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Liquid flow batteries have potential to achieve high energy efficiency
as a large-scale energy storage system. However, the ion exchange
membranes (IEMs) currently used in flow batteries do not have high
ion selectivity and conductance at the same time, owing to the trade-
off between ionic membrane resistance and ion selectivity. Here, we
report a rationally designed sulfonated aromatic polymer membrane
which can greatly mitigate the trade-off limitation and achieve high
performance vanadium RFB. Small-angle X-ray scattering studies and
density functional theory calculations indicated that the narrowly
distributed aqueous ionic domain of just the right width (<7 A) and
the strong hydrogen bond interaction of vanadium species with a
unique polymer side chain structure play a key role in improving the
ion selectivity. Our systematic studies of the polymer structures,
morphologies, and transport properties provide valuable insight
that can aid in elucidating the structure—property relationship of
IEMs and in establishing design criteria for the development of high-
performance membranes.

Introduction

Membrane-based electrochemical devices have shown great
potential for use in many next-generation energy conversion
and storage systems, such as fuel cells,' redox flow batteries,>”
and reverse electrodialysis,” owing to their high energy effi-
ciency and large-scale adaptability. For a broader application of
these technologies, ion exchange membranes (IEMs) with high
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ion conductivity and selectivity properties are critical for
enhancing the electrochemical performance of electrolyte cells.
Conventional polymeric IEMs, however, suffer from the
trade-off between ion conductivity (membrane resistance) and
selectivity of co/counter-ions and fuels, which greatly reduces
the efficiency of energy conversion and storage systems.>®
Among energy storage systems, vanadium redox flow bat-
teries (VRFBs) have been recognized as one of the most promis-
ing technologies for grid-scale energy storage, owing to
excellent design flexibility and safety, benefited from their
decoupled energy storage and power generation.”*! By using
vanadium ions as the active species in both catholyte and
anolyte solutions, VRFBs eliminate the risk of detrimental
cross-contamination effects, thus greatly improving their ser-
vice life.">"® As a key component in VRFBs, IEMs should have
low vanadium permeability for the separation of the vanadium
species in the catholyte and anolyte solutions while allowing
selective transport of charge-carrier ions with high ionic
conductivity."* Unfortunately, most of the cation exchange
membranes (CEMs) do not meet these criteria, owing to their
intrinsic trade-off between proton conductance and the selec-
tivity of protons over vanadium ions (H"/V""), thus hampering
the widespread implementation of VRFBs. For instance,
although Nafion®, a perfluorosulfonated polymer CEM, is
commonly used in VRFBs because of its high proton conduc-
tivity, chemical stability, and commercial availability, the high
vanadium permeability of the Nafion® membrane causes
undesired coulombic efficiency (CE) drop and fast capacity
decay.* ™ To minimize the crossover of vanadium ions, a
thicker Nafion membrane (e.g., Nafion 117) has to be employed
at the expense of higher membrane resistance, raising the
VRFB stack cost. Currently, Nafion membranes account for
40% of the total cost of a VRFB cell stack.’” To overcome the
limitations of Nafion membranes, extensive efforts have been
made to improve ion selectivity by introducing ion selective
surface coatings'® or inorganic fillers, such as SiO,," TiO,,*°
and Zr0,.>"?* Although the modified Nafion membranes show
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a suppressed vanadium permeability, the additives can cause
adverse effect of higher cell resistance, which does not help to
overcome the trade-off limitation.'* Alternatively, hydrocarbon-
based anion exchange membranes (AEMs)*® have been investi-
gated for VRFBs because of their cation (e.g. vanadyl cation)
exclusion effect (Donnan exclusion). However, in highly con-
centrated electrolytes of VRFBs (typically >3 M), the Donnan
exclusion effect is weak and cannot compensate for the lower
ion conductivity of typical AEMs compared to Nafion. As a
consequence, the decrease in voltage efficiency (VE) and energy
efficiency (EE) makes AEMs less appealing for VRFB applica-
tions at high current densities.>® Recently, a polyamide thin-
film composite membrane exhibited an EE of VRFB greater
than 80% at 260 mA cm ™2 by optimizing the thickness of the
polyamide selective layer.>® However, the polyamide membrane
still exhibits the trade-off limitation. Furthermore, the amide
bonds in polyamide are known to be susceptible to hydrolysis
which could result in stability issues under strong acidic
conditions.”® Therefore, for deployment of durable, high-
performance VRFB systems, the design and fabrication of
advanced IEMs, which can overcome the intrinsic trade-off
limitations, via the optimization of various parameters at
molecular levels (e.g. ionic group, ion exchange capacity, and
aqueous ionic domain width) is highly critical.

