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Vanadium Redox Flow Batteries 
Sandip Maurya1*, Sergio Diaz Abad1, Eun Joo Park1, Kannan Ramaiyan1,#, Yu Seung Kim1, Benjamin L 
Davis1, Rangachary Mukundan1* 
1MPA-11: Materials Physics Applications, Los Alamos National Laboratory, Los Alamos, NM, 87545, 
USA 
#Current affiliation: Advanced Materials Lab, Department of Chemical & Biological Engineering, 
University of New Mexico, Albuquerque, 87131, USA 

 
Abstract: 
Vanadium redox flow batteries (VRFBs) use ion-selective membranes for transporting ionic species while 
separating the positive and negative electrolytes. In this paper, we report phosphoric acid doped 
polybenzimidazole (PBI) membranes that yield high ionic selectivity and conductivity in VRFBs. The 
phosphoric acid pre-treatment swells the PBI matrix irreversibly and increases its sulfuric acid doping in              
VRFB electrolytes. The pre-treated membranes show comparable area resistance with Nafion-212 with 

better selectivity towards vanadium ions. A low resistance was obtained with a reduced membrane 
thickness, which can reduce the overall cost of materials. The VRFB using an optimized phosphoric acid 
pre-treated PBI membrane demonstrates coulombic, voltage, and energy efficiencies of 99.7, 90.3, and 
90.0%, respectively, at 40 mA cm-2 while achieving ~40% higher discharge capacity compared to Nafion-
212. Furthermore, the VRFB cell shows excellent cycling stability, i.e., only 6.8% or 0.068% per cycle 
capacity decay for 100 cycles while maintaining coulombic efficiency at >99.9% (98.5% coulombic 
efficiency for Nafion-212 with a capacity decay of 0.42% per cycle) proving the effectiveness of pre-

treatment of phosphoric acid on PBI membranes.  
 
 
* Corresponding authors: smaurya@lanl.gov, mukundan@lanl.gov   
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1. Introduction: 

A redox flow battery is fundamentally like fuel cells, utilizing aqueous anolyte solution 

instead of hydrogen or alcohols as fuels, and catholyte solution instead of oxygen or air as an 

oxidant [1]. In the case of Vanadium redox flow batteries (VRFBs), the electrolyte solution 

containing different valences of vanadium in the anolyte and catholyte is separated by a membrane. 

Due to their independent power output and energy capacity, VRFBs are easily scalable and 

therefore suitable for large-scale energy storage applications. Perfluorosulfonic acid (PFSA) 

membranes such as Nafion have been the membrane of choice for state-of-the-art VRFB systems 

due to their high ionic conductivity and stability in extremely oxidative electrolyte solutions. 

However, due to the poor selectivity towards vanadium ions that results in rapid capacity loss and 

thus low energy efficiency, VRFBs with PFSA membranes need frequent electrolyte balancing; 

for instance, a Nafion membrane loses about 60% of capacity within 100 cycles [2]. In addition, 

the high cost of PFSA membranes further motivates researchers to replace them with more cost-

effective hydrocarbon membranes; even when mass produced Nafion membranes would cost at 

least $500/m2 vs. $20/m2 for hydrocarbon membranes [3-5].  

Several groups have synthesized sulfonated hydrocarbon-based cation exchange 

membranes, including poly(phthalazinone ether sulfone ketone) [6], poly(ether ether ketone) [7], 

poly(fluorenyl ether ketone) [8], poly(arylene thioether) [9] and composites of Nafion [10] for 

VRFBs. Although good performance was observed in VRFBs, they showed poor selectivity for 

vanadium ions over protons and suffered from crossover due to the cationic nature of sulfonic acid. 

Recently, the use of anion exchange membranes is gaining popularity since the positive charge 

fixed in the membrane repels the positively charged vanadium ions and subsequently suppresses 

their crossover [11, 12]. As a result, high energy efficiencies along with a longer duration between 

electrolyte rebalancing can be achieved. However, the chemical stability of the quaternized 

hydrocarbon membranes is questionable in strong oxidative solutions of VO2+ present in VRFBs. 

In particular, aryl-ether linkages in widely used polyphenylene oxide and quaternary ammonium 

groups of anion exchange membrane are prone to oxidative attack, which causes molecular weight 

decrease and loss of cationic functional groups of the polymers [13-15]. As a result, the membranes 

lose their mechanical and electrochemical properties, leading to higher resistance and crossover in 

VRFBs [16].  

