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Design Principles for High-Performance
Meta-Polybenzimidazole Membranes for
Vanadium Redox Flow Batteries

Jacobus C. Duburg , Jonathan Avaro , Leonard Krupnik , Bruno F.B. Silva ,
Antonia Neels , Thomas J. Schmidt , and Lorenz Gubler*

1. Introduction

The transition from a fossil fuel-based society to
a society based on renewable energy is one of
the biggest challenges of the 21st century.
Herein, the incorporation of renewable energy
generation technologies, such as solar or wind,
into a global energy network is limited by the
inherent intermittent nature of power
generation.[1] This requires the use of energy
storage technologies to adjust the energy output
to its demand at any given time.[2] Energy stor-
age technologies can be characterized according
to their capacity, storage duration, and longev-
ity of operation in terms of cycle life.[2] In the
category for intermediate to long-term storage
(daily to weekly discharge), redox flow batte-
ries (RFBs) are promising candidates for energy
storage due to their unique architecture, con-
sisting of the electrochemical conversion unit
and external electrolyte-containing storage
tanks, therefore enabling the independent scal-
ability of nominal power and energy
capacity.[2–4]

RFB technologies can be further distin-
guished according to the chemistry of the redox couples, ranging from
organic RFBs, metal-ion-based RFBs, and gas-containing systems.[5–9]

Currently, the most industrially advanced RFB system is the
all-vanadium redox flow battery, with a V2+/V3+ redox couple on the
negative electrode and a VOþ

2 /VO
2+ redox couple on the positive

electrode.[10,11] The electroactive vanadium species are dissolved in an
acidic electrolyte that enables the electrochemical reactions by supplying
water and protons to the system. Nowadays, VRFB systems are com-
monly equipped with a perfluoroalkylsulfonic acid (PFSA) membrane
of the Nafion™-type or fluorinated anion exchange membranes
(Fumatech FAP series).[12,13] Although PFSA membranes offer excellent
ionic conductivity and chemical stability, they suffer from their high
cost and significant capacity fading.[14,15] The severe capacity loss can
be attributed to a greater asymmetric vanadium and electrolyte flux dur-
ing charging and discharging, as described in earlier work by Olden-
burg et al.,[16] resulting in a net vanadium flux toward the positive
electrode and, as such, a loss of vanadium in the anolyte. On the con-
trary, a net vanadium flux toward the anolyte is observed for anion
exchange membranes (AEMs).[16] A follow-up study by Oldenburg
et al.[17] showed that the net vanadium flux can be reduced by
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The all-vanadium redox flow battery (VRFB) plays an important role in the
energy transition toward renewable technologies by providing grid-scale
energy storage. Their deployment, however, is limited by the lack of
membranes that provide both a high energy efficiency and capacity
retention. Typically, the improvement of the battery’s energy efficiency
comes at the cost of its capacity retention. Herein, novel N-alkylated and
N-benzylated meta-polybenzimidazole (m-PBI) membranes are used to
understand the molecular requirements of the polymer electrolyte in a
vanadium redox flow battery, providing an important toolbox for future
research toward next-generation membrane materials in energy storage
devices. The addition of an ethyl side chain to the m-PBI backbone increases
its affinity toward the acidic electrolyte, thereby increasing its ionic
conductivity and the corresponding energy efficiency of the VRFB cell from
70% to 78% at a current density of 200 mA cm�2. In addition, cells equipped
with ethylated m-PBI showed better capacity retention than their pristine
counterpart, respectively 91% versus 87%, over 200 cycles at 200 mA cm�2.
The outstanding VRFB cycling performance, together with the low-cost and
fluorine-free chemistry of the N-alkylated m-PBI polymer, makes this material
a promising membrane to be used in next-generation VRFB systems.
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combining both membrane types to form an amphoteric
polybenzimidazole-Nafion™ bilayer membrane. Although the capacity
fading of PFSA membranes can be mitigated in this fashion, their high
cost remains an issue.[12,14]

With this in mind, novel hydrocarbon-based anion exchange mem-
branes based on pyridine or imidazole moieties sparked the attention of
the scientific community.[15,18–21] One of these polymers, polybenzi-
midazole (PBI), was already shown to exhibit interesting properties for
high-temperature polymer electrolyte fuel cells (HT-PEFCs) in the early
2000s due to its excellent mechanical and chemical stability.[22–24] Cur-
rently, the use of PBI in HT-PEFCs is at a commercial level, making PBI
a widely available polymer that can be easily adapted to other devices,
such as a VRFB, where it has been shown to be stable for
13 500 cycles.[25] Furthermore, its cost is only a fraction of that of
Nafion™, with the meta-PBI (m-PBI) variant being seven times less
expensive.[26] Taking into consideration the lower thickness require-
ment for m-PBI membranes, this cost reduction increases to 97% com-
pared to its PFSA counterpart.[26]

PBI, in its pristine state, is an insulator. However, it develops the
characteristics of an anion exchange membrane upon the protonation
of the benzimidazole moiety (5.6 pKaH) by an acidic electrolyte, giving
rise to an ionic conductivity of �5mS cm�1 in 2 M H2SO4, which can
mainly be attributed to the transport of protons as demonstrated by Dai
et al.[27–29] Unfortunately, due to the dense polymer packing of the PBI
backbone,[15,30] this conductivity is significantly lower than that of
Nafion™, 92� 4mS cm�1, resulting in a high ohmic drop across the
membrane during operation.

Several solutions were proposed to reduce the ohmic resistance of
PBI membranes and therefore increase their effectiveness in
VRFBs.[18,31,32] Yuan et al.[25] put forward the use of a sponge-like
porous O-PBI membrane equipped with micron-sized cells separated
by positively charged walls. The microstructure obtained herein
enhanced the selectivity toward H+ while also maintaining excellent
conductivity, giving rise to an energy efficiency of 78% at
200mA cm�2, thereby outperforming Nafion™ N115.

Noh et al.[27] proposed the addition of an alkaline preswelling step,
thereby opening up the microstructure of the m-PBI membrane and, as
such, increasing its electrolyte uptake. The biggest improvement in
selectivity in terms of ionic conductivity and VO2+ diffusion was
observed for membranes preswollen in 4 M NaOH, with a measured
energy efficiency of 91.3% at 80mA cm�2.