In this paper, we report a novel class of sulfonated aromatic
polymer CEMs and demonstrate their superior battery perfor-
mance in achieving both high VE and high CE and overcoming
the trade-off limitation barrier of IEMs. To establish the rela-
tionship between the molecular structures and the selective ion
transport properties, we rationally designed a series of poly-
mers composed of a biphenyl backbone with different side
chains (Fig. 1a). Among the polymers investigated, the biphenyl
polymer with the longest side chain containing an additional
aromatic ring and a perfluorinated segment (BP-ArF4 of Fig. 1a)
exhibited good proton conductivity while also maintaining
extraordinary high proton/vanadium ion selectivity. The unique
feature of this ionic polymer includes a hydrophobic/hydro-
philic separation on a small length scale typical of hydrocar-
bons with a high degree of order and the super-acidity
characteristic  typical of perfluorosulfonate ionomers.
The unique combination of these characteristics affords
BP-ArF4 a remarkable battery performance (CE ~ 99%, EE up
to 93.9%) exceeding that of all other IEMs in VRFB applications.
Small-angle X-ray scattering (SAXS) and density functional
theory (DFT) calculations provide a semi-quantitative under-
standing of the observed performance.

Results and discussion
Polymer synthesis and characterization

As shown in Fig. S1 (ESIY), three examples of cation exchange
polymers (BP-SA, BP-ArSA, and BP-ArF4) were prepared from
the biphenyl polymer precursor BPBr-100, which has a bro-
moalkyl group on the side chain. For BP-SA, the brominated
side chain of the precursor polymer was replaced with -SO;H,
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Fig. 1 Chemical structures and FT-IR spectra of the synthesized poly-
mers. (a) Chemical structures of the polymers. (b) FT-IR spectra of the
synthesized BP-TA (gray) and cation exchange polymers: BP-SA (black),
BP-ArSA (blue), and BP-ArF4 (red). (c) 'H NMR spectra (DMSO-dg) of the
synthesized polymers: BPN1 (black), BP-ArSA (Na salt form, blue), and
BP-ArF4 (red; the peaks at 1.96, 2.78, and 2.94 ppm are from residual
DMAc solvent from solvent casting).

and it has the shortest side chain, with a flexible —(CH,)s-
spacer between the backbone and sulfonate group, among the
three investigated CEMs. BP-ArSA has an additional aromatic
ring in the sulfonate side chain, while BP-ArF4 contains a
perfluoroalkylsulfonate group in addition to an aromatic ring
in the side chain. As all three sulfonated polymers share the
same biphenyl backbone structure and were prepared from the
precursor polymer BPBr-100, they should have no difference in
molecular weight. The difference in properties of these poly-
mers should be derived only from the side chain structures.
Through the minor differences in the side chain structures, we
studied how they could impact ion conductivity and vanadium
ion permeability, which can be translated to battery efficien-
cies. We also prepared BPN1, an AEM counterpart of BP-SA,
from BPBr-100 to study the effect of sulfonate vs. quaternary
ammonium side chains on membrane properties and battery
performance.

