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ABSTRACT: Broad deployment of redox flow batteries is hindered, in 
part, due to the lack of highly selective ion-exchange membranes with high 
proton conductivity. We report a post-functionalization strategy for 
polybenzimidazole copolymer (PBI-co) membranes by a reacting mixture 
of concentrated sulfuric and phosphoric acids that led to improved 
membrane selectivity while retaining high proton conductivity. Fourier-
transform infrared spectroscopy confirmed successful sulfonation and 
protonation of benzimidazole functionalities. PBI-co exhibits a very high 
room-temperature proton conductivity of 0.138 S cm−1 , as measured by 
electrochemical impedance spectroscopy. PBI-co also demonstrates 
electromigration crossover mitigation under applied current densities up 
to 500 mA cm−2 , and voltage pulses up to 1.4 V, while also inhibiting 
diffusion-driven vanadium crossover for over 20 days. Single-cell 
vanadium flow battery testing on post-functionalized PBI-co further confirms state-of-the-art battery performance with an 
∼99.5% Coulombic efficiency at 100 mA cm−2 and an area-specific resistance of ∼20 mΩ cm2 lower than Nafion-212 membrane.
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■ INTRODUCTION

The need for a global curtailment of carbon footprint has 
galvanized substantial research efforts to develop highly 
efficient renewable energy technologies, since renewable 
energy sources are intermittent, reliable, and economical and 
large-scale energy storage systems are needed for grid 
stabilization.1−4 Redox flow batteries (RFBs) remain a viable
option owing to their independent scalability of energy and 
power. 5 For example, in a typical vanadium-RFB, sulfuric acid 
solutions of V2+/V3+ (anolyte) and VO2+/VO2 

+ (catholyte) are 
stored in separate electrolyte tanks and are continuously 
circulated by pumps through flow channels to the battery cell 
stack for charge and discharge. The acid-stabilized redox 
couples in each half-cell are separated from mixing by an ion-
exchange membrane. During discharge, VO2 

+ is reduced to 
VO2+ at the cathode and V2+ is oxidized to V3+ at the anode 
(Scheme 1), and battery charging reverses these redox 
reactions. The simplicity of modular architecture makes 
RFBs a promising large-scale electrochemical energy storage 
for both off-grid and grid-connected applications.3,6,7

However, significant RFB commercial deployment has been 
stymied even with the most studied RFB system, i.e., all 
vanadium-RFBs, due, in part, to capacity fade for device 
efficiency and cost.8 Ionic species cross-membrane permeation, 
commonly referred to as “crossover”, has been the cardinal fons 
et origo of Coulombic efficiency reduction in RFB devices. 

Ideal ion-exchange membranes for energy devices including 
flow batteries would allow a high transmission of only charge-
balancing ions with a strong repulsion to undesirable ionic 
species crossover. These important metrics are far from being 
satisfactorily achieved with conventional membranes. In 
addition to chemical stability and mechanical robustness, 
ion-exchange membranes must also exemplify two other 
critical properties: (1) a strong propensity for high ion 
conductivity (specifically proton conduction) with a minimal 
potential drop (ohmic loss) across the membranea metric 
that dictates power density and overall device voltage efficiency 
and (2) an impeccable ion selectivitya metric that influences 
device Coulombic efficiency. From experimental standpoints, 
these two important metrics are intertwined and pertinent for 
overall high energy efficiency and device economies of scale. 
The negative impact of crossover-related capacity fade has 
remained an arduous challenge.9 To address this challenge, 
two trajectories are worthwhile: developing a new class of ion-
exchange membrane materials that meet the above metrics or 
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improving the ion selectivity properties of conventional 
polymeric membranes. The latter strategy has garnered more 
research traction being the most convenient route to improve 
the properties of the existing and commercially available ion-
exchange membranes. 
As an example, perfluorinated sulfonic acid (PFSA) ionomer 

membrane (e.g., Nafion) is chemically and mechanically stable 
and widely used in fuel cells, electrolyzers, CO2 reduction, 
electrodialysis, and RFBs. An excellent room-temperature 
proton conductivity of about 71−85 mS cm−1 (attributed to 
its microphase-separated matrix structure) has been reported 
for Nafion, making it an attractive membrane for RFBs and 
other proton-conducting devices with low ionic resistance and 

high voltage efficiency.10 However, the high proton conduction 
of Nafion is compromised by crossover drawbacks since the 
ion-conducting pore size (1−4 nm) exceeds the Stokes radius 
of most hydrated vanadium ions (ca. 0.6 nm).11 Significant 
research efforts have been devoted toward improving PFSA 
membrane selectivity and lowering vanadium permeability. 
The structural modification of Nafion membrane with SiO2 
nanoparticles,12 organic silica-modified TiO2, 

13,14 graphene 
oxide,15,16 zirconium phosphate,17,18 polyvinylidene fluoride,19 

polypyrrole,20,21 polyaziridine,22 and multilayered polyelectro-
lyte complexes are some of the strategies employed by many 
researchers.23 While efforts have led to a decrease in vanadium 
permeability with a selectivity factor of about 2−32, they also 
decreased proton conductivity. In this context, the selectivity 
factor is the ratio of selectivity of the modified membrane to 
that of the unmodified benchmark membrane (selectivity ion 
conductivity/permeability).24 

In a search for alternatives to PFSA membranes, hydro-
carbon-based/aromatic-based polymeric membranes such as 
polysulfone,25 poly(ether-ether-ketone),26 polyimide,27,28 poly-
oxadiazole,29 and polybenzimidazole (PBI)30−33 are being 
explored for use in RFBs. PBI has gained much attention due 
to its low cost and high chemical/thermal stability.34 PBI has a 
smaller ion-conducting pore size (less than 1 nm) than PFSA 
membranes, which reduces crossover and improves Coulombic 
efficiency in PBI.35 However, PBI also faces a daunting low 
proton conduction with conductivity values reported being 
about 10−30 mS cm−1 at room temperature, leading to 
significant ohmic loss (high ionic resistance) and low power 
density.36 Zhou and co-workers reported a significant 
improvement in lowering vanadium permeability (diffusion-
driven crossover) with a selectivity factor of about 2 orders of 
magnitude using a dense PBI membrane. However, the same 
PBI membrane had very low proton conductivity (15 mS 
cm−1) relative to a benchmark Nafion membrane (50.7 mS 
cm−1), with a loss in voltage efficiency.37 Some prior studies 

Scheme 1. Basic Principle of Vanadium Redox Flow Battery 
System 

Figure 1. FTIR spectra of (a) unfunctionalized PBI-co, (b) concentrated H3PO4-functionalized PBI-co, (c) concentrated H2SO4-functionalized 
PBI-co, and (d) a mixture of concentrated H3PO4 and H2SO4-functionalized PBI-co. The insets in panels (a) and (d) are the photographs of PBI-
co before and after functionalization, respectively. 
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have also demonstrated good barrier properties of PBI such as 
the use of H3PO4 preswelling strategy to increase PBI proton 
conductivity,32 alkaline preswelling in NaOH (that increased 
PBI proton conductivity and decreased vanadium perme-
ability),33 and sulfonated PBI gel membrane with good proton 
conductivity and low vanadium permeability achieved through 
chemical cross-links.34 In another study showing significant 
gains in selectivity, our group recently demonstrated sandwich 
structure membranes, with single-layer graphene embedded in 
Nafion, with selectivity factors of about 4 orders of magnitude 
higher when comparing proton transmission to vanadium ion, 
with a very slight reduction in proton conductivity.38 While 
graphene was beneficial in mitigating diffusion crossover, its 
effectiveness toward electromigration (crossover mitigation 
under applied current) was limited and became less resilient, 
especially at high current densities. The effort to have an ideal 
membrane with very high proton conduction while maintain-
ing low permeability of unwanted redox-active species has been 
a tedious challenge. 
In this report, we demonstrate acid functionalization of a 