Another approach proposed by our research group showed the per-
formance of m-PBI membranes to be greatly improved by laminating a
thin m-PBI skin layer, providing transport selectivity, onto a porous sep-
arator, thereby evading the mechanical issues that arise for thin
membranes.[33] A follow-up study showed that a composite mem-
brane, comprising a 6 μm m-PBI skin layer laminated onto a 30 μm
polypropylene support, was able to outperform Nafion™ NR212 in
terms of energy efficiency at 120mA cm�2 (84% and 82%, respec-
tively), while exhibiting a 99% capacity retention over 90 cycles.[34]

So far, all the listed approaches concern the processing of the PBI
membrane to increase its conductivity. However, another option is to
improve the inherent conductivity of the dense polymer electrolyte itself
through the chemical modification of the PBI backbone.[15,32,35–38]

Side chains attached to the PBI backbone can be categorized into two
types: ionic and nonionic. Yan et al.[39] introduced a sulfonic
acid-terminated side chain onto an O-PBI backbone, thereby enabling
the formation of a 55 μm thick membrane that outperforms Nafion™
NR212 in both efficiency and capacity retention. Jang et al. chose the

nonionic approach by grafting a 3-methylbutane side chain onto an
ABPBI polymer backbone. The addition of this alkyl spacer enhanced the
acid absorption of the membrane and, thereby, its conductivity in acidic
media. Although all of these approaches saw a significant boost in the
cell performance of the polymer electrolyte, the system tended to suffer
from increased capacity fading due to their more open structure or
reduced Donnan exclusion toward the positively charged vanadium spe-
cies, a feature that is the most compelling reason for PBI equipped VRFB
systems.

This work describes the synthesis of novel N-alkylated and
N-benzylated m-PBI derivatives while forming a fundamental under-
standing of the correlation between the molecular structure and the
ionic conductivity, mechanical stability, and vanadium barrier proper-
ties of the polymer electrolyte. The addition of small nonionic alkyl side
chains alters the packing of the m-PBI backbone, forming a less ordered
structure, thereby increasing the electrolyte content inside the mem-
brane and, as such, the performance of the VRFB system. Additionally,
the low cost of the fluorine-free and easily accessible m-PBI precursor,
together with the increased performance and identically low capacity
fading of the alkylated m-PBI polymer electrolyte, makes this class of
membranes a promising candidate for next-generation materials to be
used in flow battery applications.

2. Results and Discussion

Functionalized m-PBI derivatives containing small alkyl and benzyl pen-
dant chains were synthesized through the deprotonation of the N-H
moiety, followed by the addition of a commercially available haloge-
nated reagent (Figure 1; Table S1, Supporting Information).

Model compounds with an envisaged degree of functionalization
(DoF) of 50% were prepared to study the influence of the respective
side chains on the performance of the membrane. m-PBI derivatives
showing promising ex situ properties in terms of ionic conductivity
and acid uptake were further analyzed through the synthesis of deriva-
tives with a 100% DoF.

The chemical structure of the functionalized polymers was ana-
lyzed by 1H NMR in DMSO-d6. The NMR spectra (Figures S1–S9,
Supporting Information) of the alkylated derivatives show a reduction
of the N-H signal at 13.2 ppm, with new peaks forming in the ali-
phatic region, indicating the successful addition of alkyl chains to the
m-PBI backbone. In contrast, the benzylated materials show a new
peak forming at 5.7 ppm, belonging to the protons of the CH2 group
between the aromatic m-PBI backbone and the benzyl moiety of the
attached pendant group. The DoFs of the m-PBI derivatives were
derived from the ratio between the newly formed signals and those
of the m-PBI backbone as described in the Section 4 for the synthesis
of functionalized PBI (Table 1).

All functionalized m-PBI polymers show a slightly higher DoF,
respectively �60%, than the aimed for 50%, attributed to the presence
of residual N,N-dimethylacetamide (DMAc) present in the pristine m-
PBI material, resulting in an overestimation of the m-PBI molar
quantity.

Membranes were prepared through the dissolution of the polymer,
15wt.% of the m-PBI backbone, in DMAc, followed by a solution cast-
ing process with a fixed blade gap and a solvent evaporation step
(Membrane preparation). Membranes with a dry thickness of 18–
22 μm were used for ex situ characterization, with 12–15 μm mem-
branes being subjected to in situ cell testing (Figure 2).
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The properties of the newly prepared m-PBI polymers in acidic
media were studied through the dimensional swelling in the thickness
direction, ionic conductivity, and mass uptake in 2 M H2SO4. Here, the
mass uptake was divided into the water and sulfuric acid fractions
inside the membrane, with the acid doping level (ADL) of the mem-
brane being calculated from the latter (Equation 9).

The behavior of the membrane in acidic media changes significantly
upon alkylation or benzylation of the m-PBI backbone, with a distinct
difference between the two types of modified materials and their pris-
tine counterparts (Figure 3). Whereas benzylated membranes show a
drop in both the thickness of swelling and ionic conductivity, alkylation
improves these features. Furthermore, within the alkylated polymers,
the membrane’s ionic conductivity decreases with increasing length of
the alkyl chain, from 12.8� 0.5mS cm�1 for Ethyl63 to

7.9� 0.2mS cm�1 for Butyl55. Following this trend, even higher con-
ductivity can be expected for methylated m-PBI derivatives. However,
this specific chemical modification is not part of the present work and
remains a prospective research topic. A further improvement in con-
ductivity was obtained by increasing the DoF to 100%, respectively,
24.5� 1.7mS cm�1 for Ethyl100 and 23.4� 0.8mS cm�1 for Pro-
pyl100. Nonetheless, the conductivity in 2 M H2SO4 remains lower
than that of Nafion™ NR212, 92.1� 3.9mS cm�1.

A similar trend as the ionic conductivity in 2 M H2SO4 can be seen
for the mass uptake and corresponding ADL of the functionalized mate-
rials in this solution. Here, the sulfuric acid fraction inside the mem-
brane was shown to increase for ethylated and propylated derivatives,
therefore increasing the ADL of the membrane. Although the butylated
membrane did not show an increase in mass uptake, the ADL increased
due to its higher molar mass. These observations suggest that introduc-
ing short alkyl chains into the polymer backbone alters the polymer
packing, rendering it more amorphous (cf. the structural analysis below
for further details), as also observed by Jang et al.[40] with the introduc-
tion of an isopentyl spacer to an ABPBI backbone, leading to improved
membrane properties in acidic media. The drop in conductivity and
swelling within this group (alkylated polymers) could be attributed to
the increasing hydrophobicity with increasing alkyl chain length. Con-
versely, benzylation leads to a decline in membrane properties, evi-
denced by a lowered thickness swelling, mass uptake, and ADL,
attributed to the more hydrophobic nature of the material, in addition
to the stronger interactions between the polymer chains (Figure S10,
Supporting Information).

Alongside the swelling and electrolyte uptake properties of the mem-
brane in the acidic electrolyte, the membranes also need to be

Figure 1. Schematic representation of the synthesis of m-PBI derivatives through the deprotonation with NaH, followed by an alkylation or benzylation step.

Table 1. Degree of functionalization of m-PBI derivatives as measured with
1H NMR.