Recent works have shown that polybenzimidazole (PBI) may be a suitable membrane for 

VRFBs. PBI has features that make it a promising alternative to Nafion, such as excellent chemical 
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and mechanical properties, and low-cost [17, 18]. PBI is a basic polymer that can strongly interact 

with acids through hydrogen bonding to become proton conductive [19]. In addition, PBI does not 

contain any oxidation-prone linkages in its polymer backbone that makes it survive under highly 

oxidative conditions and retain 90% of its weight over a period of 7 days in the Fenton solution 

[20]. PBI membranes were first used in VRFBs by Zhou et al., demonstrating excellent properties, 

including low VO2+ crossover and high coulombic efficiency of nearly 100% [21]. However, the 

conductivity of PBI is lower compared with that of Nafion, leading to low voltage and energy 

efficiencies at higher current densities. To increase the ionic conductivity of PBI, some studies 

have reported modification of the PBI backbone to enhance its intrinsic conductivity or increase 

the free volume of the membrane to reach higher acid doping levels [22-25]. Apart from backbone 

modifications, researchers have also focused on membrane fabrication methods, such as blending 

PBI with polymers with higher ionic conductivity [26-28], preparing composite membranes where 

PBI acts as a matrix blocking the crossover of vanadium ions [29-31], or porous PBI membranes 

where pores are filled with the electrolyte providing high conductivity [32-34]. A simple method 

to increase sulfuric acid doping level was reported by Peng et al., [35] where the PBI membrane 

was pre-treated with phosphoric acid before being assembled into the VRFB cell. A pre-treatment 

step was performed by immersing the PBI membrane into 85 wt% phosphoric acids, followed by 

immersion in 3 M sulfuric acid. The pre-treatment with phosphoric acid increased the free volume 

of the PBI membrane, which resulted in higher sulfuric acid uptake and higher conductivity while 

maintaining low permeability. However, the swelling of the pre-treated membrane was excessive, 

and as a result, the long-term cycling showed poor performance with a 20% capacity loss in the 

first 20 cycles at 50 mA cm-2.  

In this study, we applied a pre-treatment strategy whereupon PBI is doped with phosphoric 

acid to tailor the membrane properties for better VRFB performance. To study the effects of 

phosphoric acid doping, we used three different concentrations (5, 10 and 15 M) for doping of the 

PBI membranes. In addition, membranes two different thicknesses (25 and 65 µm) were pre-

treated with phosphoric acids to optimize conductivity and crossover in VRFBs. Subsequently, we 

characterized the PBI membranes for their physicochemical properties, vanadium crossover and 

VRFB performance and compared them with the commercially available Nafion-212 membrane.  

2. Experimental: 

 

2.1 Materials 
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The Celazole® PBI polymer was obtained in the form of membrane from PBI Performance 

Products, Inc., USA. The vanadium (IV) oxide sulfate hydrate (97%), sulfuric acid solution (2.5 

M), phosphoric acid (85 wt%), magnesium sulfate (98%) and N,N-dimethylacetamide (DMAc, 

anhydrous) were purchased from Sigma-Aldrich. The acids were diluted using deionized water 

obtained from Millipore® deionized water purification system producing water at 18.2 MΩ·cm. 

All the chemicals were of analytical grade and used without further purification.  

 

2.2 Preparation of phosphoric acid doped PBI membranes 

A calculated amount of the PBI polymer (8 wt%) was dissolved in DMAc at 80 °C to make 

a homogeneous solution. The polymer solution was cast on a glass plate using a doctor blade 

followed by drying of solvent in a conventional oven at 80 °C for 6 h. The thin film was peeled 

from the glass plate and its thickness was recorded. The membranes with dry thicknesses of 25 ± 

3 were casted in the lab. The membranes with thickness of 65 ± 4 µm were purchased from PBI 

Performance Products, Inc. and used as received.  

Membranes with fixed size (8 cm ´ 8 cm) were doped with phosphoric acid (5, 10 and 15 

M) for 72 h at room temperature to prepare phosphoric acid doped PBI membranes. The doped 

membranes were wiped with filter paper to remove excess phosphoric acid from the surface prior 

to swelling and thickness measurements. Then, phosphoric acid doped membranes were immersed 

in 2.5 M sulfuric acid to exchange the phosphoric acid with sulfuric acid. After wiping excess 

sulfuric acid from the surface, thickness, swelling ratio and sulfuric acid uptake were measured 

before using as a separator in VRFBs. The membranes were denoted as P/x/y where P is PBI, x is 

the base membrane thickness in µm, and y is the phosphoric acid concentration at which 

membranes were treated. For example, P/65/5 stands for the PBI membrane with 65 µm thickness 

treated with 5 M phosphoric acid. 