commercially available polybenzimidazole copolymer (PBI-co) 
with a mixture of concentrated H2SO4 and H3PO4 acids. This 
results in membrane properties that meet the much-desired 
room-temperature high proton conductivity while preventing 
both diffusion-driven and electromigration ion crossover. A 
room-temperature proton conductivity of ca. 0.5 mS cm−1 for 
unfunctionalized PBI-co is improved to 138 mS cm−1 through 
a stepwise acid functionalization. The obtained proton 
conductivity of PBI-co is comparable to the standard PFSA 
membranes or slightly higher. Importantly, we achieve these 
high proton conductivity values without compromising 
chemical or mechanical stability, a common trade-off for PBI 
polymers. The functionalized PBI-co further demonstrates an 
impressive electromigration vanadium crossover mitigation 
under an applied current density up to 500 mA cm−2 , blockage 
of ionic species diffusion crossover, and durable vanadium 
battery cycling stability. This remarkable ion selectivity and 
high proton transmission suggest that crossover may be 
avoided in flow batteries and other energy devices, fostering a 
new paradigm in polymeric membranes for greatly improved 
device applications. 

■ RESULTS AND DISCUSSION 

Fourier-Transform Infrared Spectroscopy (FTIR). 
Figure 1 presents FTIR spectra of all of the PBI-co samples. 
Figure 1a shows the FTIR spectrum of the unfunctionalized 
(as-received) PBI-co, Figure 1b shows the FTIR spectrum of 
H3PO4-treated PBI-co, Figure 1c shows the FTIR spectrum of 
concentrated H2SO4-treated PBI-co, and Figure 1d shows the 
FTIR spectrum of a mixture of concentrated H3PO4 and 
H2SO4-treated PBI-co. The FTIR spectra of all samples clearly 
showed characteristic bands consistent with the expected 
benzimidazole ring FTIR signatures in agreement with the 
literature. The following characteristic bands are present in all 
of the spectra: the IR band at 791 cm−1 is assigned to the C−H 
out-of-plane deformation of the benzene ring,39 the IR 
absorption band around 1100−1245 cm−1 is assigned to C− 
N stretching,40 the band at 1434 cm−1 is the absorption due to 
imidazole breathing mode,41 the band at 1467 cm−1 is the in-
plane deformation ring vibration of the imidazole ring,42 and 
the IR absorption bands in the range 1600−1630 cm−1 are 
designated to the stretching of imidazole CN/CC.40,42 

In Figure 1a, the characteristic band that highlights the 
structural impact of functionalization is the IR absorption band 
at 3390 cm−1 , which is the stretching vibration of the non-
hydrogen-bonded N−H groups (i.e., free N−H), as expected 
for the unfunctionalized benzimidazole rings.43 In Figure 1b− 
d, the shift of this band to 3115 cm−1 indicates successful 
protonation of the imidazole ring by acid treatment, i.e., a shift 
of IR absorption band at 3390 cm−1 (isolated N−H stretching 
of the imidazole) to a broad IR band at 3115 cm−1 (self-
associated N−H bonds).36,43 The broadening of the IR 
absorption bands between 2300 and 2950 cm−1 in Figure 
1b−d is attributed to the N+−H stretching mode,40 a further 
indication of protonation of nitrogen in imidazole rings. We 
believe that this protonation is caused by both H3PO4 and 
H2SO4 treatment of PBI-co in agreement with the literature. 
Of note are the more intense absorption bands in Figure 1b−d 
than in Figure 1a in the range 500−1300 cm−1 as a result of the 
anions from the acids (H2PO4 

− or SO4 
2−),43 with the most 

intense bands from Figure 1d due to the presence of anions 
from both H3PO4 and H2SO4 following the protonation step. 
The stark difference in Figure 1b (H3PO4-functionalized) 

and 1c (H2SO4-functionalized) is the appearance of an 
additional absorption band at 1040 cm−1 in Figure 1c, which 
is attributed to the symmetric stretching vibration of the 
sulfonate group (SO3 

−).42,44,45 This strongly indicates a 
successful sulfonation of benzimidazole rings. Two additional 
absorption bands are observed in Figure 1c; the bands at 2853 
and 2918 cm−1 are assigned to symmetric C−H stretching and 
asymmetric C−H stretching, respectively,41 which may arise 
due to sulfonation. Evidence of sulfonation was also observed 
in Figure 1d (1040 cm−1 ⟨SO3 

−⟩) but with a reduction in the 
intensities of the absorption bands at 2853 and 2918 cm−1. It is  
important to mention that acid functionalization of PBI-co 
with a concentrated H2SO4 alone (Figure 1c) led to membrane 
degradation and is thus not a viable option for proton 
conductivity improvement. However, its FTIR spectrum is 
valuable as a basis of comparison for successful sulfonation, 
especially when a mixture of concentrated H3PO4 and H2SO4 
is used. Interestingly, a mixture of concentrated H3PO4 and 
H2SO4 was effective to enhance high proton conductivity, with 
no observed or evidence of degradation. 
It is noteworthy that improving PBI conductivity through 

acid doping is a well-known strategy, especially in high-
temperature phosphoric acid fuel cells.36,46 Typically, as proton 
conductivity increases through acid doping, PBI mechanical 
properties deteriorate, leading to membrane degradation 
during device operation.41 However, PBI copolymer obtained 
through copolymerization of appropriate monomeric concen-
tration in the copolymer has proved viable in achieving a 
combination of more desirable propertiesproton conductiv-
ity and mechanical/chemical stability than the corresponding 
parent PBI.42,47 Zhao and co-workers demonstrated the 
synthesis of PBI copolymer with polyhedral oligosilsesquioxane 
(POSS) moieties that showed superior mechanical properties 
compared to that of the parent PBI (cf. Young’s modulus of ∼5 
GPa and a tensile strength of 85 MPa to 1.36 GPa and 70.83 
MPa; see ref 47). The exact structure of PBI copolymer (PBI-
co) (Fumapem-AM-40) investigated in this work is unavailable 
from the manufacturer, albeit it is commercially available. 
However, it has excellent mechanical properties such as its 
Young’s modulus of 4.5 GPa, tensile strength >150 MPa, 
thermal stability >500 °C, low creep, and high flexural 
strength, thus making it possible to maximize the acid 
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functionalization strategy to obtain high proton conductivity 
without compromising its chemical and mechanical stability. 
Ion-Exchange Capacity, Water/Acid Uptake, and 

