intense in-cycle electrolyte imbalance determined by the 

crossover mechanism. However, such a disadvantage may 

be considered acceptable, taking into account very similar 

efficiency parameters and twice lower cost of Asahi com-

pared to Nafion-212 [12]. In the case of lowest examined 

current Asahi shows even better capacity then Nafion.  

Furthermore, under lowest load of 60 mA cm-2 the dif-

ference in the Voltage efficiency become less significant 

for all the membranes and SPEEK demonstrates the high-

est resulting capacity. However, SPEEK presents a some-

what contradictory case. Despite pronounced voltage loss-

es, it maintains comparatively high discharge capacity 

across all tested conditions. This suggests that, while its 

proton conductivity not optimal, its internal structure still 

allows a reasonably uniform utilization of active vanadium 

species during cycling. However, this apparent advantage 

is difficult to exploit in practice, as the low voltage effi-

ciency suppresses overall energy performance. 

PBI behaves more predictably. Its voltage losses are 

comparable to those of Asahi at lower currents but in-

crease more noticeably as the load intensifies. Unlike 

SPEEK, it does not compensate through higher accessible 

capacity, resulting in a more conservative but stable per-

formance profile. This makes PBI less attractive for high-

power applications, yet potentially advantageous in sce-

narios where minimizing crossover and maintaining long-

term stability are more critical than extracting maximum 

instantaneous power. 

In contrast to PFSA-based polymers, PBI and SPEEK 

follow a different philosophy: prioritize vanadium crosso-

ver suppression at the expense of ionic conductivity. This 

approach proves effective: Coulombic efficiency systemat-

ically exceeds that of the perfluorinated membranes at 

elevated current densities. PBI, in particular, pushes this 

to the extreme, demonstrating the highest values across 

the entire range. The trade-off, inevitably, appears in the 

voltage response: both membranes exhibit larger overpo-

tentials, which intensify with current density and directly 

penalize voltage efficiency. 

The efficiency analysis (Table 2.) formalizes these ob-

servations. Coulombic efficiency increases with current 

density for all membranes, reflecting the reduced relative 

impact of crossover at shorter cycle times. Here, PBI and 

SPEEK clearly dominate, reinforcing the idea that 

transport selectivity is their primary strength. However, 

voltage efficiency decreases systematically with increasing 

current, and it is precisely at this point that the limita-

tions of these membranes become unavoidable. Nafion-212 

and Asahi retain a clear advantage due to their lower ohm-

ic resistance, which allows them to sustain higher operat-

ing voltages even under significant load. 

As a result, energy efficiency is thus governed by the 

interplay of competing loss mechanisms rather than 

strengths. Up to intermediate current densities, PBI man-

ages to achieve the highest values, as its exceptional Cou-

lombic efficiency compensates for voltage penalties. Be-

yond this range, however, the balance shifts decisively in 

favor of Nafion-212, whose superior conductivity prevents 

excessive voltage losses from dominating the overall per-

formance. Asahi follows closely behind, consistently ap-

proaching Nafion-level performance.  

The ten-cycle galvanostatic test shown in the Figure 

6a-d provides a useful comparison of the electrochemical 

behavior of the four membranes under repeated charge–

discharge operation. The cycling curves presented in Fig-

ures a–d reveal that Nafion-212 and SPEEK provide the 

highest initial discharge capacities, reaching approximate-

ly 62% and 61% of the theoretical value, respectively, 

while PBI shows the lowest accessible capacity (~52%). In 

contrast, PBI exhibits the lowest capacity decline, below 

1.2%, among all the tested membranes. The evolution of 

capacity over cycling demonstrates that Nafion exhibits 

the most pronounced reduction of the discharge capacity, 

decreasing from approximately 62% to 56% within ten 

cycles. SPEEK shows a smaller but still noticeable reduc-

tion from about 61% to 58%. Asahi remains relatively sta-

ble, fluctuating around 55–56%. 