Polymer name Alkyl/Benzyl
signal

Aromatic
signals

Degree of
functionalization (%)

Ethyl63 3.79 10.0 63

Ethyl100 6.04 10.0 100

Propyl60 3.62 10.0 60

Propyl100 6.01 10.0 100

Butyl55 3.30 10.0 55

Benzyl59 2.36 15.9 59

FBenzyl56 2.26 14.5 56

Figure 2. a) 19 μm m-PBI membrane on glass, b) free-standing 14 μm m-PBI membrane, and c) 13 μm Ethyl63 membrane after 200 cycles at 200 mA cm�2.
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mechanically robust for handling purposes and cell operation. The
mechanical strength of the newly prepared PBI derivatives in 2 M H2SO4

was assessed through a tensile strength testing procedure (Mechanical

strength) (Figure 4). Again, a clear distinction
can be made between the alkylated and benzy-
lated materials, with the latter being able to with-
stand a higher stress before breaking. In
comparison with its pristine counterpart, the
benzylated materials are able to withstand a simi-
lar stress while exhibiting a reduced strain, giv-
ing them a larger Young’s modulus (Table S4,
Supporting Information). Alkylated materials, on
the other hand, show a reduced tensile strength
compared to m-PBI, with 28–32MPa for the par-
tially functionalized materials, compared to
54� 10MPa for m-PBI, and a lower Young’s
modulus. A further reduction in mechanical
strength, to a tensile strength of �18MPa, is
observed for the fully alkylated materials,
Ethyl100 and Propyl100. Although Nafion™-

type membranes are only able to withstand a stress of 15MPa, they can
be used at a larger thickness due to their high ionic conductivity, pro-
viding them with the necessary mechanical robustness.

Another key feature is the membrane’s ability to act as a barrier
toward the electroactive vanadium species. The VO2+ diffusion through
the alkylated membranes was assessed in a home-built diffusion cell
(Figure S16, Supporting Information). Benzylated membranes were
excluded from testing due to their poor ADL and corresponding ionic
conductivity, as depicted in Figure 3. The VO2+ diffusivity through the
membranes shows a similar trend as the ionic conductivity (Table 2,
Figure 5), shown in Figure 3. The addition of smaller alkyl
chains to the m-PBI backbone leads to a higher crossover of VO2+ spe-
cies, increasing from (5.5� 0.1)�10�10 cm2min�1 for Butyl55 to
(27.6� 0.6)�10�10 cm2min�1 for Propyl60 to (83.6� 0.8)�
10�10 cm2min�1 for Ethyl63. Furthermore, as was the case for the
ionic conductivity, the VO2+ diffusion increases with increasing DoF,
with a VO2+ diffusion coefficient of (283.8� 2.2)�10�10 cm2min�1

seen for Ethyl100, roughly 3.4 times larger than those of the partially
ethylated Ethyl63. Although the vanadium barrier properties of the
alkylated materials decrease, they remain significantly better than that of
Nafion™ NR212 with (110.9� 1.3)�10�8 cm2min�1. The difference
in vanadium permeability of the m-PBI materials compared to Nafion™
NR212 can be attributed to the size of the aqueous domains inside the
polymer electrolyte. These domains are substantially smaller in m-PBI
due to its dense polymer packing, whereas Nafion™ membranes are
known to develop large aqueous domains, which promote vanadium
transport.[41,42]

Correlating the membrane VO2+ diffusion coefficient to their respec-
tive ionic conductivity in a vanadium electrolyte (oxidation state 3.5,
Figure 6), a nonlinear trend is observed. The beneficial effects of m-PBI
alkylation are evident in the region stretching from m-PBI to Ethyl63.
This region highlights the favorable scenario where the ionic conduc-
tivity increases significantly while the VO2+ crossover increases only
marginally. Increasing the conductivity of the membrane beyond this
point results in a negative return, where a small increase in conductivity
will result in a much greater increase in the VO2+ crossover. An opti-
mal tradeoff between membrane conductivity and the VO2+ crossover
is found in the transition region of the graph, where an increase in
conductivity will lead to a comparable increase in the VO2+ crossover,
as seen in the top left section of the figure. Out of the alkylated deriva-
tives, Ethyl63 is the material closest to this optimal region, with the
change from Propyl100 to Ethyl100 giving the largest negative return.

Figure 3. Ex situ properties of m-PBI derivatives in 2 M H2SO4, a) thickness swelling, ionic
conductivity, b) mass uptake, and acid doping level (ADL).

Figure 4. Stress-strain diagram of 2 M H2SO4-swollen N-alkylated and
N-benzylated materials with Nafion™ N117, NR212, and m-PBI as
references.

Table 2. VO2+ barrier properties of m-PBI, Nafion™ NR212, and N-
alkylated m-PBI.

Polymer name Slope (mol L�1 h�1) VO2+ Diffusion
Coefficient (cm2 min�1)

Ratio versus
m-PBI

m-PBI (1.05� 0.03)�10�6 (1.6� 0.1)�10�10 –

NR212 (2.30� 0.03)�10�3 (110.9� 1.3)�10�8 6.8�103

Ethyl63 (3.65� 0.04)�10�5 (83.6� 0.8)�10�10 51

Ethyl100 (1.20� 0.01)�10�4 (283.8� 2.2)�10�10 1.7�102

Propyl60 (1.13� 0.03)�10�5 (27.6� 0.6)�10�10 17

Propyl100 (6.71� 0.12)�10�5 (130.5� 2.4)�10�10 80

Butyl55 (3.11� 0.06)�10�6 (5.5� 0.1)�10�10 3.4

Energy Environ. Mater. 2024, 0, e12793 4 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12793 by E
T

H
 Z

urich, W
iley O

nline L
ibrary on [17/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



To further deepen the knowledge between the molecular structure,
membrane morphology, and membrane properties and identify correla-
tions to the observed ex situ properties, the ethylated and propylated
membranes were subjected to wide-angle X-ray scattering (WAXS) in
their dry state and small-angle X-ray scattering (SAXS) in their 2 M

H2SO4 swollen form, with m-PBI acting as reference (Figure 7). In
addition, analysis of the membranes in the dry state with SAXS and
in the swollen state with WAXS was also attempted. However, these
measurements did not provide the required contrast for further
analysis.

In its dry state, pristine m-PBI shows two distinct features: a large
peak at a 2Θ of 18.0°, corresponding to a correlation distance of
4.9 Å, and a smaller shoulder at a 2Θ of ca. 7.7°, corresponding to a

correlation distance of 11.5 Å (Figure 7a,b). Upon benzylating the m-
PBI polymer, the signal at 18.0° shifts to 19.6°, a correlation distance
of 4.5 Å (Figure S10, Supporting Information), indicating a stronger
interaction between polymer chains, which explains the reduced
swelling and uptake of the benzylated m-PBI derivative. In contrast,
ethylation or propylation of the m-PBI backbone gives two main fea-
tures, with a peak at a 2Θ of 19–21° in addition to a newly formed
peak at a 2Θ of 13–15°. The intensity of the signal at 19–21° does
not change with increasing DoF and can therefore be attributed to
the PBI backbone. On the other hand, the signal at 13–15° increases
in intensity and shifts to lower angles with increasing DoF. As such,
this signal can be attributed to the addition of the alkyl chain, show-
ing that the polymer packing becomes less ordered, with two correla-
tion distances seen upon alkylation. The origin of this less ordered
microstructure may be ascribed to two phenomena. First, the alkyl
sidechains can act as spacers, thereby hindering the conventionally
seen dense polymer packing of PBI materials. In addition, the alkyl-
ation process removes the hydrogen bond donors in the benzimid-
azole backbone, thereby reducing the interaction strength between
the polymer chains.