 

2.3 Membrane physical characterizations  

Elemental composition of fresh and phosphoric acid doped membranes was measured 

using Energy Dispersive X-Ray Spectroscopy (EDS) attached to the Scanning Electron 

Microscope (FEI Quanta 45 SEM) with an accelerating voltage of 5 kV. Membrane samples were 

prepared by doping with phosphoric acid and sulfuric acid exchange as mentioned in section 2.2. 

Samples for EDS were prepared by freeze-fracturing using liquid nitrogen, and EDS mapping was 

performed on membrane cross-sections without gold or platinum sputtering.  
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The swelling ratio of the membranes was measured by a linear expansion of dry and wet 

thickness of membrane samples before and after immersing in 2.5 M sulfuric acid or 85% 

phosphoric acid. The calculation was based on the following equation:  

Swelling ratio (%) = [(lwet – ldry) / ldry] × 100%     

where ldry and lwet are the length of diameter of dry and wet samples, respectively.  

 

The acid uptake of PBI membranes was measured using 2.5 M sulfuric acid solution and it 

was calculated based on the following equation: 

H2SO4 uptake (%) = [(Wwet – Wdry) / Wdry] × 100% 

where Wdry and Wwet are the Weight of dry and wet samples, respectively.  

The proton conductivity of membranes were calculated from the high frequency resistance 

obtained from the single cell VRFB using below equation: 

Proton conductivity (mS cm-1)  = "	(%&)
(	(Ω	%&*)

 x 1000 

where l and R are the thickness and membrane resistance, respectively.  

 
 

2.4 Vanadium ion permeability 

The vanadium ion permeability test was conducted in a diffusion cell at room temperature. 

The cell consists of two chambers of 20 ml volume, and the area of membrane was 1.5 cm2. One 

compartment was filled with 1 M VOSO4 in 2.5 M H2SO4 solution, and the other compartment 

was filled with 1 M MgSO4 in 2.5 M H2SO4 solution. MgSO4 was used to balance the osmotic 

pressure generated by VOSO4. The migration of vanadium ions was analyzed by UV-VIS 

spectroscopy by scanning at 765 nm. The vanadium ion permeability coefficient was calculated 

using the below equation: 

𝑉 ,-.(/)
,/

= 𝐴 1
2
(𝐶4 − 𝐶6(𝑡))     

where V is the solution volume in each chamber, A is effective membrane area, P is permeability, 

L is thickness of membrane, CA is vanadium ion concentration in VOSO4 chamber, CB(t) is the 

vanadium ion concentration in MgSO4 chamber at time t, and  ,8.(/)
,/

 is the change in vanadium 

concentration in MgSO4 chamber as a function of time. 
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2.5 Performance evaluation in VRFB 

The single VRFB cell was assembled as reported elsewhere [36]. The phosphoric acid pre-

treated membrane (7.62 x 7.62 cm2, effective membrane area of 25 cm2) was sandwiched between 

thermally treated graphite felt electrodes (5 x 5 cm2, SGL carbon GFD 4.6EA, 500 oC, 5 h). The 

membrane electrode assembly was further placed between two impervious bipolar plates with 1.75 

mm deep square trench (5 x 5 cm2, densified and resin-filled graphite plates, graphitestore Inc.). 

The gold-plated copper current collectors were placed on both sides of the bipolar plates, and end 

plates were used to finish cell assembly. The VRFB test was started with 120 mL and 60 mL of 

1.0 M VOSO4 in 2.5 M H2SO4 electrolyte in the positive (catholyte) and negative (anolyte) 

reservoirs, respectively. The electrolyte flowrate was 40 mL min-1 and the VRFB was charged at 

a constant voltage of 1.8 V until current reached 50 mA; after that 60 mL of catholyte was removed. 

The polarization curves were measured using the DC electronic load box (Keysight 3300 series 

equipped with EIS capability) from open circuit voltage (~100% state of the charge (SOC)) to 0.2 

V with 0.1 V step for 5 seconds. The state of the charge (SOC) was determined from the open 

circuit voltage (OCV) of the cell. The VRFB cycling tests were carried out between 40 – 200 mA 

cm-2 with an interval of 40 mA cm-2 and a total of 5 cycles were carried out for each current density. 