Hydration Number. Table 1 presents the ion-exchange 
capacity (IEC), water uptake (φ), acid uptake (for PBI-co), 
and hydration number (λ) data of two sets of independently 
prepared mixed-acid H3PO4/H2SO4-functionalized PBI-co 
membrane and Nafion membrane, including the swelling 
ratio (thickness and length) and dimensional change. The ion-
exchange capacity obtained from acid−base titration represents 
the total functional groups (active sites) in a membrane, and it 
is an important metric for ion conductivity. For PBI-co, the 
sulfonic acid groups in acid-functionalized PBI-co are 
responsible for the obtained IEC. The IEC values for both 
Nafion and PBI-co membranes are highly reproducible, and 
the value obtained for Nafion is in good agreement with 
reported data.48 The PBI-co IEC values are somewhat higher 
compared to Nafion, which may indicate more available sites 
for ion conductivity as a result of acid functionalization and the 
ability to strongly absorb acid (acid uptake). However, the 
water uptake and hydration number (number of moles of water 
per equivalent of polymer) are higher for Nafion than for PBI-
co membrane. A balance between ion conductivity and 
membrane hydration level is important but optimum proper-
ties vary depending on the type of device. 
While high water uptake may be beneficial for membrane 

swelling (against membrane drying out) and aid in the 
formation of continuous proton-conducting domains (for 
devices such as fuel cells), it may be less critical for RFBs 
that utilize aqueous electrolytes containing aqueous ionic 
species that can help bridge conducting domains. In fact, PBI-
co with low water uptake/hydration number may be 
advantageous for RFBs by reducing crossover. The swelling 
ratio (in thickness) of acid-functionalized PBI-co was a factor 
of 9 higher than that of Nafion following acid treatment (Table 
1). However, the swelling ratio (in length3%) and 
dimensional change (3%) for acid-functionalized PBI-co are 
much smaller than that of Nafion membrane (13 and 10%, 
respectively), suggesting a more dimensional stability for PBI-
co as compared to that for Nafion membrane. 
Vanadium Permeability in Diffusion Cell. Ion flux 

(other than protons) through RFB membranes should be 
prevented as it may lead to battery self-discharge and loss in 
Coulombic efficiency. Vanadium flux was measured using 
methods described elsewhere.16,38 Figure 2 presents the results 
of vanadium ion permeation through Nafion and PBI-co 
membranes. The vanadium-rich diffusion cell initially contains 
a solution of vanadium electrolyte in acid (1 M VOSO4 + 2  M  
H2SO4), while the initially vanadium-free side contains a 
solution of magnesium electrolyte (blank half-cell) in acid (1 
M MgSO4 + 2 M  H2SO4). Electrolyte volume and ionic 
strength are the same in both half-cells to minimize osmotic 

pressure effects that may create water imbalance or convective-
induced crossover due to flux from an osmotic pressure 
gradient. Vanadium concentration in the vanadium-rich cell 
and the blank half-cell was monitored for a duration of 20 days 
(see Supporting Information, Figure S2), and from this, a 
vanadium flux across the membrane was calculated. Vanadium 
concentrations in the two half-cells were analyzed using 
Nanodrop UV−vis spectrophotometry. Figure 2a,b illustrates a 
clear change in color intensity in the blank half-cell, indicative 
of VO2+ ion diffusion through Nafion membrane for the 20-
day experiment. However, the mixed-acid H3PO4/H2SO4 
functionalized PBI-co membrane eliminates vanadium ion 
diffusion crossover (Figure 2c,d) with no evidence of color 
change that may signal vanadium crossover. Figure 2e shows 
the UV−vis analysis of vanadium ion concentration as a 
function of time, and Figure S3 shows the UV−vis spectrum of 
vanadium ion diffusion through Nafion and functionalized 
PBI-co membranes. As expected, the UV−vis spectrum clearly 
shows significant VO2+ ion absorption peaks for Nafion but no 
observable absorption peak for functionalized PBI-co. From 
UV−vis data and by taking literature precedent,38,49 vanadium 
permeability was calculated using eq 1. 

PAt 
LV 

ln VO ln( VO VO ) 2 
a 

2 
a 

2 
b 

b 

[  ]  −  [[  ]  ]  −  [[  ]  ]  + + + 

(1) 

where VO2 
a [ +] is the vanadium concentration in the vanadium-

rich cell (mol L−1), VO2 
b [ +] is the vanadium concentration in 

the blank half-cell (mol L−1), P is permeability (cm2 min−1), A 
is membrane area (cm2), t is time (min), L is membrane 
thickness (cm), and Vb is the electrolyte volume in the blank 
half-cell (cm3). By plotting the left-hand side of eq 1 against 

Table 1. Ion-Exchange Capacity, Water/Acid Uptake, Hydration Number, Swelling Ratio, and Dimensional Change of PBI-co 
and Nafion Membranes 

membrane 
IEC 

(meq g−1) 
acid uptakeb 

(mg cm−2) 
water uptake φ 

(%) 
hydration 
number λ 

swelling ratio length 
(%) 

swelling ratio 
thickness (%) 

dimensional change 
(%) 

Nafion 
membrane 

0.94 (0.94) 32.65 (30.35) 19 (18) 13 6 10 

PBI-coa 2.75 (2.72) 3 (3) 22.27 (22.26) 5 (5) 3 55 3 
aPBI-co functionalized with a mixture of concentrated phosphoric and sulfuric acids. bFollowing PBI-co functionalization, the membrane was 
treated in 1.0 MH2S04, and the imbibed acid was titrated with 0.1 M NaOH. The values in parentheses are the data obtained for the second set of 
samples. 

Figure 2. Photographs of the diffusion cell showing vanadium ion 
diffusion through (a) Nafion: 0 h, (b) Nafion: after 20 days, (c) 
functionalized PBI-co: 0 h, (d) functionalized PBI-co: after 20 days, 
and (f) UV−vis analysis of vanadium concentration as a function of 
time. Subscripts a and b represent the vanadium ion concentration in 
vanadium-rich half-cell and blank half-cell, respectively. See the 
Supporting Information (Figure S3) for the UV−vis spectrum of 
vanadium ion diffusion through Nafion and functionalized PBI-co. 
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Table 2. Resistances and Conductivities of Proton and Vanadium Ion through Functionalized PBI-co and Nafion Membranes 

resistance 
(corr) (Ω) ASR (Ω cm2)a 

conductivity (through-plane) (DC 
current pulse) (S cm−1) 

conductivity (in-plane) (AC 
impedance) (S cm−1)b 

wet thickness 
(μm)c 

Sulfuric Acid 
Nafion-211(×2) 0.049 ±0.01 0.062 ± 0.01 0.086 53 
PBI-co ( 
H3PO4/H2SO4) 

0.035 ± 0.01 0.045 ± 0.01 0.138 0.136 62 

PBI-co (H3PO4) 0.080 ± 0.04 0.102 + 0.05 0.058 59 
PBI-co 
(unfunctionalized) 

7 ± 0.04 9 ± 0.05 0.52 × 103 0.39 × 10−3 47 

Vanadyl Sulfate 
Nafion-211(×2) 0.687 ± 0.01 0.873 ± 0.01 0.006 54 
PBI-co 
(H3PO4/H2SO4) 

987 ± 0.41 1254 ± 0.5 5 × 106 62 

aASR, area-specific resistance. bAC impedance conductivity data were acquired at 30 C and 95% RH. cSamples were immersed in 1.0 M H2SO4 
and 1.0 M VOSO4 following acid functionalization (for PBI-co) to determine the appropriate wet thickness. The raw data of the measured 
resistances are presented in Table SI. The concentrated H2SO4-functionalized PBI-co sample was not studied because it caused membrane 
degradation. 
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Figure 3. Current−potential (I−V) curves in an electrically driven four-point probe cell for proton and vanadyl ion transmission through Nafion 
and functionalized PBI-co membranes in (a) 1 M H2SO4, (b) 1 M VOSO4, (c) reproducibility studies on four similarly prepared functionalized 
PBI-co membranes, and (d) in-plane AC impedance conductivity measurement of the functionalized PBI-co membrane as a function of RH. 