The change in the polymer packing upon alkylation can also be
observed in its 2 M H2SO4 swollen state, as measured by SAXS. Here,
all alkylated samples show a singular feature at a q-value of ca.
0.52 nm�1, indicating structural periodicities within the swollen poly-
mer of ca. 120 Å. These features can be related to the size of the ionic
clusters of the polymer,[43] or the spacing between them (Figure 7c,
d). The intensity of this signal decreases with increasing DoF for both
the ethylated and propylated m-PBI, indicating that the bulk structure
becomes more disordered upon alkylation, thereby explaining the
higher electrolyte uptake, thickness swelling, and lower mechanical
strength of the films.

For commercial viability, a VRFB cell must show a long calendar
life, with all cell components being able to withstand the cycling con-
ditions. Herein, the oxidative stability of the cell components plays an
important role due to the presence of the strongly oxidizing VOþ

2

species in the charged catholyte. The oxidative stability of m-PBI and
the m-PBI derivatives with improved ionic conductivity, respectively,
ethylated and propylated m-PBI, was assessed in an accelerated stress
test using a VOþ

2 electrolyte solution for 66 days (Figure 8). Here,
the VO2+ concentration in the electrolyte, formed due to the reduc-
tion of VOþ

2 by oxidizing the polymer, was determined with UV-Vis
spectroscopy after 21, 42, and 66 days (Chemical stability). The for-
mation of VO2+ species was observed for all polymers, with the
highest rate of formation seen in the initial 3 weeks of the experiment
(Figure 8). After 3 weeks, a more linear trend of membrane degrada-
tion is seen, indicating a decrease in reactivity toward the membrane
of the oxidative species. The ethylated materials, Ethyl63 and
Ethyl100, experience substantially faster degradation than pristine m-
PBI, with almost twice the amount of VO2+ formed after 66 days. On
the contrary, propylation results in only a minimal increase in VO2+

concentration in the initial 3 weeks of the oxidative study with respect
to m-PBI, with a similar extent of degradation at the end of the test.
Comparing the FTIR spectra of the samples before and after the oxi-
dative test (Figure S12, Supporting Information), a new signal is
observed at 972 cm�1 for all samples, potentially displaying bond
cleavage of the PBI backbone. The exact mechanism of this degrada-
tion is to be studied in detail. Although degradation can be observed
in all samples, propylation can be considered an interesting option to
improve the ionic conductivity of an m-PBI polymer without

Figure 5. VO2+ diffusion through Nafion™ NR212, m-PBI, and N-alkylated
m-PBI.

Figure 6. Ionic conductivity in the vanadium electrolyte (oxidation state
3.5) of alkylated and pristine m-PBI with their corresponding VO2+ diffusion
coefficient. The ionic conductivity of benzylated derivatives can be found in
Table S3, Supporting Information.

Energy Environ. Mater. 2024, 0, e12793 5 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
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negatively affecting its oxidative stability with respect to its pristine
m-PBI counterpart.

The in situ characteristics of m-PBI derivatives with a dry thickness
of 12–15 μm (Table 3) were assessed in a VRFB setup as described in
Cell cycling. Due to a decreasing mechanical stability upon alkylation
(Figure 4), fully alkylated materials, Ethyl100 and Propyl100, suffered
from pinhole formation during the membrane’s conditioning phase in
the VRFB cell and therefore did not exhibit the required mechanical
properties in this thickness range to enable cell testing. Laminating a
thin film on top of a porous support providing mechanical stability, as
highlighted in our earlier work, enables cell testing, yet this is consid-
ered outside the scope of this work.[33,34]

The partially functionalized polymers could be cycled without any
mechanically related issues, suggesting that a mechanical strength
exceeding 25MPa for membranes with a dry thickness of 13 μm is suf-
ficient to enable cell testing.

The resistance and corresponding overpotentials of the membrane
were assessed through electrochemical impedance spectroscopy (EIS)
and polarization measurements, with the resistance at a state of charge
(SoC) of �50% (V3+ and VO2+ at a 1:1 ratio) and the polarization
curve at a SoC of 50% being depicted in Table 3 and Figure 9,
respectively.

Similar to what is observed in the ex situ characteristics, N-
benzylated materials suffered from poor membrane conductivity due
to their stronger polymer chain interactions and lower electrolyte
uptake, resulting in a high area-specific resistance (ASR) of, respec-
tively, 1.31 and 1.61Ω cm2 for Benzyl59 and FBenzyl56.

Consequently, these materials experience a high
ohmic overpotential, increasing the slope of
their corresponding polarization curve. In con-
trast, N-alkylated derivatives exhibit a higher
ionic conductivity in the vanadium electrolyte
than their pristine counterpart, as seen by their
reduced ASR. Furthermore, an increase in the
alkyl chain length leads to an increase in the
ASR, from 0.31Ω cm2 for Ethyl63 to
0.55Ω cm2 for Butyl55, with the latter only
showing minimal improvement over pristine
m-PBI. The increase in ASR upon increasing
the alkyl chain length is attributed to the addi-
tion of the longer hydrophobic alkyl chain,
reducing the electrolyte uptake and thickness
swelling (Figure 3).

The cycling behavior and efficiency metrics of
the cells with different membranes were assessed
at current densities between 80 and
200mA cm�2 (Figure 10). Comparing the N-
alkylated materials to Nafion™ NR212 (for the
benzylated derivatives, please see Figure S24,
Supporting Information), a higher coulombic
efficiency (CE) is observed, with all the PBI poly-
mers exhibiting a CE close to 100%, compared
to a CE of 97% for Nafion™ NR212.

The voltaic efficiency (VE) of the membranes
can be seen as a direct representative of the over-
potentials in the system, with the ohmic contri-
bution being the only variable in this
experiment. As such, a direct correlation with
the membrane’s ASR is observed, with the high-

est VE being observed for Ethyl63 and Nafion™ NR212, followed by
Propyl60, Butyl55, and lastly m-PBI (Figure 10b). Combining the cou-
lombic and voltaic efficiency into the overall energy efficiency (EE), the
highest EE over this current density regime is measured for Ethyl63,
closely followed by Propyl60, with both exceeding Nafion™ NR212
due to their superior coulombic efficiency. A much greater difference
between the N-alkylated materials and Nafion™ NR212 is witnessed in
discharge capacity (Figure 10d), with Nafion™ NR212 showing a sub-
stantial loss of capacity versus the minimal capacity fading of the PBI-
based materials.