The single cell was charged/discharged between 1.8 and 0.8 V using a battery cycler (Scribner 

flow battery station). Argon was constantly purged to remove atmospheric oxygen from the 

electrolyte reservoir. The coulombic efficiency (CE), voltage efficiency (VE) and energy 

efficiency (EE) were calculated using the below equations: 

𝐶𝐸 =
∫ 𝐼,<=%>?@AB dt
∫ 𝐼%>?@AB dt

	× 	100% 

𝐸𝐸 =
∫I𝑉,<=%>?@AB	× 	𝐼,<=%>?@ABJ dt
∫I𝑉%>?@AB	× 	𝐼%>?@ABJ dt

	× 	100% 

𝑉𝐸 =
𝐸𝐸
𝐶𝐸 	× 	100% 

		       

where I is current, V is voltage and t is time during the charge-discharge cycling. 

 

3. Results and Discussions: 

 

3.1 VRFB performance using untreated PBI membrane 
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The performance of the untreated PBI membranes was assessed as a function of membrane 

thickness. The charge/discharge curves of the flow cell assembled with two different thicknesses 

of PBI membranes (25 and 65 µm) are shown in Fig. S1 (supporting information). As expected, 

the overpotential increases with the increase in membrane thickness, for instance, P/65/0 displays 

a higher voltage gap of 102 mV at 40 mA cm-2 and 344 mV at 80 mA cm-2 when compared with 

charge/discharge curves of P/25/0. The P/25/0 membrane shows lower overpotential due to its low 

resistance, which results in higher VE and EE. The CE, VE, and EE at 40 mA cm-2 are 99.8%, 

84.3%, 84.2% and 99.3%, 67.7%, 67.2% for P/25/0 and P/65/0, respectively. The EE of P/25/0 

and P/65/0 at different current densities are presented in Table S1 (supporting information). It is 

worth noting that the low resistance allows for the operation of the P/25/0 membrane at a higher 

current density, on the other hand, the current density is limited to 80 mA cm-2 for the P/65/0 

membrane. Moreover, CE over 99% indicates the extremely low crossover of vanadium ions 

through the PBI membranes without any treatment owing to positively charged benzimidazolium 

groups in acidic electrolytes [21]. 

Polarization measurements can attribute voltage losses to either activation loss, iR (ohmic) 

loss, or concentration or mass-transport limitation. As shown in Fig. 1, P/25/0 and P/65/0 produce 

peak power densities of 0.34 and 0.10 W cm-2, respectively. The low peak power densities for 

P/65/0 emphasize the significance of ohmic losses associated with higher membrane thickness. 

For instance, the cell voltages at 0.238 A cm-2 were 0.213 V and 0.890 V, respectively, for P/25/0 

and P/65/0 membranes. These results are in good agreement with the charge/discharge cycling test 

where the P/65/0 membrane could only be cycled up to 80 mA cm-2 due to higher membrane 

resistance, and as a result, the VRFB cell reaches the cut-off voltage limit quickly (Table S1, 

supporting information). The iR-free current-voltage (IV) curves in Fig. 1 also indicate that voltage 

losses are predominantly due to the ohmic overpotential associated with the membrane resistance. 

The P/25/0 membrane with lower resistance (0.91 Ω cm2 vs. 3.77 Ω cm2 of P/65/0) was 

charged/discharged at higher current densities without hitting cut-off voltage limits, eventually 

extending charge/discharge time as a result charge/discharge capacity. Therefore, P/25/0 achieves 

a higher charge/discharge capacity of 9.57/9.56 Ah L-1 at 80 mA cm-2 whereas P/65/0 only 

achieved 3.69/3.65 Ah L-1 – about 60% less discharge capacity.  
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Figure 1. Polarization curves of the VRFBs assembled with the untreated P/25/0 and P/65/0 

membranes (flow rate: 60 mL min-1). 