Because BP-SA has poor solubility in organic solvents, BP-SA
membranes were prepared by the oxidation of BP-TA film
(Fig. S1, ESIY). BP-TA was prepared via a nucleophilic substitu-
tion reaction of BPBr-100 and potassium thioacetate; where-
after, it was cast into a film and immersed in a hydrogen
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peroxide solution for the oxidation of -SC(—O)CH; of BP-TA to
-SO;H of BP-SA.?” Successful conversion to a sulfonic acid
group in BP-SA was confirmed using FT-IR spectroscopy and
titrated ion exchange capacity (IEC) (Fig. 1b), in which the
thioester S-(C—O0)-C stretching bands of BP-TA at 1690 and
952 cm™~ " disappeared, and the S=O stretching bands of -SO;H
in BP-SA were clearly visible at 1200 and 1037 cm™'. BP-ArSA
was synthesized using a one-step nucleophilic substitution of
BP-Br with sodium 4-hydroxybenzenesulfonate, as shown in
Fig. S1 (ESIt). Because BP-ArSA (in -SO;Na form) is soluble in
DMSO, the chemical structure of BP-ArSA was confirmed using
"H NMR and FT-IR spectroscopies (Fig. 1c). In addition to S=0
stretching bands at 1220 and 1026 cm ™", C-O stretching bands
were observed at 1252 and 1000 cm ™' in the FT-IR spectrum.
To synthesize BP-ArF4, we first synthesized BP-Ar-I via the
nucleophilic substitution of BPBr-100 with 4-indophenol and
then subjected the aryl iodide in the polymer pendant chain to
Ullmann coupling reaction with compound 1 (Fig. S1, ESIT).
Structural characterization of BP-ArF4 was confirmed using "H
and F NMR (in -SO;Na form) and FT-IR (in -SO;H form)
spectroscopies (Fig. S1 and S3, ESIt). The FT-IR spectrum
showed the presence of -SO;H (S—O stretching bands at
1216 and 1056 cm™ '), aryl ether bonds (C-O stretching bands
at 1251 and 1090 cm™ '), and a perfluoroalkyl ether moiety
(CF,-O stretching at 980-960 cm™ ‘). BPN1 was prepared by
following the procedure mentioned in our previous report.>®

Ion transport properties

To characterize the ion transport properties of the membranes,
we evaluated the IEC, vanadium ion permeability, proton
conductivity, and area resistance of the prepared membranes
(Table 1). Commercial Nafion 117 and Nafion 212 membranes,
which are widely used in VRFBs, were used as reference
samples. Low vanadium ion crossover is a critical property of
IEMs to achieve high CE and low capacity loss for VRFB
applications. Among all evaluated CEMs, BP-SA showed the
highest vanadium permeability of 110.1 x 10”7 ¢cm® min*
possibly due to the highest IEC and swelling ratio. In compar-
ison, BP-ArSA exhibited a markedly lower vanadium perme-
ability of 13.5 x 1077 em® min~", thus indicating that the
incorporation of an aromatic group and an ether linkage in the
side chain can greatly improve the vanadium ion rejection
property of the membrane. BP-ArF4 with an additional per-
fluoroalkyl pendant chain further suppressed the vanadium ion
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permeability to 10.2 x 1077 cm® min~ ', a value 4.0 times and
3.2 times lower than those for Nafion 212 and Nafion 117,
respectively. Hydrated vanadium ion and proton transports in
the sulfonated aromatic polymers have been found to be
heavily affected by the dimension of the separated hydrophobic
and hydrophilic domains in the microstructures.” In general,
swelling ratio values are closely related to water uptake and, in
Table 1, we use the swelling ratio to correlate the dimensional
stabilities of membranes with ion selectivity. The swelling
ratios for BP-ArSA (12.9%) and BP-ArF4 (10.2%) were signifi-
cantly lower than that of BP-SA (18.6%), suggesting a smaller
aqueous domain within the polymer matrix in spite of the same
backbone structure of all three biphenyl CEMs. We also tested
BPN1, an AEM with the identical molecular structure of BP-SA,
to investigate the structure-membrane property relationship of
sulfonate vs. quaternary ammonium side chains in aromatic
polymers. Although BPN1 and BP-SA have comparable linear
swelling ratios, BPN1 exhibited a significantly lower vanadium
permeability (23.8 x 1077 em?® min'). This is most likely
because the highly concentrated positive quaternary ammo-
nium functional groups of BPN1 AEM impede the transport of
the multi-valent vanadium cations as a result of the Donnan
exclusion.****

As the length of the side chain increases in the biphenyl
polymer series, their IECs decrease due to lower ion exchange
groups (-SO;H) in unit mass (volume): BP-SA (2.29 meq. g ),
BP-ArSA (2.01 meq. g '), and BP-ArF4 (1.25 meq. g ).
As expected, the proton conductivity of the CEMs follows the
order of IEC: BP-ArF4 < BP-ArSA < BP-SA (Table 1). The proton
conductivities of BP-ArSA and BP-ArF4 were 67.6 and 55.3 mS cm™*,
respectively, which are comparable to that of Nafion 117
(59.2 mS cm ™) and Nafion 212 (73.5 mS cm ™ '). BP-SA showed
the highest proton conductivity (94.4 mS ¢cm™ ') among all
studied CEMs as shown in Table 1 due to the highest IEC.