To improve the technical viability of commercial VRFB storage sys-
tems, they need to be able to operate at both a high current density and
energy efficiency, a characteristic that is observed for both Ethyl63
and Propyl60 at a current density of 200mA cm�2, with an energy
efficiency exceeding 75%. Taking this into consideration, these mate-
rials were subjected to an extended cycling test comprising 200
charge–discharge cycles at a current density of 200mA cm�2 to further
analyze their operational stability (Figure 11). Like before (Figure 10),
the highest energy efficiency over 200 cycles is observed for Ethyl63
(�78%), with Propyl60 exhibiting an energy efficiency of �76%.
Although the addition of alkyl chains to the m-PBI backbone has been
shown to decrease the membrane’s barrier toward VO2+ species (Fig-
ure 5), a comparable capacity fading over 200 cycles was observed for
all PBI materials. The loss of capacity, as a result of the crossover of all
electroactive vanadium species at a current density of 200mA cm�2,
does not show a direct correlation with the measured ex situ VO2+ dif-
fusion. At this current density, a sizeable contribution of the migration-

Figure 7. Transmission WAXS patterns of a) dry ethylated m-PBI and b) propylated m-PBI, and c, d)
their corresponding 2 M H2SO4 swollen SAXS patterns in, respectively, with m-PBI acting as a
reference. The SAXS patterns are overlaid with a smoothed fit as a visual aid, with a q-value of
3 nm�1 corresponding to a 2Θ (°Cu) of 4°.

Energy Environ. Mater. 2024, 0, e12793 6 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
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driven vanadium flux is to be expected.[17,44] The minimal differences
in capacity decay between pristine and alkylated m-PBI suggest that
despite the increase in VO2+ crossover, the net vanadium flux at this
current density remains comparable, with m-PBI having a capacity
retention of 87% of its starting capacity, versus 91% and 88% for
Ethyl63 and Propyl60, respectively. In addition, the reduced absolute
loss of capacity for Ethyl63 of 7% with respect to the theoretical maxi-
mum versus Nafion™ NR212 and m-PBI, respectively, 48% and 8%,
over these 200 cycles at 200mA cm�2, highlights that the addition of a
small alkyl chain to the m-PBI backbone can boost the performance of
the VRFB system without adversely affecting its capacity retention.

Although the capacity decay is unaffected by the alkyl chain addition,
the crossover of the supporting electrolyte was impaired (Table 4).
Whereas m-PBI only experienced a volumetric electrolyte imbalance of
2.3mL (5.8%) toward the negative electrode, Ethyl63 and Propyl60
exhibit an imbalance of 4.9mL (12.3%) and 4.5mL (11.3%), respec-
tively. An explanation for the inconsistency between electrolyte imbal-
ance and capacity fading can be found in the polymer packing of the
dense polymer electrolyte, which changes from an ordered to a less
ordered structure due to the addition of the small alkyl side chain, mak-
ing the ionic domains less well-defined.[40] Furthermore, a molecular

dynamics study by Hinkle et al. showed that vanadium ion transport
required a pore size of 7 Å or larger in a zeolite membrane due to the
strong binding of the hydration shell to the vanadium ion. This
required size is larger than the correlation lengths observed in the dry
functionalized m-PBI polymers (Figure 7), respectively, 4.2–6.7 Å.
Although the correlation length will increase upon electrolyte uptake,
the broad range of correlation lengths is likely to introduce a significant
size-exclusion contribution. Therefore, the transport of the hydrated
vanadium ions will be less affected by the alkylation than the transport
of the H+, HSO�

4 , and H2O species in the electrolyte due to their smal-
ler radius.[45]

The electrolyte crossover observed for the N-alkylated m-PBI deriva-
tives is comparable to that of cells equipped with Nafion™ NR212, yet
in opposite direction, owing to the stronger Donnan exclusion of the
anolyte versus the catholyte as a result of its higher average charge.[16]

The more balanced electrolyte crossover and capacity loss of the m-PBI
materials suggest only small changes in the vanadium concentration
during cycling, which is not the case for Nafion™ membranes.[46] As a
consequence, PBI-based systems allow for continuous operation using
a reflow mode, where the electrolyte tanks are connected through a
capillary that enables continuous rebalancing and a constant electrolyte
volume.[13] In contrast, Nafion™-based systems require periodic elec-
trolyte remixing due to the changing electrolyte concentration, thereby
showing the promise of PBI-based materials for usage in next-
generation VRFBs.

Although the most promising cell characteristics were obtained for
Ethyl63, with both the highest energy efficiency and capacity retention,
it has to be stated that these membranes showed lower oxidative stabil-
ity in the VOþ

2 accelerated stress test (Figure 8). A consideration must
be made by the end user if the improved cell performance of this mate-
rial is sufficient to warrant its use due to its expected lower lifetime.
Nevertheless, a complete improvement to m-PBI can be found in Pro-
pyl60, with this derivative having comparable oxidative stability and
capacity retention while maintaining a higher energy efficiency,
thereby showing that cell performance can be improved without
adversely affecting other relevant membrane properties.

Figure 8. The VO2+ formation of m-PBI, Ethyl63, Propyl60, Ethyl100, and
Propyl100 membranes after 21, 42, and 66 days as a result of an oxidizing
VO2

+ electrolyte solution.

Table 3. Area-specific resistance (ASR) of chemically modified m-PBI at a
state of charge of �50%. All ASR values were corrected for the internal cell
resistance, measured by stacking several NR212 layers, of 0.24� 0.04Ω cm2.

Membrane Dry thickness (μm) ASR (Ω cm2)

m-PBI 13.6 0.58� 0.04

NR212 50.8 0.28� 0.04

Ethyl63 12.8 0.31� 0.04

Propyl60 13.1 0.38� 0.04

Butyl55 13.3 0.55� 0.04

Benzyl59 14.4 1.31� 0.04

FBenzyl56 13.5 1.61� 0.04

Figure 9. Non IR-corrected polarization curves of m-PBI, m-PBI derivatives,
and Nafion™ NR212 at a state of charge of 50%.

Energy Environ. Mater. 2024, 0, e12793 7 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
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3. Conclusion

Novel low-cost and fluorine-free hydrocarbon membranes based on
N-alkylated and N-benzylated m-PBI were analyzed for flow battery
applications. Whereas benzylation triggers a stronger polymer chain
interaction, decreasing its properties for VRFBs, N-alkylation results
in a more disordered polymer packing, thereby increasing the elec-
trolyte uptake and ionic conductivity of the polymer electrolyte and,
consequently, its performance in the VRFB cell. The beneficial fea-
tures in terms of acid uptake, thickness swelling, and ionic conduc-
tivity decreased with increasing length of the alkyl chain, attributed
to the formation of hydrophobic regions inside the membrane, lim-
iting the incorporation of charged protons and vanadium species.
Partially alkylated m-PBI derivatives, Ethyl63, and Propyl60, outper-
formed pristine m-PBI and Nafion™ NR212 over 200 cycles at
200mA cm�2, with a respective average energy efficiency of �78%
and �76% versus �70% and �75%. Although the ethylated and
propylated derivatives saw an increase in the ex situ VO2+ diffusion
versus pristine m-PBI, a similar increase in the in situ capacity fading
was not observed. The excellent cycling features of the N-alkylated
m-PBI polymer electrolytes at high current densities make this class
of materials a promising candidate for next-generation flow battery
membranes. Furthermore, the fundamental insight on the mem-
brane’s molecular design requirements, gained from the introduction
of various alkyl and benzyl side chains on the properties of the
polymer electrolyte can easily be applied to other fields of mem-
brane research, thereby assisting in their search for next-generation

membranes and consequently, working toward
a global society based on renewable energy
technologies.