 

3.2 Properties of phosphoric acid pre-treated PBI membranes 

In this study, all PBI membranes were immersed in phosphoric acid solutions for 72 h. The 

thickness and swelling ratio in phosphoric acid solutions, and after exchanging phosphoric acid 

with sulfuric acid, to mimic the VRFB electrolyte condition, were measured. Acidic electrolytes, 

including phosphoric acid (pKa1 = 2.16), will react with the Lewis base imidazole sites in PBI (pKa 

= 5.5) [37]. The resulting benzimidazolium cations allow the modified PBI membrane to be 

selective toward anions, which is a desirable quality for VRFBs. The PBI membrane can achieve 

acid doping levels as high as 7.2 phosphoric acids per benzimidazole within 72 h at ambient 

conditions, where 95% of it was achieved within the first 24 h [35]. Whereas, the concentrated 
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sulfuric acid solutions provide the doping level of 2 for PBI, i.e., two acid molecules per repeating 

unit or benzimidazole group vs. 7.2 with phosphoric acid [35]. The higher doping level in 

phosphoric acid treated PBI is attributed to extended hydrogen bond forming ability of phosphoric 

acid that induces higher swelling in PBI matrix (Fig. 2). Immersion of phosphoric acid pre-treated 

PBI membranes in sulfuric acid not only changes its transport properties but also induces a 

permanent swelling resulting in higher acid uptake. 

 

Table 1. Physical properties of Nafion-212 and acid doped PBI membranes. 

 

a not treated with phosphoric acid, b not measurable 

 

Table 1 presents the physical properties of acid-doped PBI membranes. PBI membranes 

are known to swell anisotropically in-plane and thickness directions due to the specific orientations 

of PBI chains [35]. The as-received PBI membrane with 65 µm thickness swells to 78, 91, and 103 

µm when immersed in 0 (only immersed in 2.5 M sulfuric acid), 5, 10, and 15 M (85 wt%) 

phosphoric acid, respectively. The membrane thickness was reduced to 70, 71, 85, and 93 µm after 

immersing in 2.5 M sulfuric acid for 24 hours which gave a swelling ratio of 9.1, 14.5, 36.4, and 

50.9 for P/65/0, P/65/5, P/65/10 and P/65/15 membranes, respectively. The phosphoric acid 

treatment at a higher concentration significantly increased the membrane swelling after phosphoric 

acid was replaced with sulfuric acid indicating a higher free volume. Therefore, the cross-section 

of PBI membranes was examined to visualize any effects of phosphoric acid treatment on 

membrane morphology (Fig. S2a, supporting information). It is evident from the cross-sections of 

P/65/0, P/65/5, P/65/10, and P/65/15 that the phosphoric acid treatment increases the membrane 

thickness, but no porosity formation was observed. Moreover, EDS mapping shows a quick 

replacement of phosphoric acid by sulfuric acid due to the absence of a phosphorous peak in the 

elemental map (Fig. S2b, supporting information). 

Membrane 
Thickness, µm Swelling ratio, % H2SO4  

uptake,  
% 

VO2+ 

Permeability, 
10-7 cm2 min-1 

Proton 
Conductivity, 

mS cm-1 
H3PO4 H2SO4 H3PO4 H2SO4 

P/65/0 -a 70 -a 9.1 56.4 0b 1.6 
P/65/5 78 71 23.6 14.5 66.7 0b 1.8 
P/65/10 91 85 47.3 36.4 82.1 5.8 3.3 
P/65/15 103 93 67.3 50.9 142.3 60.3 17.3 

Nafion-212 -a 58 -a 9.8 8.7 64.2 12.0 
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Figure 2. The pre-treatment strategy for the PBI membrane. 

 

The sulfuric acid doping level and uptake do not change when sulfuric acid concentration 

is increased [38]. Therefore, our pre-treatment of PBI membranes with phosphoric acid followed 

by sulfuric acid is particularly advantageous as it can increase the sulfuric acid uptake ~ 2.5 times 

(Table 1). The VO2+ permeability of acid-doped PBI and Nafion-212 membranes are presented in 

Table 1. The P/65/0 and P/65/5 membranes did not show any measurable crossover after 7 days 

(~170 h), which is also consistent with the literature [39]. The P/65/10, P/65/15, and Nafion-212 

membranes show vanadium permeability of 5.8 ´ 10-7, 60.3 ´ 10-7, and 64.2 ´ 10-7 cm2 min-1, 

respectively. The vanadium permeability of the Nafion-212 membrane is in good agreement with 

the values reported in the literature i.e. 41 ´ 10-7 by Wang et al. [40]. In general, ion-selective 

membranes have non-diffusible fixed ionic groups (either anionic or cationic), which repel like 

charges, restricting diffusion through the membrane. This electrostatic repulsion results in ion 

selectivity for membranes, which is known as the Donnan effect [41]. A clear improvement is 

observed in conductivity with the phosphoric acid pre-treatment as it increases the conductivity of 
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PBI membranes from 1.6 mS cm-1 to 17.3 mS cm-1. The increase in the conductivity could be 

attributed to the higher sulfuric acid uptake. It should also be noted that the higher sulfuric acid 

uptake due to the larger free volume improves the membrane conductivity at the expense of 

selectivity, evident from the permeability, due to the weaker Donnan effect. 