° 

time, a linear curve is obtained, as expected for Fickian 
diffusion. Vanadium permeability, obtained from the slope of 
the curve, is ca. 5.67 × 10−6 cm2 min−1 for the Nafion 
membrane (in good agreement with the literature),9,50 and 
vanadium concentration is about 2.7 × 10−1 M at the end of a 
20-day period. In contrast, vanadium concentration (and hence 
vanadium permeability) for functionalized PBI-co remained 
below our limit of detection (Figure 2e) for the 20 days 
studied (the limit of detection is 10−4 M). However, based on 
the UV−vis detection limit (10−4 M) of the instrument, 
vanadium permeability for mixed-acid H3PO4/H2SO4-func-
tionalized PBI-co presumably is ca. ≤1.97 × 10−9 cm2 min−1 

and the permeability is potentially below this value. Thus, the 
functionalized PBI-co membrane mitigates vanadium ion 
diffusion crossover by at least 3 orders of magnitude in 
permeability selectivity as compared to Nafion based on the 

permeability upper limit and will strongly benefit RFB  
operations by acting as an effective barrier for cross-species 
diffusion crossover. 

Conductivity. Figure 3 presents current−potential (I−V) 
curves in an electrically driven four-point probe cell for proton 
and vanadium ion transmission through Nafion and mixed-acid 
H3PO4/H2SO4-functionalized PBI-co membranes using a 
direct current (DC) pulse technique (see Figure S4 for the 
I−V curves for concentrated H3PO4-treated and unfunction-
alized PBI-co membranes). In this DC technique, proton 
conductivity is probed by utilizing an electrically driven four-
point probe electrochemical cell, with membranes in direct 
contact with a 1 M H2SO4 electrolyte. A very small potential 
bias ranging from −100 to +100 mV is applied across the cell 
using a slow scan linear sweep voltammetry. Conductivity 
values were obtained from the slopes of the I−V curves and are 
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summarized in Table 2. The unfunctionalized PBI-co exhibits 
the lowest proton conductivity (0.5 mS cm−1) following 
correction from the contribution of electrolyte resistance. This 
result is consistent with literature data that dense PBI 
membranes (in an undoped or unfunctionalized form) 
generally demonstrate poor proton conduction due to a lack 
of ionic species.37 In fact, no meaningful IEC was measured in 
these samples, which again agrees well with the electrochemical 
datathe absence of ion-conducting sites in its native state. 
Acid functionalization of PBI-co with concentrated H3PO4 
increased conductivity to 58 mS cm−1 , and even a higher 
conductivity of ∼138 mS cm−1 was obtained for mixed-acid 
H3PO4/H2SO4 functionalization. This result indicates that 
protonation and sulfonation of benzimidazole rings are 
convenient routes to anchor highly active proton-conducting 
sites. 
Figure 3a−c presents I−V curves for proton or vanadium ion 

transmission through functionalized PBI-co and Nafion 
membranes in 1 M H2SO4 and 1 M VOSO4. All I−V curves 
are linear with respect to applied bias, indicative of current 
limitation by ohmic factors (ion transmission resistance 
through the membrane) and not by diffusion (transport-
limited) or electrochemical kinetics factors, which are usually 
associated with the nonlinear dependence of current on 
applied potential. Figure 3a presents the I−V curves acquired 
in 1 M H2SO4. Ionic resistance to proton transport in both 
Nafion and functionalized PBI-co membranes is very close (red 
trace vs blue trace) and larger than the resistance with no 
membrane (green trace, i.e., electrolyte resistance). The higher 
resistance observed when the membrane is placed in the cell 
(compared with no membrane) is consistent with the 
observation that the ionic conductivity of the membrane is 
always lower than the conductivity of the equivalent volume of 
the aqueous electrolyte it displaced. The minor change in I−V 
slope for functionalized PBI-co, relative to Nafion, indicates 
similar proton transmission for both membranes. 
In Figure 3b, vanadium ion transport presents a stark 

difference to I−V curves in Figure 3a. First, with no membrane 
present, the overall current density in Figure 3b (ca. 90 mA 
cm−2 , green trace) is a factor of 7 lower than in Figure 3a 
(∼600 mA cm−2 , green trace), consistent with a lower ionic 
conductivity of 1 M VOSO4 (ca. 50 mS cm−1 at RT), relative 
to 1 M H2SO4 (ca. 368 mS cm−1 at RT). Similarly, comparing 
the current densities from the I−V curves of vanadium ion 
transport (Figure 3b, red trace) to proton transport (Figure 3a, 
red trace) through Nafion membrane is a factor of about 10. 
This ratio agrees well with the fact that Nafion selectivity for 
the proton to divalent cations (e.g., VO2+) is about 10:1 and 
represents an upper bound of selectivity that can be achieved 
with PFSA membranes (e.g., Nafion).10 The most important 
finding from the conductivity studies is the selectivity for 
proton transport over vanadium transport through the 
functionalized PBI-co membrane (Figure 3a, blue trace vs 
Figure 3b, blue trace). The I−V curve for vanadium ion 
transport through functionalized PBI-co is almost at the origin 
coordinate of the current density axis. In fact, no significant 
current was acquired for vanadium ion transport. Like Nafion 
membranes, functionalized PBI-co is an excellent proton 
conductor, but unlike Nafion, functionalized PBI-co is a 
near-perfect barrier to vanadium ion transport. This finding 
corroborates the permeability studies. 
Figure 3c presents results from reproducibility studies on 

proton conduction of the four different independently 

functionalized PBI-co membranes (samples A−D) that were 
prepared identically. These samples show high reproducibility 
for proton conduction with almost identical I−V curves, all ca. 
138 mS cm−1 . To further confirm the observed high proton 
conductivity of functionalized PBI-co, an AC electrochemical 
impedance technique in an in-plane mode was used to estimate 
proton conductivity at 30 °C as a function of RH (Figure 3d). 
At 95% RH, proton conductivity recorded was about 136 mS 
cm−1 . This conductivity value is in good agreement with ∼138 
mS cm−1 obtained from through-plane DC conductivity in 1 M 
H2SO4. The statistical data from Figure 3 are summarized in 
Table 2, which considers the average resistance from two 
independent measurements and the corresponding standard 
deviation. The corrected resistances are obtained by a simple 
subtraction of electrolyte resistance from membrane resistance. 
Upon normalization with the membrane cross-sectional area 
(1.27 cm2) in contact with the electrolyte gives the area-
specific resistance (ASR). Consequently, conductivity is 
estimated from ASR, considering the wet thickness of the 
membrane (62 μm for functionalized PBI-co and 53 μm for 
Nafion). The general trend in conductivity is as expected from 
the I−V curves in Figure 3. 
As previously noted, one may estimate ion selectivity based 

on permeability and conductivity. Permeability is obtained 
from measurements that can be correlated with vanadium ion 
permeability. With a proton conductivity of 86 mS cm−1 and a 
permeability value of 5.67 × 10−6 cm2 min−1, Nafion has an ion 
selectivity of 1.5 × 104 S min cm−3 . The ion selectivity of 
functionalized PBI-co based on permeability may be indirectly 
estimated from UV−vis detection limit. With a proton 
conductivity of 138 mS cm−1 and a permeability of ≤ 1.97 × 
10−9 cm2 min−1 (obtained using a detection limit of 10−4 M), 
functionalized PBI-co has an ion selectivity of ≥7.0 × 107 S 
min cm−3 . The functionalized PBI-co ion selectivity is at least 3 
orders of magnitude higher than Nafion membrane. Alter-
natively, one may directly estimate ion selectivity based on the 
conductivity of proton relative to vanadium ion transmission. 
From Table 2, vanadium ion (VO2+) conductivity in Nafion is 
∼6 mS cm−1 in 1.0 M VOSO4 electrolyte, whereas proton 
conductivity is ∼86 mS cm−1; thus, Nafion ion selectivity for 
proton transmission over vanadium ion is about 1 order of 
magnitude. In contrast, the ion selectivity of functionalized 
PBI-co for proton transport is several thousand times higher 
than vanadium ion, i.e., about 4 orders of magnitude (0.138 S 
cm−1 ⟨H+⟩ vs 5 × 10−6 S cm−1 ⟨VO2+⟩; see Table 2). The 
obtained selectivity implies that the functionalized PBI-co can 
simultaneously showcase high proton conduction and act as an 
effective barrier to vanadium ion crossoverideal properties 
for an ion-exchange membrane. It is important to mention that 
the acid-functionalized PBI-co membrane requires an acidic 
medium as ion-conducting bridges/domains leading to the 
formation of cationic ionenepolybenzimidazolium backbone 
following protonation that facilitates high proton transport 
(but blocks vanadium ion transport through Donnan 
exclusion) and also through diffusion of sulfate moieties. 
Without the acidic medium (e.g., in H2O), the membrane will 
have low proton conductivity. 