4. Experimental Methods

Synthesis of functionalized PBI: Prior to each synthe-
sis, m-PBI (BASF) was dried at 70 °C in vacuo overnight.
After drying, the m-PBI polymer was placed under
nitrogen using a Schlenk line and dissolved in dry N,N,-
dimethylacetamide (Sigma Aldrich, Germany, 4 wt.%,
DMAc) at 80 °C. The dissolved m-PBI was cooled to
40 °C and sodium hydride (NaH, Sigma-Aldrich) was
added. The mixture was left to react overnight at 80 °C
with a nitrogen purge to avoid the build-up of hydro-
gen. Upon cooling down to 40 °C, a slight excess of the
halogenated side chain reagent was added, and the
mixture was left to react for another 24 h. The exact
conditions of each functionalization can be found in
the Table S1, Supporting Information. After completion,
the functionalized material was precipitated in acetone,
collected through vacuum filtration, and washed with
acetone (3 times). Subsequently, the material was dried
at 70 °C in vacuo overnight and at 150 °C for 3 h. The
functionalized PBI was obtained as a light brown pow-
der, with the chemical structure being determined
through 1H NMR and 19F NMR in DMSO-d6.

The degree of functionalization (DoF) of the PBI
derivatives was determined through the integration
of the signals of the m-PBI backbone and the newly
formed signals of the attached side chain. Hereby,
the ratio between the aromatic signals (10 protons)
and the end group of the alkyl chains was taken to
determine the degree of functionalization for alky-
lated materials (Equation 1). In the case of benzy-

lated compounds, the ratio between the CH2 alkyl group and the aromatic
signals was used to calculate the degree of functionalization (Equations 2–4).
Herein, x is the number of attached chains per repeating unit and Hring the
amount of hydrogen atoms in the attached aromatic ring, respectively, 5 and
4 for BenzylX and FBenzylX. The value of x was obtained by iteratively solving
Equations 2 and 3 through agreement. Subsequently, the DoF of the benzy-
lated material could be calculated according to Equation 4.

DoFAlkylated =
CH3 signal

6
� 100 (1)

Signalaromatic = 10þ Hringx (2)

SignalCH2
= 2x (3)

DoFBenzylated =
CH2 signal

4
� 100 (4)

Membrane preparation: Casting solutions consisting of 15 wt.% of m-PBI in
dry DMAc were prepared through the dissolution of the polymer overnight at
80 °C. For the functionalized materials, a casting solution with a molar concentra-
tion equivalent to that of the 15 wt.% m-PBI was used.

Membranes were cast on a glass plate using applicators with a fixed blade gap
of 150, 200, and 250 μm. DMAc was evaporated in an oven at 140 °C for 3 h. The
thickness of the membrane was assessed with a profilometer (Dektak 8 Advanced
Development Profiler, Veeco, USA), where six data points were taken to obtain
the average thickness of the membrane. Membranes were separated from the
glass plate through submersion in DI water. Subsequently, the membranes were
placed in 2 M H2SO4 for direct use or dried in a vacuum oven at 70 °C in vacuo
for 5 h and stored in a plastic zip-lock bag for future use.

Figure 10. a) Coulombic efficiency, b) Voltaic efficiency, c) Energy efficiency, and d) Discharge
capacity of single cells with m-PBI, Ethyl63, Propyl60, Butyl55, and Nafion™ NR212 at current
densities between 80 and 200 mA cm�2.

Energy Environ. Mater. 2024, 0, e12793 8 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
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Thickness swelling and acid uptake: The acid uptake and thickness swell-
ing of pristine and functionalized PBI were determined through the analysis of
four samples (4.0× 2.0 cm). The dry weight, mdry, and thickness, tdry, of
the membrane were measured after drying at 70 °C in vacuo for 20 h. Here,
the dry weight of the film was measured inside a closed glass vial with a
known weight to avoid the imbibition of moisture from the air into the film.
The swollen thickness, twet, of the membrane was measured after immersion
in 2 M H2SO4 for 24 h. Subsequently, the membranes were immersed for
another 24 h in 2 M H2SO4 to avoid the drying of the films during the thick-
ness measurements. Afterward, the wet weight, mwet, was determined inside a
closed glass vial with a known weight to avoid the drying of the films. The
dried weight of the film, mdried, was measured after drying the membrane
and the glass vial used in the mwet measurements at 70 °C in vacuo. After
24 h, the glass vial with its corresponding film was removed from the vacuum
oven and immediately closed to avoid the imbibition of water. The closed
vials were allowed to cool down to room temperature, after which they were
opened for 5 s to remove the pressure (and mass) difference formed due to a
decrease in air density inside the vial. The thickness swelling and mass uptake
were calculated according to Equations 5–8. The acid doping level was calcu-
lated using Equation 9, with nH2SO4 and nPBI calculated from the H2SO4

uptake and mdry, respectively.

Thickness swelling=
twet�tdry

tdry
(5)

Mass uptake=
mwet�mdry

mdry
(6)

H2SO4 uptake=
mdried�mdry

mdry
(7)

H2O uptake=Mass uptake�H2SO4 uptake (8)

Acid doping level=
nH2SO4

nPBI
(9)

Ionic conductivity: The ionic conductivity of pris-
tine and functionalized m-PBI as well as Nafion™
NR212 in 2 M H2SO4 and the vanadium electrolyte (oxi-
dation state 3.5; Oxkem, UK) was determined in a
through-plane conductivity cell equipped with plati-
num electrodes (Figure S13, Supporting Information).
All membranes were immersed in 2 M H2SO4 or the
vanadium electrolyte for 24 h prior to testing, with
NR212 being equilibrated in DI water before immersion
into the respective electrolyte solution. The membrane,
2 cm diameter, was placed inside the conductivity cell,
and the electrolyte was injected. The cell was repeatedly
flushed with electrolyte to remove air bubbles from the
system. The high-frequency resistance was recorded
using electrochemical impedance spectroscopy (EIS)
between 1MHz and 50 kHz with a biologic SP-300 (Bio-
logic, France). The membrane resistance was obtained
from the cell resistance through the stacking of 1–5
films. The obtained slope hereby corresponds to the
membrane resistance, with the y-intercept being the
cell resistance. The ionic conductivity of the membrane
was calculated according to Equation 10, with t as the
measured swollen thickness of the membrane in cm,
Ωmem the membrane resistance, and Aelectrode the area
of the electrode, respectively 1.77 cm2.