We defined the ion selectivity () of the membranes as the
ratio of proton conductivity and vanadium permeability, and the
values are listed in Table 1. Although BP-ArF4 and BP-ArSA have a
lower IEC and lower proton conductivity than BP-SA, their ion
selectivity values were almost seven times higher than that of BP-
SA. This result suggests that the positive contributions from
lower swelling (hydration number) and vanadium permeability
due to the incorporation of an aromatic ring and additional
perfluoroalkyl moiety in the flexible side chain of the polymers
far outweigh the decreases in IEC and ion conductivity. In spite of

Table 1 IEC, VO?* permeability, proton conductivity, ion selectivity, area resistance, and linear swelling ratio of the membranes

Area
Thickness VO** permeability Ionic conductivity o resistance Linear swelling
Samples (um) IEC (meq. g7') (x1077 em’min™") (mScm™) (x10* min Sem™)  (Q em?) ratio (%)
BP-ArF4 88+1 1.25 £ 0.05 10.2 £ 0.8 55.3 + 1.2¢ 5.42 0.28 £ 0.02 10.2
BP-ArSA 90 £ 1 2.01 £ 0.06 13.5 £ 0.5 67.6 &+ 0.9¢ 5.08 0.26 £ 0.02 12.9
BP-SA 60 + 2 2.29 £ 0.19 110.1 £ 2.5 94.4 + 2.1¢ 0.75 0.23 £ 0.01 18.6
BPN1 97 £ 2 2.60 £ 0.05 23.8 £+ 3.4 14.5 + 1.4° 0.61 0.67 £ 0.07 17.4
Nafion 212 55+ 1 0.90 £ 0.02 41.2 £ 2.0 73.5 £+ 3.1¢ 1.78 0.23 £ 0.05 14.3
Nafion 117 195+ 1 0.89 £ 0.02 321 £1.7 59.2 + 2.2¢ 1.84 0.89 £ 0.09 15.1

“ Refers to proton conductivity. ” Refers to anion conductivity.
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lower proton conductivity, the ion selectivity of BP-ArF4 is more
than three times higher than those of Nafion 212 and Nafion 117.
Areal specific resistance (ASR) of the membranes was measured
using electrochemical impedance spectroscopy (Table 1).
The ASR of BPN1 (0.67 Q cm?®) was measured for SO,>~ anion
transport of the AEM. Owing to the intrinsically low mobility of
SO,>~ anions (8.27 x 10~ % m® s~ V') in aqueous solution,
which is approximately one-fourth the proton mobility,** the ASR
of BPN1 was significantly higher than those of biphenyl CEMs
with a similar thickness. Although the thickness of BP-ArF4 and
BP-ArSA membranes (approximately 90 pm) was higher than that
of Nafion 212 (55 um), they all showed comparable ASR values in
the range of 0.23-0.28 Q cm”. These ASR values were significantly
lower than that of Nafion 117 (0.89 Q em?), the standard CEM in
VRFB with a thickness of 195 pm to minimize vanadium ion
crossover in the membrane.

VRFB performance

Fig. 2a-c illustrate VRFB single cell tests with various membrane
separators. Among all membranes evaluated, BP-ArF4 showed the
best overall performance far exceeding Nafion 117, the most
commonly used benchmark separator membrane. Because the
transport of vanadium species may occur through diffusional
processes even in the absence of current, coulombic losses are
expected to dominate at low current density, whereas VE is
expected to decrease with increasing charging/discharging cur-
rent, owing to the charge transfer overpotential and transport
resistance within the anolyte, catholyte, and membrane (Fig. 2a
and b). As listed in Table 1, Nafion 212, BP-SA, BP-ArSA, and BP-
ArF4 have similar ranges of ASR (0.23-0.28 Q cm?), and thus they
all exhibited higher VE than the thicker Nafion 117 (195 pum
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thick, 0.89 Q cm® ASR). It was found that, although BP-SA has a
smaller ASR than BPN1, the VE of BP-SA is lower than BPN1.
The unexpected low VE of BP-SA is presumably due to the voltage
loss that resulted from the fast crossover of active species.®®
The effect of enhanced ion selectivity of BP-ArF4 on VRFB
performance was clearly visible in CE. Among all tested mem-
branes, the CE of VRFBs with the BP-ArF4 membrane approached
100% at a current density >60 mA cm™ 2. Even at a lower current
density of 40 mA em™?, the BP-ArF4 membrane still exhibited a
very high CE of 98.6%, as compared with 95.0% exhibited by
Nafion 117 and 85.9% by Nafion 212. Notably, the CE of BP-ArF4
was even higher than that of BPN1 (96.2%) at 40 mA cm 2.
The high CE of BP-ArF4 can also be reflected from the charge-
discharge curves (Fig. S4, ESIt). The discharge capacity of BP-
ArF4 is almost identical to the charge capacity, indicating that the
loss of the discharge capacity has been minimized.