Electromigration Crossover under Applied Current/ 
Potential. In addition to ion diffusion crossover, crossover 
due to ion migration under applied current density is also a 
major contributor to capacity fade in RFB operations. To 
probe ion migration crossover, membrane performances were 
measured under applied constant current (chronopotentio-
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metric) and applied constant voltage (chronoamperometric) 
conditions that are relevant to RFB operations. An electrically 
driven four-point probe cell was used with 1.0 M VOSO4 in 2.0 
MH2SO4 in the vanadium-rich cell and 1.0 M MgSO4 in 2.0 M 
H2SO4 in the blank half-cell. The cell is set up in such a way 
that the ionic current direction is always from the vanadium-
rich half-cell toward the blank half-cell so that vanadium ion 
permeation across the membrane can be monitored and 
quantified spectroscopically. Under chronopotentiometric ion 
migration, 100, 300, and 500 mA were each applied across the 
cell for separate durations of 1 h. Similarly, under 
chronoamperometric ion migration, 0.2, 0.6, 1.0, and 1.4 V 
potentials were each applied across the cell for separate 
durations of 1 h. The initial blue color of the vanadium-rich 
half-cell now appears darker due to the vanadyl sulfate redox 
reaction that involves quasi-reversible heterogeneous electron 
transfer between VO2+ (+4 oxidation state) and VO2 

+ (+5 
oxidation state). In each case, vanadium ion concentration 
(electromigration-driven crossover) in the blank half-cell was 
analyzed using UV−vis spectrophotometry. Figure 4 presents 
the results of electromigration crossover studies on function-
alized PBI-co and Nafion membranes. The photographs of the 
cell and UV−vis absorption spectra show vanadium ion 
crossover under applied current (Figures S5 and S6 for both 
Nafion and functionalized PBI-co, respectively), and potentials 
are provided in the Supporting Information (see Figure S8 for 
Nafion and Figure S9 for functionalized PBI-co; their UV−vis 
absorption spectra are shown in Figure S10) and their 
respective chronopotentiometric and chronoamperometric 
curves (Figures S7 and S11). 
Figure 4a,b presents time-dependent vanadium ion concen-

trations (in the blank half-cell) during the application of 
current and potential. Increasing the applied potential from 0.2 
to 1.4 V leads to a noticeable increase in vanadium absorption 
(Figure S10) and hence vanadium ion concentration (Figure 
4b) for Nafion, indicating a significant electromigration 
crossover of vanadium ions. 
In stark contrast, vanadium ion crossover was completely 

absent for the functionalized PBI-co membrane at all voltages, 
with vanadium absorption peaks remaining below the limit of 
detection. A similar trend was also observed during 
chronopotentiometric experiment (Figures 4b and S6) when 
the applied current was increased from 100 to 500 mA. A 
current-dependent increase in UV−vis absorption peaks 

(Figure S6) and significant vanadium ion flux (Figure 4b) 
were apparent for Nafion, whereas vanadium ion concentration 
was again below the limit of detection for functionalized PBI-
co. The observed vanadium ion electromigration crossover 
(under applied current) in the Nafion membrane is not 
surprising because even without the application of current, 
Nafion cannot block ion diffusion crossover. The Nafion ion 
cluster network with a large pore size (1−4 nm) due to its 
microphase-separated structure is a major factor of its 
unabated crossover. To the best of our knowledge, it is 
uncommon to see a membrane that shows the ability to 
eliminate electromigration ion crossover under applied current 
or potential while still allowing high proton conduction. 
However, there are extensive literature studies of vanadium 
permeability under diffusion conditions, but proper inves-
tigation of other important factors (such as electromigration) 
that also contribute to significant crossover loss is lacking in 
most of the reported work. Importantly, Figures 3 and 4 
demonstrate that the functionalized PBI-co membrane 
effectively blocks crossover (under both diffusion and ion 
migration conditions) while still allowing high proton 
transmission. 

Proton Conduction vs Diffusion vs Electromigration 
Crossover. To further probe long-term durability and stability 
for viable RFB applications, a functionalized PBI-co membrane 
and Nafion membrane were subjected to a sequential series 
(denoted here as phases 1−5) of rigorous proton conductivity 
and vanadium crossover mitigation assessments. Quantitative 
analysis of vanadium ion concentration due to crossover by 
UV−vis spectrophotometry during this series of experiments is 
presented in Figure 5. In the first phase, proton conductivity 
was evaluated in 1 M H2SO4 using the same electrically driven 
cell for the data in Figure 4. As expected, proton conductivities 
in both membranes are identical to the previously obtained 
values (Figures S12a,b and S13a,b). 
In the second phase, the 1.0 M H2SO4 electrolyte from 

phase 1 was replaced with vanadium electrolytes to measure 
the vanadium ion crossover rate. In this case, the vanadium-
rich half-cell was filled with 1.0 M VOSO4 in 2.0 M H2SO4 and 
the blank half-cell was filled with 1.0 M MgSO4 in 2.0 M 
H2SO4. Vanadium ion diffusion was observed for a period of 
24 h (first diffusion period). As shown in the cell photographs 
in Figures S12c,d and S13c,d (see the Supporting Information) 
and in Figure 5a (A  → B* for Nafion and A → B for 

Figure 4. UV−vis spectrophotometric analysis of vanadium ion concentration in the blank half-cell for Nafion and functionalized PBI-co 
membranes: (a) plot of vanadium ion concentration against applied potential and (b) plot of vanadium ion concentration against applied current. 
The insets in panel (a) are the photographs of the cell after 1.4 V was applied for 1 h that show crossover in Nafion but zero crossover in 
functionalized PBI-co membrane; and the insets in panel (b) are the photographs of the cell after 500 mA was applied for 1 h that show crossover 
in Nafion membrane but zero crossover in functionalized PBI-co. 
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functionalized PBI-co), the blank half-cell for Nafion shows a 
noticeable color changean indication of vanadium ion 
crossover. However, there was no optically detectable 
appearance change in the blank half-cell for functionalized 
PBI-co in agreement with previous results. 
In the third phase, the cells were subjected to a period of 

electromigration crossover by passing a constant current of 300 
mA for 1 h. An appearance of strong blue color intensity in the 
blank half-cell suggests appreciable vanadium ion flux through 
the Nafion membrane (Figure S13e). In stark contrast, no sign 
of vanadium ion crossover was observed in the functionalized 
PBI-co membrane following the application of 300 mA, as 
shown in Figure 5b (B* → C* <1st 30 min> and C*→D* 
<2nd 30 min> for Nafion, and also B → C → D for 
functionalized PBI-co) (see also Figure S12e for cell 
photographs (Supporting Information)). This finding is 
consistent with previous results above. 
In the fourth phase, following the passage of current, the 