 

3.3 VRFB performance using phosphoric acid pre-treated PBI membrane  

To investigate the effect of phosphoric acid treated PBI membranes on the VRFB 

performance, the discharge polarization curves of P/65/15 and Nafion-212 are shown in Fig. 3. 

The high-frequency resistance (HFR) is 0.54 and 0.48 Ω cm2 for P/65/15 and Nafion-212, 

respectively. The peak power densities of P/65/15 and Nafion-212 are 0.57 W cm-2 (0.81 V) and 

0.58 W cm-2 (0.67 V), respectively, at ~100% SOC and 60 mL min-1. The discharge polarization 

curves are significantly different in the mass transport region (at high current density) where 

Nafion-212 shows lower polarization losses than P/65/15 membrane. The P/65/15 membrane 

could only achieve lower discharge capacity 6.1 Ah L-1 (whereas Nafion-212 achieved discharge 

capacity of 8.1 Ah L-1). Therefore, during the polarization curve measurement the cell using 

P/65/15 membrane was quickly starved of the charged electrolyte and hence showed mass 

transport limitation at higher current density. The polarization curve for P/65/10 membrane shows 

no mass transport losses as it is dominated by ohmic losses due to lower conductivity than P/65/15 

(Fig. S3, supporting information). The polarization curves of phosphoric acid pre-treated PBI 

membrane show comparable peak power density in VRFBs, suggesting that PBI membranes could 

be a less expensive alternative for VRFBs.  
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Figure 3. Polarization curves of the VRFBs assembled with P/65/15 and Nafion-212 membranes 

(flow rate: 60 mL min-1). 

We tested the pre-treated PBI membranes in a single cell at current densities from 40 to 

200 mA cm-2 to compare VRFB performance with the Nafion-212 membrane. As shown in Fig. 

4a, P/65/15 shows poor CE when compared with P/65/5, P/65/10, and other undoped PBI 

membranes reported in the literature [22, 42]. It is attributed to the high swelling ratio of P/65/15, 

which results in high permeability for VO2+ ions. Though higher free volume due to swelling 

improves the overall conductivity of P/65/15, the EE values are lower than the Nafion-212 

membrane at low current densities (70.2% vs 86.3% at 40 mA cm-2) due to excessive vanadium 

crossover during the charge/discharge cycles. For all membranes, an increase in cycling current 

density increases the CE due to shorter cycling times, which reduces the time for vanadium ions 

to crossover during each cycle. P/65/5 shows the highest possible CE of ~ 100% at 40 and 80 mA 

cm-2. P/65/5 cannot be cycled at higher current densities due to the higher membrane resistance, 
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which is evidenced by the low VE at 80 mA cm-2 (59%). The P/65/10 membrane shows the most 

promising VRFB performance, as free volume expansion by the pre-treatment step allowed a 

considerable proton conductivity increase. P/65/10 membrane performs better than the commercial 

Nafion-212 membrane, demonstrated by a superior EE of ca. 87.5% compared with 86% of 

Nafion-212 at 40 mA cm-2. P/65/10 membrane also shows discharge capacities of  ̴ 23% and  ̴ 17% 

higher than the Nafion-212 membrane at 40 and 80 mA cm-2, respectively. It should also be noted 

that Nafion-212 outperforms PBI membranes at high current densities in terms of not only 

efficiencies but also discharge capacities. It is attributed to the fact that both Nafion-212 and PBI 

membranes conduct protons differently, Nafion-212 contains well-formed ionic nanochannels for 

proton conduction, while the proton conduction mechanism is less known for PBI membranes in 

an aqueous environment. For instance, the VE for Nafion-212 was 16% lower at 200 mA cm-2 

compared to 40 mA cm-2, whereas it was 40% lower for P/65/10 membrane. Therefore, it is evident 

that optimization with the PBI membrane is necessary to further improve the VRFB performance. 
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Figure 4. Average VRFB energy efficiencies and discharge capacities at different current densities 

for Nafion-212 and pre-treated PBI membranes (Flow rate: 40 mL min-1).  
 