Since the CE and EE values of the BP-ArF4, BP-ArSA, BPN1,
and Nafion 212 are similar at 100 mA cm ™2 (Fig. 2a and c), we
monitored the capacity retention of the IEMs to further evalu-
ate their performance, particularly at a high current density.
VRFB single cells loaded with each IEM were charged and
discharged at 100 mA cm > for 200 cycles. As shown in
Fig. 2d, BP-ArF4 has the lowest capacity decay rate (0.08% per
cycle) followed by BP-ArSA (0.16%), Nafion 117 (0.29%), BPN1
(0.36%), Nafion 212 (0.44%), and BP-SA (0.49%). The capacity
decay of the VRFB cell is typically a result of the charge
imbalance due to the crossover of vanadium ions as well as
water transfer.>* Benefiting from remarkably lower vanadium
permeability and swelling ratio, BP-ArF4 and BP-ArSA exhibited
a slow capacity decay rate and maintained high capacity reten-
tion after 200 cycles, 84% and 67%, respectively. In contrast,

a
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Fig. 2 VRFB single cell performance. (a) CE for PEMs at a current density
100 mA cm™2, (c) EE for PEMs at a current density from 20 to 100 mA cm ™2,
PEMs, and (f) cycling stability of VRFB with the BP-ArF4 membrane at 100
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from 20 to 100 mA cm™2, (b) VE for PEMs at a current density from 20 to
(d) capacity retention for IEMs at 100 mA cm™2, (e) self-discharge curves of
mA cm™2,

Mater. Adv., 2020, 1, 2206-2218 | 2209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00508h

Open Access Article. Published on 01 settembre 2020. Downloaded on 01/05/2026 15:11:11.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

BP-SA showed a faster capacity decay and lower capacity reten-
tion, presumably due to the more rapid vanadium and water
crossover, which can deteriorate the charge imbalance between
positive and negative half cells. Nafion 117 was able to achieve
a higher capacity retention than Nafion 212 (40% vs. 10% after
200 charge-discharge cycles) by lowering vanadium ion cross-
over with increased thickness. Additionally, we evaluated the
self-discharge rate of the IEMs which is closely related to the
loss of energy capacity of VRFB.>>*® Fig. 2e shows the self-
discharge curves of VRFB with IEMs starting from ~90% of the
state of charge (SOC). Since the cells were held statically (zero
current) during the self-discharge test, the difference of over-
potential between each membrane is minimized. Therefore, the
initial open circuit voltage (OCV) for all membranes approaches
1.6 V. However, because of the different crossover rates of active
vanadium species through membrane separators, the OCV of
VRFB cells decreased over time at varying speed. Toward the
end of the test, OCV sharply decreased below 1.0 V. When OCV
tests were compared with 1.0 V as a cut-off voltage, BP-ArF4
exhibited the longest self-discharge time (209.5 h) among
all tested IEMs: BP-ArSA (139.5 h), Nafion 117 (114.5 h), BPN1
(109.9 h), Nafion 212 (30.5 h), and BP-SA (22.2 h). Interestingly,
the 90 pm-thick BP-ArF4 membrane showed almost twice
longer self-discharging time than the 195 pm-thick Nafion
117, owing to its superior ability to mitigate vanadium cross-
over. Overall, the results of capacity retention and self-
discharge tests agree well with the trend of vanadium perme-
ability results provided in Table 1; the lower the vanadium
permeability of the membrane, the higher the capacity reten-
tion and the longer the self-discharge time in a VRFB
single cell.