cells were again left for the second vanadium ion diffusion 

period, as shown in Figure 5a (D* → E* < 2nd 24 h diffusion 
> and E* → F* < 48 h  diffusion > for Nafion, and D → E → F 
for functionalized PBI-co) (see Figure S12f,g for functionalized 
PBI-co and Figure S13f,g for Nafion cell photographs). 
Vanadium ion crossover became more pronounced and 
continued throughout the second diffusion period (up to 48 
h) for Nafion membrane, whereas functionalized PBI-co 
membrane eliminated vanadium ion crossover with no 
detectable or apparent color change, as evident in Figure 
S12g. Presumably, it is reasonable to posit that during and after 
the application of 300 mA to the cell, and leaving the cell 
afterward for 48 h, the absence of spectroscopically detectable 
vanadium ion crossover or through visual inspection strongly 
suggests that functionalized PBI-co membrane shows no 
measurable changes that may indicate deterioration over the 
time and conditions of the experiments probed, a key 
advantage for RFB operations. Finally, in the fifth phase, 
vanadium electrolytes were again replaced with 1.0 M H2SO4 
to re-evaluate proton conductivity for the second time. Both 
functionalized PBI-co membrane and Nafion demonstrate 
similar proton conductivity as above (Figures S12h−I and 
S13h,i). 

Vanadium Redox Flow Battery Single-Cell Testing. 
Polarization curves are normally utilized to analyze losses in 
most energy conversion and storage devices, including RFBs. 
These losses are further categorized into activation loss (arising 
from electrode polarization), ohmic loss, and transport loss 
(arising from reactant delivery to the electrodes). Ohmic loss is 
presumably the most relevant to the present work. Among 
other factors that contribute to ohmic loss is the resistance to 
ionic transport, emanating from inherent resistance to through-
membrane proton transmission. The membrane’s ionic  
resistance to proton transport can be quantified through the 
determination of area-specific resistance  (ASR)  and be  
visualized through polarization curves. Figure 6a presents 
discharging polarization curves and the associated power 
density curves acquired for functionalized PBI-co and Nafion 
membranes in single-cell vanadium-RFB. The electrolytes are 
1.0 M VOSO4 + 4.0 M H2SO4 circulated to the cell at a flow 
rate of 16 mL min−1 and at 30 °C. 
Prior to each polarization curve, the high-frequency 

resistance (HFR) was measured using AC impedance for 
vanadium-RFB with functionalized PBI-co and Nafion 
membranes. The HFR for Nafion is 0.0731 Ω, and for 
functionalized PBI-co, it is 0.0697 Ω. Normalization by the cell 
geometric area (5 cm2) gives an area-specific resistance (ASR). 

Figure 5. Analysis of vanadium ion concentration measured as a 
function of time in the blank half-cell showing (a) the first 24 h 
vanadium ion diffusion period prior to ion migration and the second 
24 h diffusion period and 48 h diffusion period following ion 
migration and (b) vanadium ion crossover subjected to ion migration 
during the application of 300 mA for 1 h for both functionalized PBI-
co and Nafion membranes. 

Figure 6. (a) Discharging polarization curves and associated power density curves for functionalized PBI-co and Nafion membranes in single-cell 
vanadium-RFB. The polarization curve is iR-corrected using the HFR of the cell. The electrolytes are 1.0 M VOSO4 in 4.0 M H2SO4 at a flow rate 
of 16 mL min−1 and temperature. (b) The charge−discharge cycles of vanadium-RFB at 100 mA cm−2 . 
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The ohmic ASRs for both membranes are essentially identical, 
with ca. 0.37 Ω cm2 for Nafion (50 μm) and ca. 0.35 Ω cm2 for 
functionalized PBI-co (40 μm, nominal thickness). These 
equivalent ohmic ASR values translate into similar discharging 
polarization curves and power density curves (Figure 6a). Both 
cells exhibit an identical mass-transport-limited current density 
of ∼300 mA cm−2 . The ability for functionalized PBI-co 
membranes to match the proton conductivity of Nafion is 
remarkable since Nafion membranes typically outperform 
other membranes. 
Figure 6b shows representative charge−discharge cycles of 

vanadium-RFB, utilizing both functionalized PBI-co and 
Nafion membranes at 100 mA cm−2 and at a C-rate of C/15 
(the time (h) it would take for the battery to be completely 
discharged/charged). The two-step charging protocol was set 
at 50% state of charge (SOC). The center curve at ∼1.4 V is 
the open-cell potential measured after every complete charge− 
discharge cycle. The charge−discharge voltage is essentially 
similar in both membranes in agreement to previous results. 
The Coulombic efficiencies (CEs) and voltage efficiencies at 
50 mA cm−2 are 99.2 and 70% for functionalized PBI-co and 
99 and 70% for Nafion, respectively. And at 100 mA cm−2 , 
these values are 99.5 and 55.2% for functionalized PBI-co, 
whereas Nafion values are 98 and 59%. Thus, the voltage 
efficiency at 50 mA cm−2 is the same for both membranes, 
albeit Nafion has a slightly higher VE at 100 mA cm−2 . 
However, functionalized PBI-co shows slightly higher 
Coulombic efficiency at both 50 and 100 mA cm−2 than 
Nafion membrane, which may likely result from vanadium 
crossover in Nafion membrane but absent in functionalized 
PBI-co membrane. Further details are provided in Figure S14 
for the CE, VE, and EE at the current densities studied, 
including the discharge capacity for both acid-functionalized 
PBI-co and Nafion membranes. 
Given the high baseline Coulombic efficiencies observed, 

with the lack of detectable crossover during the course of a 
cycle, it is difficult in a limited cycling experiment to fully 
display the full capabilities of these electrolytes. Further work 
and more detailed and extended cycling will be necessary for 
that. 

■ CONCLUSIONS 
We demonstrate a straightforward acid functionalization of 
polybenzimidazole copolymer with a mixture of concentrated 
phosphoric and sulfuric acids. The mixed-acid H3PO4/H2SO4 
functionalized PBI-co exhibits a very high room-temperature 
proton conductivity (ca. 0.138 S cm−1) comparable (or slightly 
better) with the standard perfluorinated sulfonic acid (PFSA) 
membranes (e.g., Nafion). Vanadium crossover was studied in 
both diffusion-driven and electrically driven cells. We found 
that acid-functionalized PBI-co membrane demonstrates 
impressive durability in eliminating vanadium ion diffusion 
for over 20 days and electromigration crossover under an 
applied current density up to 500 mA cm−2 while still allowing 
high proton mobility. The ability of functionalized PBI-co 
membrane to mitigate crossover resulted in an improved 
vanadium flow battery performance with a Coulombic 
efficiency of 99.5% at 100 mA cm−2 . The obtained selectivity 
in permeability and ion transmission of at least 3−4 orders of 
magnitude for functionalized PBI-co over Nafion membrane 
would extend the application of functionalized PBI-co to other 
RFB chemistries beyond vanadium-RFB. Mitigation of 
membrane-induced crossover will avoid the requirement for 

electrolyte rebalancing or regeneration (which is a common 
practice) for RFBs like vanadium-RFB and will also avoid 
electrolyte degradation for a mixed redox-active species flow 
batteries as a result of ion crossover, thus simplifying battery 
operation and hardware requirements. 