σ=
t

Ωmem � Aelectrode
(10)

Mechanical strength: The mechanical properties of
pristine and functionalized m-PBI membranes were

assessed in an acid-swollen state at room temperature with a Z005 (ZwickRoell,
Germany) testing device following an ASTM D 882 protocol. Nafion™ N117 and
NR212 were used as commercial references.

For each membrane, ten strips (10.0× 1.0 cm) were prepared from a 2 M

H2SO4 preswollen membrane sheet and stored in 2 M H2SO4. Samples were
assembled with an initial grip-to-grip separation of 5.0 cm and were preloaded to
1MPa at a speed of 10mmmin�1. Subsequently, the testing occurred at a speed
of 500mmmin�1 until breakage.

Measurements showing a break in the initial stage of the experiment were
excluded from the data set, with the mean of the remainder of the data set being
reported in Figure 4.

VO2+ diffusion: The VO2+ diffusivity through NR212, pristine, and functio-
nalized m-PBI was determined in an ex situ VO2+ diffusivity test. The PBI-type
membranes were preswollen in 2 M H2SO4, with NR212 being preswollen in DI
water. The swollen membrane (3.6 cm diameter) was placed in a home-built
diffusion cell (Figure S16, Supporting Information) between a VO2+ donating
compartment (1.6 M VOSO4 in 2 M H2SO4, 80 mL) and a receiving compart-
ment (1.6 M MgSO4 in 2 M H2SO4, 80mL). Both solutions were continuously
stirred to ensure homogeneous mixing. Samples of the receiving compartment
were taken for UV-Vis spectroscopy (Cary 4000; Agilent, USA) at regular inter-
vals. Each measurement was carried out by filling a quartz cuvette (1.0 cm,
Hellma Analytics, Switzerland) with 2.5 mL of the VO2+-deficient compart-
ment, after which the light absorbance was recorded between a wavelength
of 500 and 800 nm. The absorbance peak of VOSO4 at 765 nm was used to
calculate the VO2+ concentration according to a determined measured cali-
bration curve (Figure S15, Supporting Information). After the measurement,
the analyzed solution was inserted back into the corresponding VO2+ receiv-
ing compartment to avoid volume imbalances. Due to the high VO2+ diffusiv-
ity through NR212, samples were diluted 10 times after day 2 to avoid the
absorbance exceeding 1. The VOSO4 diffusion coefficient of the respective
membrane (DVOSO4) was calculated according to a modified Fick’s law,
Equation 11.[25]

Figure 11. a) The coulombic efficiency, b) voltaic efficiency, c) energy efficiency, and d) discharge
capacity of m-PBI, Ethyl63, Propyl60, and Nafion™ NR212 over 200 cycles at 200 mA cm�2. The
coulombic efficiency was averaged with a 5 point moving average (2 before, 2 after) to minimize the
influence of software related data collection deviations. Five cycles were omitted from the Propyl60
as a result of a software error.

Energy Environ. Mater. 2024, 0, e12793 9 of 12 © 2024 The Author(s). Energy & Environmental Materials published by
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Vr � d Cr tð Þð Þ
dt

=A � DVOSO4

t
� Cd�Cr tð Þð Þ (11)

Herein, Vr is the volume of the VO2+ receiving compartment (80mL), A is the
area of the membrane (10.2 cm2), t is the thickness of the swollen membrane in
cm, Cd is the VO

2+ concentration in the donating compartment, and Cr the mea-
sured VO2+ concentration in the receiving compartment at a given time,
obtained from a linear regression of the measured concentrations.

Structural analysis: The nanostructure of pristine and functionalized m-PBI
was analyzed using small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-
tering (WAXS). Prior to the SAXS analysis, m-PBI and functionalized m-PBI films
with a dry thickness of �20 μm were equilibrated in 2 M H2SO4 for 24 h. SAXS
experiments were carried out on a benchtop Bruker Nanostar (Bruker AXS
GmbH, Karlsruhe, Germany) using the Kα-line of a micro-focused X-ray Cu source
with a wavelength of 1.5406 Å. The beam was collimated using a 0.3 mm pinhole,
leading to a beam diameter of approximately 0.4 mm at the sample position. The
sample-detector distance was set to 107 and 13 cm and further calibrated with
silver behenate, achieving a resolvable q-range of 0.07≤ q≤ 20.8 nm�1. The scat-
tering vector q is defined as depicted in Equation 12, with 2Θ as the scattering
angle and λ, the wavelength of the X-ray source recorded on a gaseous
avalanche-based detector (VÅNTEC-2000, Bruker AXS) with 2048× 2048 pixels
and a pixel size of 68× 68 μm2. The scattering patterns were recorded at
room temperature under moderate vacuum conditions (10�2 mbar) to limit air
scattering.

qj j�!
= 4π=λð Þ sin 2θ

2

� �
(12)

The calibration of the scattering vector q and the estimation of the instrumen-
tal resolution of Δq= 0.25 nm�1 were done by measuring the first diffraction
peak of a silver behenate sample and calculating its width. Each sample was sealed
in a quartz capillary (1.5 mm, Heidenberg GmbH, Germany) with 2 M H2SO4 elec-
trolyte and mounted in the sample chamber. Scattering was recorded for 6 h in
transmission mode for each sample and background. The intensity of the semi-
transparent beamstop for direct beam scans was used for transmission normaliza-
tion. The scattered intensity was extracted, azimuthally averaged, and integrated
over each q-value using the Bruker software DIFFRAC.EVA (Bruker AXS, version
4.1). The 1D data was transmission corrected and background-subtracted from
the scattering of the respective solvents, polymers, and the empty quartz capillary
using an in-house data pipeline operating under Matlab 2022.

The WAXS measurements were conducted in an IPDS-II diffractometer (STOE
& Cie) using a Mo Kα radiation source with a wavelength of 0.7107 Å. Here, the
dry m-PBI and functionalized m-PBI films (�20 μm dry thickness) were rolled up
and partly placed into a goniometer sample holder, allowing us to measure all
samples without a container. The WAXS patterns of the PBI films were recorded
in transmission mode, with a 200mm detector distance from the sample and a
10 rpm rotation for 2–4 h. The obtained WAXS patterns were converted from
Mo Kα radiation to Cu Kα radiation for graphic presentation (Figure 7) and for
comparison with related published work.