The coulombic efficiency data (Figure 6f) support the 

interpretation of the capacity reduction within cycles as a 

phenomenon linked to the crossover. Asahi exhibits the 

increase in the coulombic efficiency, which can be caused 

by different crossover behavior compared to Nafion. Nafi-

on itself demonstrates the lowest CE, generally remaining 

near 91%. Since coulombic efficiency is primarily affected 

by vanadium crossover and parasitic reactions, the results 

indicate that PBI provides the strongest suppression of 

species transport across the membrane. More pronounced 

differences appear in voltage efficiency (Figure 6g). Nafi-

on exhibits the highest VE, remaining close to 83%, fol-

lowed by Asahi at approximately 81–82%. PBI reaches 

only about 80.5%, while SPEEK shows the lowest values 

near 77%. These results directly reflect the tradeoff be-

tween the ionic conductivity and selectivity influencing 

indirectly the overall performance of the battery. 

Table 3 Simplified comparative advantages and disadvantages of the various membranes 

Membrane type Main advantages Main disadvantages 

Nafion-212 Outstanding voltage efficiency, the highest discharge capacity at 
current densities ≥100 mA cm- 2  

Low CE, fast capacity decline, high cost 

Asahi Moderate voltage CE and VE Low discharge capacity 

PBI The best coulombic efficiency and negligible capacity decline The lowest discharge capacity at all studied cur-
rent densities 

SPEEK The most economically attractive cost The worst voltage and energy efficiencies at all 

studied current densities  
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If we consider the results of a practical comparison of 

the performance of membranes in VRFB in conditions 

close to real ones, it would be pragmatic not to single out 

the winner, but to consider in which cases cheaper com-

petitors would be preferable to Nafion. The results of both 

the power tests and the efficiency indicators for cycling at 

120 mA cm-2 emphasize a rather inconvenient conclusion: 

Nafion-212 consistently demonstrates superior discharge 

capacity and voltage efficiency. However, these ad-

vantages were accompanied by lower coulombic efficien-

cy, faster capacity decay, and a significantly higher cost. If 

the system is expected to operate with high density, but 

the cost factor of the system is still critical, then Asahi 

membranes are a promising alternative. If, instead, the 

priority shifts towards minimizing crossover and main-

taining efficiency over long cycles at moderate loads, PBI 

becomes an attractive alternative, despite the limitations 

on electrical conductivity. PBI showed the highest cou-

lombic efficiency and the most stable cycling behavior, 

indicating effective suppression of vanadium crossover, 

although this was achieved at the expense of the lowest 

accessible capacity. In addition, PBI membranes are also 

economically attractive, their cost in the range of 200 to 

500 $·m-2 [36] is still significantly lower than 500 - 1000 

$ per square meter Nafion-212 [37]. As stated in the Table 

3, SPEEK represents the most economically attractive 

which can cost up to $ 10·m-2 [38]. It demonstrates rea-

sonable capacity utilization, yet its higher polarization 

losses resulted in the lowest voltage and energy efficien-

cies among the tested membranes which significantly lim-

its its applicability in demanding conditions. 

4. Limitations 

The major difficulty with electrochemical tests was pre-

venting the negative electrolyte from oxidizing due to oxy-

gen in the air. Such a phenomena leads to the following 

reaction: 

4V²⁺ + O2 + 4H+ → 2H2O + 4V³⁺      (10) 

This process causes the reduction of voltage efficiency 

determined by the concentration polarization and capacity 

fade due to the lack of V²⁺ active species. Thus, to prevent 

the oxidative effect, the nitrogen was continuously purged 

through the negolyte, maintaining the inert media and 

absence of oxygen. 