■ MATERIALS AND METHODS 
Materials. Polybenzimidazole copolymer (Fumapem-AM-40-PBI 

copolymer) and Nafion-212 (50 μm) were purchased from the Fuel 
Cell Store. Vanadium (IV) oxide sulfate hydrate, VOSO4 xH2O 
(Sigma-Aldrich), was dehydrated before use under vacuum at 105 C 
for up to 5 days. Magnesium sulfate (MgSO4) and phosphoric acid 
(85 wt % in H2O) were purchased from Sigma-Aldrich. Sulfuric acid 
(H2SO4, 98%) was obtained from GFS Chemicals. An experimental 
diffusion cell was fabricated by Precision Glassblowing Inc. An 
experimental electrically driven four-point probe cell was fabricated by 
Adams and Chittenden Scientific Glass (Model No: 946991). Silicone 
rubber foam sheet (part No: 31938749, ∼0.635 cm thickness) was 
purchased from MSC Industrial Direct Co., Inc. Polyethylene 
terephthalate (PET, 75 μm) was obtained from Goodfellow 
Corporation. Milli-Q H2O (18.2 MΩ cm resistivity) was used for 
all experiments. 

Polybenzimidazole Copolymer (PBI-co) Post-functionaliza-
tion. A PBI-co membrane sheet was cut into several disks of ∼3.0 cm 
diameter using a punch. The membranes were transferred into a glass 
container filled with 100 mL of concentrated H3PO4 and then placed 
in an oven set at 160 C for about 6−8 h. The membrane samples 
were left submerged in acid until when they were ready to be tested. 
The above procedure was also followed with PBI-co membrane 
functionalization with concentrated H2SO4. For the mixture of 
concentrated H3PO4 and H2SO4, first, 100 mL of concentrated 
H3PO4 was poured into a glass container followed by a slow addition 
of 100 mL of concentrated H2SO4. Thereafter, membrane samples 
were transferred to an oven set at 160 C for 8 h. The rest of the 
procedures were the same as above. Prior to use, the membrane 
samples were washed with Milli-Q water copiously and blotted with 
Kimwipes. 

Polybenzimidazole Copolymer and Nafion Membrane 
(with PET Supports) Fabrication. All samples were fabricated in 
a silicone rubber foam sheet template and Teflon-reinforced fiberglass 
(Figure S1). In brief, an ∼3.0 cm diameter hole was cut out of silicone 
rubber to hold the sample during the hot press step. Two sets of 
fiberglass sheets were cut (∼3.0 cm diameter), with one set having a 
1.27 cm diameter hole at the center. PET supports were cut into ∼3.0 
cm diameter also having a 1.27 cm diameter hole at the center. The 
first fiberglass sheet (with no hole) was placed inside the silicone 
rubber. The second fiberglass sheet (with a hole) was then added. 
Then, the first disk of PET support was placed on top followed by the 
addition of functionalized PBI-co polymer. A second PET support 
disk was then placed on the membrane and then fiberglass sheet (with 
and without hole) was finally placed atop. The whole assembly was 
then covered with the silicone rubber and hot-pressed at 140 C, 900 
lbf, and for 40 s. The above procedures were also followed for Nafion 
sample fabrication. We used PET to provide firm support to the 
membrane and prevent liquid electrolyte leakage and contribution to 
ion transmission from outside the geometric area of the membrane 
that was in contact with the electrolyte. 

Fourier-Transform Infrared Spectroscopy (FTIR) and UV−vis 
Characterization. FTIR measurements were conducted on all 
functionalized and unfunctionalized PBI-co membrane samples 
using a Nicolet 6700 ThermoFisher Scientific spectrophotometer. 
The spectra were acquired within a wavenumber range from 4000 to 
500 cm−1 , with a resolution of 4.0 cm−1 , with data averaged over 32 
scans. During measurements, attenuated total reflection (ATR) mode 
was employed to acquire the FTIR spectra of PBI-co membrane 
samples. Vanadium concentration was analyzed using ThermoFisher 
Scientific NanoDrop 8000 microvolume UV−vis spectrophotometer. 
The molar attenuation coefficient (ε) was 204.6 L mol−1 cm−1 , and 
the measurements were taken at λmax (ε) 245 nm. UV−vis data were 
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further analyzed to estimate permeability using Fick s first law as 
described elsewhere.24,38,49 

Ion-Exchange Capacity (IEC) and Water Uptake Measure-
ments. Following acid functionalization of PBI-co membrane, the 
membrane samples were washed with Milli-Q H2O copiously and 
dried at ambient temperature. Thereafter, the membrane samples 
were equilibrated in 1.0 M H2SO4 for 24 h. Further, membrane 
samples were blotted with Kimwipes and dried at 40 C under 
vacuum for 24 h. The weight of the dried membrane was recorded. 
Then, membrane samples were immersed in 50 mL of 2.0 M NaCl for 
at least 24 h for ion exchange. The solution was then titrated to 
determine ion-exchange capacity with a 0.1 M NaOH aqueous titrant 
using a Mettler Toledo titrator T90. For water uptake, following acid 
functionalization, the membrane samples were washed with Milli-Q 
H2O several times. The membrane samples were then dried at 40 C 
under vacuum for 24 h. The membrane weight (Wdry) was then 
determined. The membrane samples were then immersed in H2O for 
at least 3 days. Finally, the hydrated membrane samples were blotted 
and weighed (Whyd). Similar to water uptake, following mixed-acid 
functionalization of PBI-co, the membrane samples were washed in 
Milli-Q H2O and dried under a vacuum oven at 40 C. The 
membrane samples were then immersed in 1.0 M H2SO4 for 3 days. 
The acid droplets were then blotted with Kimwipe, and the imbibed 
acid was then titrated with 0.1 M NaOH. Ion-exchange capacity 
(IEC) can be estimated using eq 2 

V W IEC (meq g ) (0.1 M NaOH )/ 1 
NaOH × − (2) 

where VNaOH is the volume of NaOH (L) consumed during titration 
with the released proton concentration during ion exchange, and W is 
the weight of the sample (g). Water uptake (φ(%)) can be obtained 
from eq 3 

W W W (%) (( )/ ) 100 hyd dry dry φ − × (3) 

where Whyd is the weight of the hydrated membrane (g) and Wdry is 
the weight of the dry membrane (g). Hydration number (λ) can be 
estimated using eq 4 
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where Mw H2O is the molecular weight of water (g mol−1). 
The acid uptake (ma) was calculated using eq 5 

M V C 

A 
ma 

(number of H per acid) 
acid NaOH NaOH × × 

× + (5) 

where ma is acid uptake (mg cm−2), Macid is the molecular weight of 
acid (98.08 g mol−1; H2SO4), VNaoH is the volume of NaOH 
consumed during titration (mL), CNaOH is the concentration of 
NaOH used (mol L−1), and A is the area of membrane (cm2). 
Membrane Swelling and Dimensional Change. The samples 

were briefly dried at 60 C under a vacuum oven for 3 h. The samples 
were then immersed in 1.0 M H2SO4 for 24 h. The swelling ratio in 
thickness (ST) and length (SL), including dimensional change (DC) 
for acid-functionalized PBI-co membrane and Nafion, was calculated 
using eqs 6−8 

S 
T T 

T 
100 T 

wet dry 

dry 

− 
× 

(6) 

Twet thickness of the wet membrane (cm) and Tdry thickness of 
the dry membrane (cm) 

S 
L L 

L 
100 L 

wet dry 

dry 

− 
× 

(7) 

Lwet length of the wet membrane (cm) and Ldry length of the dry 
membrane (cm) 

D 
A A 

A 
100 C 

wet dry 

dry 

− 
× 

(8) 

Awet area of the wet membrane (cm2) and Adry area of the dry 
membrane (cm2). 