Chemical stability: The oxidative stability of pristine and alkylated m-PBI
was assessed in a 1.6 M VO2

+ electrolyte solution. The V(V) electrolyte solution

was obtained by the complete oxidization of a commercial 1.6 M vanadium
electrolyte in 2 M H2SO4 and 0.05 M H3PO4 (average oxidation state 3.5;
Oxkem, UK) in a VRFB setup equipped with a Nafion™ NR212 membrane.
Here, a slight excess of electrolyte was added to the negative compartment to
ensure complete oxidation of the positive electrolyte. The electrolyte was gal-
vanostatically charged at 80mA cm�2 until the voltage cut-off limit of 1.8 V
was reached. Subsequently, the cell was potentiostatically charged at a voltage
of 2.2 V until the lower current limit of 20mA cm�2 was reached. The positive
electrolyte was then extracted to be used in the oxidative stability test. Pristine
and functionalized m-PBI (50–80mg) were added to a glass vial and immersed
in 4.5 mL of V(V) electrolyte. Before closing, the vials were flushed with nitro-
gen to limit the influence of oxygen. The vials were opened after 21, 42, and
66 days to determine the extent of VO2+ formation, through the oxidation of
the membrane. Hereby, 100 μL of the to be analyzed V(V) catholyte was
diluted with 4.9 mL of 2 M H2SO4. Subsequently, the VO2+ concentration was
determined through UV-Vis spectroscopy. A reference solution of the added
V(V) electrolyte, stored away for the same period, was used as a baseline to
determine VO2+ concentration increase, measured at a wavelength of 765 nm.
The VO2+ formation over time was normalized according to the weight of
the added polymer.

After 66 days, the membranes were washed in DI water, dried overnight at
70 °C in vacuo and subsequently analyzed with FTIR spectroscopy (Vertex V70
spectrometer; Bruker, USA) between 400 and 4000 cm�1.

Cell cycling: Pristine and functionalized m-PBI were characterized for their
VRFB cell cycling performance in an electrochemical test station (Scribner
Model 857 test stand; Scribner Associates, USA) at a dry thickness of 12–
15 μm, with Nafion™ NR212 (51 μm dry thickness; Ion Power, USA) being
used as the commercial reference. The electrochemical test station was
equipped with a 25 cm2 laboratory electrochemical cell (Scribner Associates,
USA) that was connected to two in-house designed graduated cylindrical glass
electrolyte tanks and a multichannel peristaltic pump (Masterflex L/S®, GZ-
07522–20; Cole-Parmer GmbH, Germany) with plasticizer-free chemical-resistant
tubing (Versilon™ 2001; GZ-06475-16, Cole-Parmer GmbH, Germany). The
assembly of the electrochemical cell consisted of 1) two gold-plated copper
current collectors (Scribner Associates, USA), 2) two triple-serpentine-cured
furan resin graphite flow fields (Fuel Cell Technologies, Inc., USA), 3) two in-
house designed polyvinylidene fluoride gasket frames (2.5 mm thickness)
equipped with two ice cube gaskets (0.8 mm, 35 FC-PO100, Germany) for seal-
ing purposes, and 4) two pretreated carbon felt electrodes (25 cm2 active area,
AAF304ZS, Toyobo, Japan), used as received. The electrochemical cell was tight-
ened to 4 Nm, corresponding to a compression of 42% of the carbon elec-
trodes. The vanadium electrolyte (1.6 M vanadium in 2 M H2SO4 and 0.05 M

H3PO4, oxidation state 3.5, Oxkem, UK) was circulated between the electro-
chemical cell and the electrolyte tanks at 60mLmin�1, with both electrolyte
tanks being filled with 40mL of vanadium electrolyte at the start of the test.
The oxidation of the electrolyte due to the presence of oxygen was avoided by
continuously flushing both electrolyte tanks with argon (66mLmin�1).

Prior to cell assembly, Nafion™ NR212 and pristine and functionalized m-PBI
were preswollen in DI water and 2 M H2SO4 overnight, respectively, to enhance
their cycling performance.

The cycling performance of all membranes was screened using a galvanostatic
cycling protocol at varying current densities. The cycling protocol consisted of
three phases, 1) a 4 h conditioning step at OCV, followed by an electrochemical
impedance spectroscopy measurement between 10 kHz and 0.1 Hz at zero DC
and a perturbation amplitude of 10mV to determine the high-frequency resis-
tance (HFR); 2) the initial charging step of the electrolyte at 40mA cm�2, using
1.65 V as the upper cut-off limit, with polarization curves recorded at a state of
charge of 20%, 30%, 50%, 70%, and 90%, by consecutively charging and dischar-
ging the electrolyte at 20, 40, 60, 80, 120, 150, and 200mA cm�2 for 20 s. The last
phase; and 3), was the VRFB cell cycling at varying current densities. Here, the sys-
tem was sequentially galvanostatically cycled between 0.80 and 1.65 V at a current
density of 80, 120, 160, 200, and 120mA cm�2 for, respectively, 10, 25, 10, 10, and
5 cycles. The 1st cycle at each current density was omitted due to the influence
of the prior current density.

The well-performing membranes were further characterized in an extended
cycling test of 200 cycles at 200mA cm�2. As before, the preswollen mem-
branes were conditioned for 4 h at OCV before measuring their HFR between

Table 4. Capacity retention, capacity loss, with respect to the starting
capacity and theoretical capacity, and imbalance formation of m-PBI,
Nafion™ NR212, Ethyl63, and Propyl60 after 200 cycles at 200 mA cm�2

(Figure 11).

Membrane Capacity
retention

(%)

Absolute
capacity loss

(%)

Imbalance
(mL)

Imbalance
(%)

Imbalance
direction

m-PBI 87 8.1 2.3 5.6 �
NR212 43 47.8 4.5 11.3 +

Ethyl63 91 7.3 4.9 12.1 �
Propyl60 88 8.9 4.5 11.3 �
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10 kHz and 0.1 Hz at zero DC and a perturbation amplitude of 10mV. Subse-
quently, the test station was charged to 1.65 V at 200mA cm�2, before starting
the cycling protocol of 200 cycles at 200mA cm�2, with 0.80 and 1.65 V as the
lower and upper cut-off limits. A moving average of 5 cycles, respectively, the
current cycle with two cycles prior and after, was used to reduce the variance
of the coulombic efficiency, in addition to the 1st cycle of the test being
omitted.

The membrane performance during the VRFB cycling was assessed through
the cycling efficiencies (CE, VE, and EE) and the normalized discharge capacity
(Qd), calculated according to Equations 13–16. Herein, td and tc indicate the dis-
charging and charging time of the cycle, Ud and Uc the average voltage during
discharging and charging, Qd,abs the measured discharge capacity, n the number
of moles of the electroactive vanadium species, F the Faraday constant (96 485
Cmol�1) and z the number of electrons associated with the electrochemical
reaction (1).

Coulombic efficiency, CE %, constant ið Þ= td
tc
� 100% (13)

Voltaic efficiency, VE %ð Þ= Ud

Uc
� 100% (14)

Energy efficiency, EE %ð Þ=CE � VE (15)

Qd %ð Þ= Qd,abs

Qtheo
=

Qd,abs

I � t =
Qd,abs

n � F � z � 100% (16)
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