It should be noted that the adopted scaling approach 

primarily preserves local electrochemical and mass-

transfer conditions. Certain stack-level phenomena, in-

cluding shunt currents, manifold pressure losses, flow 

maldistribution between cells, hydraulic balancing, and 

large-scale residence-time distributions, are inherently 

dependent on stack architecture and cannot be fully re-

produced in a single-cell configuration. Consequently, the 

laboratory experiments provide representative infor-

mation regarding the behavior of individual cells operat-

ing under realistic conditions, while system-level effects 

should be evaluated separately when extrapolating the 

results to industrial-scale installations. 

Also, the cycling experiments were conducted over a 

finite period allowing only 10 cycles of continuous charge 

and discharge maintaining the electrolyte volume equal to 

the one utilized for the tests with different current densi-

ties. Therefore, cycling does not fully represent the long-

term degradation behavior expected during industrial op-

eration over several years as far as the duration of charge 

and discharge could be manipulated by reduction of the 

electrolyte amount in comparison to the membrane area of 

the cells. Furthermore, although the ten-cycle experiment 

lasted several days, such an exposure period is insufficient 

to induce substantial chemical or morphological degrada-

tion of the membrane materials. Consequently, structural 

changes occurring during the test are expected to remain 

below the detection limits of conventional post-mortem 

characterization techniques such as SEM or FTIR spectros-

copy. By that fact a stress-testing methodology being in-

variant to the amount of the electrolyte and charge-

discharge cycle duration should be proposed. However, the 

development of such a universal and informative method-

ology stands outside the scope of the present study and 

considered as a topic for the future investigations. 

5. Conclusions 

This study provides a directly comparable electrochemical 

evaluation of Nafion-212, Asahi, SPEEK, and PBI under 

near-practical VRFB conditions, revealing nuanced per-

formance trade-offs that resist simple ranking. 

In cycling performance, the efficiency picture is more 

differentiated. Coulombic efficiency increases with current 

density for all membranes, consistent with reduced rela-

tive crossover at shorter cycle times. PBI leads at every 

tested condition — from 87.3% at 60 mA cm⁻² to 93.3% at 

120 mA cm⁻² — while SPEEK and Nafion-212 track closely 

below it. Asahi records the lowest Coulombic efficiency 

throughout, reaching 92.1% at 120 mA cm⁻². Voltage effi-

ciency follows the inverse trend, declining with current 

density for all membranes. Here, the PFSA membranes 

hold a consistent advantage: at 60 mA cm⁻², Nafion-212 

(88.0%), Asahi (88.2%), and PBI (88.3%) are essentially 

indistinguishable, while SPEEK already lags at 85.4%. 

This gap widens considerably at 120 mA cm⁻², where 

SPEEK records 73.9% against 78.9%, 78.3%, and 76.9% 

for Nafion-212, Asahi, and PBI respectively. 

These competing effects converge in energy efficiency, 

where the outcome is current-density-dependent. At 60 

mA cm⁻², PBI achieves the highest energy efficiency 

(77.1%), marginally ahead of Nafion-212 (76.7%), as its 

Coulombic advantage outweighs its voltage penalty at low 

loads. At 80 and 100 mA cm⁻², Nafion-212 and PBI remain 

tightly matched (75.3% vs. 75.8% and 74.2% vs. 74.2%), 

while Asahi follows within 1 percentage point. At 120 mA 

cm⁻², Nafion-212 pulls ahead (72.6%), with Asahi at 
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72.1% and PBI falling to 71.8% as voltage losses intensify. 

SPEEK trails at every current density, reaching only 

68.6% at 120 mA cm⁻². 

In practice, choosing a membrane boils down to decid-

ing which limitation is easier to tolerate: energy losses 

due to the nature of in-cycle crossover, low Voltage effi-

ciency or reduced Coulombic one. Asahi represents the 

most pragmatic choice for high-load applications given its 

near-Nafion efficiency and ~50% lower cost. PBI is pref-

erable at moderate loads or where minimizing crossover 

over long cycle life is paramount. SPEEK, despite being the 

most affordable option, is not competitive at demanding 

conditions without further structural optimization. 
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