For the P/65/y membranes, we found that the optimum phosphoric acid concentration for 

the pre-treatment step is 10 M, creating sufficient free volume to be filled with the acid electrolyte 

but not too high to allow large vanadium crossover. Far superior performance was obtained for the 

thinner PBI membranes due to the lower resistance, as shown in Fig. 1. Therefore, to optimize the 

PBI membranes for VRFB, pre-treatment was carried out on PBI membranes with a base thickness 

of 25 µm. The P/65/15 and P/25/15 membranes exhibited very high vanadium crossover, owing to 

the large swelling, which makes them unsuitable for VRFB operations. The physical properties of 

P/25/y membranes are presented in Table S2. As shown in Fig. 5, P/25/5 and P/25/10 membranes 

show CE > 99% at all current densities, indicating the effectiveness of phosphoric acid pre-

treatment on thinner membranes. Nevertheless, the VE of the Nafion-212 membrane is still high, 

but P/25/y membranes showed comparable VE at lower current densities. P/25/y membranes show 

higher EE at a lower current density than that of the Nafion-212, and the trend starts to reverse at 

current densities higher than 80 mA cm-2. For instance, EE of the P/25/5, P/25/10, and Nafion-212 

membranes were measured to be 90.1, 89.1, and 86.3% at 40 mA cm-2, 77.6, 78.2, and 80.4% at 

120 mA cm-2, and 68.1, 70.7, and 74.1 at 200 mA cm-2, respectively. The VRFB efficiencies do 

not always display the full picture as the crucial parameter “discharge capacity” is often kept 

hidden from plain sight in literature. For example, the P/25/5 membrane shows EE of 68.1% (vs. 

74.1% of Nafion-212) at 200 mA cm-2 but still shows remarkably ~40% and 18% higher discharge 

capacity than that of the Nafion-212 at 40 and 200 mA cm-2, respectively. The VRFB performance 

of P/25/y membranes were also compared to thinner Nafion-211 membrane where P/25/y 

membrane shows equivalent energy efficiency at lower current densities such as 40 mA cm-2, 

however, it is obvious and also reported in literature that thinner Nafion-211 membrane loses its 

capacity much faster than its thicker counterparts due to excessive vanadium crossover [43]. The 

discharge capacity should increase with increasing current density due to the lesser time available 

for vanadium crossover. This is true for the Nafion-211 and P/65/15 case. However, the higher 

resistance of the thicker membrane will also result in a decrease in discharge capacity due to ohmic 

losses. This is the case for Nafion-117 as shown in Fig. S4 and all other pre-treated PBI 

membranes. In Nafion-212 case, these two factors are roughly balanced to yield an almost constant 

discharge capacity with varying current during our VRFB testing. These results indicate that the 
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performance of VRFB utilizing PBI membranes is superior to that of Nafion-212 membranes, with 

PBI membranes performing better than Nafion-212 at low current densities and exhibiting higher 

discharge capacities at all current densities.  

 

 
Figure 5. Average efficiencies and discharge capacities obtained in the VRFB at different current 
densities for P/25/0, P/25/5, P/25/10, P/25/15, Nafion-211, and Nafion-212 membranes (flow rate: 
40 mL min-1). 

The long-term cycling performance of P/65/15, P/65/10, P/25/5, and Nafion-212 

membranes at 80 mA cm-2 are shown in Fig. 6. The lower CE of P/65/15 and Nafion-212 are due 

to their higher vanadium ion permeability. In first few cycles, Nafion-212 membranes show lower 

coulombic efficiencies which gradually increased to 97.2%. This behavior is consistent with the 

literatures and attributed to the higher vanadium crossover rates in first few cycles [43, 44]. The 

low vanadium ion permeability can effectively prevent crossover/self-discharge, thus resulting in 

higher CE and reducing the need for frequent electrolyte rebalancing of VRFBs. The membranes 
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treated with lower concentrations of phosphoric acids do not swell the PBI matrix excessively, but 

clearly improve the electrochemical properties of membranes. The CE >99% for P/65/10 and 

P/25/5 over 100 cycles also indicates the chemical stability of the pre-treated PBI membranes in 

VRFBs.  