Membrane Conductivity Measurement Using AC Impe-
dance Method. Membrane conductivity in the in-plane direction 
was determined using a four-electrode cell by electrochemical 
impedance spectroscopy. The functionalized PBI-co membrane 
sample was washed with Milli-Q H2O and afterward equilibrated in 
1.0 M H2SO4 for 24 h. After removing all of the liquid droplets from 
the membrane using Kimwipes, the membrane was mounted onto the 
conductivity cell. The measurement was conducted on a Solartron 
CellTest system consisting of a 1470E multichannel potentiostat 
equipped with a 1451 frequency response analyzer (FRA) in the 
frequency range between 1 Hz and 100 kHz at 30 C from 95 to 20% 
relative humidity (RH). The electrical resistance of the membrane 
between the two inner sense electrodes (platinum wire) was 
determined at the high-frequency intercept of the complex plane 
(Nyquist plot) to the real impedance axis. From the measured 
membrane resistance, the length between the two sense electrodes 
(0.64 cm), the membrane width (0.5 cm), and the membrane 
thickness (measured using a micrometer), the conductivity was 
estimated using eq 9 

L 

R W 
σII δ × × (9) 

σII is the in-plane membrane conductivity (s cm−1), L is the distance 
between the two sense electrodes (cm), R is the measured membrane 
resistance (Ω), W is the width of the membrane (cm), and   is 
membrane thickness (cm). 

Vanadium Permeability Measurement in Diffusion Cell. 
Vanadium crossover due to concentration gradient was measured in a 
diffusion cell that consists of two half-cells, butyl rubber O-rings, 
membrane, and mesh screen (to prevent membrane deflection). One 
side of the half-cell was filled with 18 mL of (1.0 M VOSO4 + 2.0 M 
H2SO4) as served as the vanadium-rich reservoir. The other side of 
the half-cell was filled with 18 mL of (1.0 M MgSO4 + 2.0 M H2SO4). 
Using a pinch clamp (Chemglass, part no: CG-150-05), the test 
membrane was placed at the center resting on a mesh screen and was 
clamped in between the two half-cells. The geometric area of the 
membrane exposed to the electrolyte was ca. 1.27 cm2 . Vanadium ion 
flux due to ion diffusion was monitored for both functionalized PBI-co 
and Nafion membranes for over 20 days. Vanadium ion concentration 
in each half-cell was quantified using Nanodrop UV−vis spectropho-
tometry. 

Conductivity Measurements Using Direct Current (DC) 
Method. Through-plane proton and vanadium ion transport through 
the membranes were measured in a four-point probe electrically 
driven cell. Two Nafion-211 sheets equivalent to 50 μm nominal 
thickness were hot-pressed together and used for DC conductivity 
measurements. To equilibrate the membranes in VO2+, the membrane 
samples were immersed in 1.0 M VOSO4 for at least 3 days. The 
electrically driven cell consisted of two half-cells filled with the same 
electrolyte, i.e., 1.0 M H2SO4 and 1.0 M VOSO4. Each of the half-cell 
was filled with 50 mL of the respective electrolyte. The geometric area 
of the membrane in contact with the electrolyte was ca. 1.27 cm2 . 
Two electrodes served as working electrodes that drove ionic current 
through the membrane. The other two electrodes served as sense 
electrodes (reference electrodes) that measured the transmembrane 
potential difference that developed. The reference electrodes were 
Hg-Hg2SO4 electrodes saturated with K2SO4. The reference electro-
des were installed in Luggin capillaries in each of the half-cell that 
were in close proximity to the membrane to minimize ohmic loss. The 
two drive electrodes consisted of Pt mesh electrodes, one serving as a 
working electrode and the other as a counter electrode. All of the 
electrodes leading from the cell were connected to an Autolab 
PGSTAT302N potentiostat workstation. Measurements were con-
ducted in a potentiostatic mode. Upon the application of small 
potential bias ± 100 mV, using a slow scan linear sweep voltammetry 
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at a scan rate of 10 mV s−1 , current−potential (I−V) curves were 
acquired for proton and vanadium ion transmission through 
membrane. Through-membrane ion transmission resistance was 
estimated from the slope of the I−V curve, which, in turn, gave ion 
conductivity, considering membrane thickness and geometric area of 
the membrane. Through-plane membrane conductivity in the aqueous 
electrolyte can be calculated using eq 10 

l 
R A 

σ 
× ⊥ (10) 

where σ⊥ is through-plane membrane conductivity (S cm−1), l is 
membrane thickness (cm), R is the measured membrane resistance 
electrolyte resistance (Ω), and A is the area of the membrane in 
contact with the electrolyte (cm2). 
Electromigration Crossover under Applied Current/Poten-

tial Measurement. Vanadium ion crossover under applied current/ 
potential (electromigration crossover) was studied in the four-point 
probe electrically driven cell described above. The vanadium-rich half-
cell was filled with 50 mL of 1.0 M VOSO4 + 2.0 M H2SO4, while the 
blank half-cell was filled with 50 mL of 1.0 M MgSO4 + 2.0 M H2SO4. 
The reference electrodes (Hg-Hg2SO4) were installed in Luggin 
capillaries in each compartment of the half-cell. The working 
electrodes (Pt mesh) drive ionic current through the membrane 
from vanadium-rich half-cell to the blank half-cell so that vanadium 
ion crossover can be monitored and quantified as a function of current 
and time. Constant current holds from 100 to 500 mA and constant 
voltage holds from 0.2 to 1.4 V were applied to the cell for a duration 
of 1 h for each applied current or potential during which vanadium 
crossover was monitored. Vanadium ion concentration was quantified 
using Nanodrop UV−vis spectrophotometry. 
Vanadium Redox Flow Battery Testing. (a) Cell Assembly: A  

single cell with area 5 cm2 was adopted in this work. Carbon paper 
(SGL 39AA, thickness 280 μm) was used as the electrode in both 
anode and cathode. The PTFE-coated gaskets with 75% thickness of 
carbon paper ensured enough compression to seal the cell. Nafion-
212 (50 μm) and functionalized PBI-co (40 μm) were used as 
separators. The cell was assembled in the zero-gap structure following 
the previously reported design.51 Total vanadium ions being 1.0 and 
4.0 M sulfuric acids were prepared as the electrolyte solution. A 
peristaltic pump was adopted to control the circulation of the 
electrolyte to the cell at a flow rate of 16 mL min−1 . (b) Battery 
testing: SP-150 (EC-lab, Biologic) was used to perform cell testing. 
Battery charging/discharging was conducted following the previously 
reported protocol.52 Initially, we set the SOC of 50% with a two-step 
charging protocol, which ensured that the ratio of V2+/V3+ was unity. 
Open-circuit voltage (OCV) was then used to measure the initial 
voltage. A single-cell vanadium-RFB was initially charged to 1.8 V (as 
the upper cutoff voltage) and discharged to 0.8 V (as the lower cutoff 
voltage) at 10, 50, and 100 mA cm−2 and then cycled at the current 
densities for 8 cycles. Potentiostatic electrochemical impedance 
spectroscopy (PEIS) was adopted to measure the internal resistance 
of the cell and to monitor cycling steps. Chronopotentiometry (CP) 
was adopted for cell performance evaluation by current steps. The 
recorded current−potential (I−V) plots  for both membranes  
correspond to the polarization curve. 
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