 
Figure 6. Coulombic efficiencies and discharge capacity decay of VRFBs assembled with Nafion-
212, P/65/15, P/65/10 and P/25/5 membranes at 80 mA cm-2. 

 

The capacity decay rates of the P/65/15, P/65/10, P/25/5, and Nafion-212 membranes are 

shown in Fig. 6b. The P/65/15 membrane showed the highest capacity decay rate of 82% after 100 

cycles due to the significantly high vanadium crossover. This result is in line with Peng et al., [35] 

who carried out the pre-treatment strategy with 85 wt% phosphoric acids (=15 M) and reported a 

20% capacity loss in merely 20 cycles. The Nafion-212 showed the second worst capacity decay 

rate of 42.1% in merely 100 cycles, whereas P/65/10 and P/25/5 showed significantly lower 

capacity decay rates of 1.5 and 6.8%, respectively. Though, volume change and vanadium 

concentrations were not measured periodically, it was found that the cell using Nafion-212 

observed 31% increase in the volume of negative electrolyte whereas no significant volume change 

was observed with P/65/10 and P/25/5 membranes. The normalized capacity for P/65/10 rose from 

96% to 99% between 50 to 85 cycles which could be due to the difference in vanadium ions 

concentration in the cell caused by unequal crossover of different vanadium ion species [44]. 

Although it is tough to make an accurate comparison due to the different experimental conditions 

used in the literature, the capacity retention of the PBI membranes in this study is superior to those 

of the previously reported PBI membranes listed in Table 2. Our results presented in this work 
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demonstrate that the pre-treatment strategy can be optimized to enhance the properties of PBI 

membranes for VRFB applications. 

 
Table 2. Energy efficiencies and capacity retention of PBI membranes reported in literature. 

Type 
Current 

density [mA 
cm-2] 

CE [%]a EE [%]a 
Capacity 

[Ah L-1 mol 
V -1] 

Capacity 
retention 

[%] in 100 
cycles 

Reference 

Dense 

80 99.9 
99.8 

83.7 
77.3 

11.5 
9.4 

93.2 
98.5 This work 

200 99.5 89.0 8.5f 80.0 [45] 
140 99.0 86.5 9.2d 86.7 [46] 
140 99.0 88.5 10.7d 62.5 [47] 

Composite 60 99.5 82.6 9.3b 88.0 [48] 
160 99.8 71.2 7.8e 74.7 [49] 

Porous 

160 99.2 83.2 4.4e 87.5 [50] 
120 99.5 87.9 9.7c 79.0 [34] 
80 98.9 90.1 15.6a 91.0 [51] 

80 99.1 82.0 11.6a 66.7 (50 
cycles) [42] 

a Measured at 80 mA cm-2, b Measured at 60 mA cm-2, c Measured at 120 mA cm-2, d Measured at 
140 mA cm-2, e Measured at 160 mA cm-2, f Measured at 200 mA cm-2 
 

4. Conclusions: 

In this study, a series of PBI membranes were prepared with phosphoric acid pretreatment. By 

adjusting the membrane thickness and phosphoric acid concentration, the electrochemical and 

physical properties of membranes were effectively controlled. Phosphoric acid pre-treatment 

swells the PBI matrix irreversibly; as a result, treated membranes show higher acid content and 

conductivity due to their increased free volume. The swelling of the PBI matrix increases the 

interaction of sulfuric acid with alkaline imidazole substructure and forms a positive charge on the 

PBI backbone, which further strengthens the Donnan exclusion effect and effectively prevents the 

crossover of positively charged Vanadium ions. Accordingly, high CE and excellent cycling 

performance can be achieved by VRFBs using PBI membranes. For instance, the P/25/5 membrane 

shows the CE and EE of 99.7-99.95%, and 68-90%, while achieving 18-40% higher discharge 

capacity compared to Nafion-212 between 40-200 mA cm-2. Also, P/65/10, P/25/5, and Nafion-

212 show capacity retention of 98.5, 93, and 58%, respectively. It translates to an outstanding 

0.015, and 0.07% per cycle capacity decay rate for P/65/10 and P/25/5 membranes. This study not 

only provides a new strategy to fabricate highly selective and high-performance membranes based 

on PBI for VRFB at fraction of the cost of Nafion membrane but also indicates that PBI membranes 
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can be considered a promising alternative to commercial Nafion membranes for VRFB 

applications.    
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