We also evaluated the cycling stability and chemical stability
of BP-ArF4 in oxidative/acidic V’>*/H,SO, solution and com-
pared with Nafion membranes. The high CE of BP-ArF4
remained stable (nearly constant close to 100%) during the
200 charge-discharge cycles at 100 mA cm ™2, which indicates
negligible crossover of vanadium ions through the membrane
during the operation and good chemical stability in the strong
oxidizing acidic environment (Fig. 2f). The observed decrease of
VE and EE during the first 100 cycles is most likely due to the
electrochemical degradation of carbon electrodes, as encoun-
tered in other works.*”*® While EE of BP-ArF4 remained almost
stable at 80% after 110 cycles and slightly decreased to 79% at
200 cycles, the EEs of VRFB cycling stability of the Nafion 212
and 117 membranes continuously decreased to 73% and 68%
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after 200 cycles, respectively (Fig. S5, ESIT). When the chemical
stability of the IEMs was evaluated in 0.1 M V°" in 4 M H,SO,,
all our biphenyl CEMs showed significantly lower V** genera-
tion than other hydrocarbon PEMs such as BPSH60° (Fig. S6,
ESIt). We believe that the enhanced chemical stability stems
from the absence of chemically labile aryl ether bonds in the
polymer backbone. As all biphenyl CEMs reported here have
polymer backbones made only of carbon-carbon bonds, they
should be chemically more resistant to strongly acidic oxidizing
environments than aryl ether-containing polymer CEMs such
as BPSH60. Among biphenyl CEMs, BP-SA which does not have
any heteroatom other than CF;- and -SO3;H moieties in the
chemical structure exhibited the greatest chemical resistance
against oxidation. Notably, the chemical stability of BP-SA is
almost comparable to that of perfluorinated polymer Nafion,
which is unprecedented for a hydrocarbon-based CEM. Overall,
both the battery cycling test and off-cell chemical stability test
clearly suggest that our biphenyl CEMs are quite stable in
VRFBs during long-term operation.

SAXS and DFT studies: selective ion transport mechanism

On the basis of our recent work on selective ion transport,*®**

we suggest that the exceptionally good battery performance of
BP-ArF4 is due to its unique morphology created by the polymer
structure of rigid biphenyl backbone and long tethered per-
fluoroalkylsulfonate side chain and optimum ion exchange
capacity. When equilibrated with a 1.6 M VOSO,/4 M H,SO,
electrolyte, the hydration number (swelling) of the CEMs was
low (Table 2) and a substantial amount of co-ions (sulfate/
bisulfate anions) entered the membrane with a corresponding
amount of counter-ions (mostly H;O" and vanadyl species).
Interestingly, there was a strong indication that VO** counter-
ions were well hydrated and dissociated (they did not bind to
the -SO;~ fixed ionic group), whereas excess VO*" was strongly
associated with SO,>~ co-ions by forming neutral VOSO, spe-
cies within the aqueous domains of the CEMs. Then, vanadium
crossover mainly occurred through VOSO, diffusion, with a
minor contribution from charged vanadium species, whereas
the major contribution to the ionic current through the
membrane was from protons, which were present as counter-
ions and part of the excess H,SO, entering the membrane as a
consequence of the breakdown of Donnan exclusion at high
acid concentrations (i.e., 4 M H,SO,). We also demonstrated
that the transport of vanadium-containing species was largely
decreased when the extension of aqueous domains fell below

Table 2 Position of ionomer peak in g-space and calculated values for the average width of aqueous ionic domain d,q of membranes in contact with
different solutions. A represents hydration number. Polymer density ppoymer and water content Wh,0 respectively, and electrolyte content Weectrolyte:

were used to calculate d,q using eqn (1)

Density H' form in water In 4 M H,S0,4/1.6 M VOSO,
Samples ppolymer (g Cmis) q (‘&71) WHZO (0/0) ;“ daq (nm) q (571) welectrolyte (0/0) daq (1’11’1’1)
Nafion 117 2.1 0.124 25 20.4 2.10 0.149 21 1.20
BP-ArF4 1.4 0.156 28 17.3 1.41 0.190 19 0.63
BP-ArSA 1.2 0.162 32 13.0 1.41 0.210 28 0.75
BP-SA 1.2 0.184 50 24.3 1.85 0.224 37 0.94
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the hydrated sizes of these species (sieving-effect), which was
also observed in the subnano-sieving PIM-1 membrane.** This
effect began to occur at a domain width of approx. 0.7 nm,
which remained wide enough for rapid local H;O" diffusion.

With their pronounced hydrophobic/hydrophilic separation,
as indicated in Table 2, perfluorosulfonic acid membranes,
Nafion 117 and Nafion 212, have much wider aqueous
domains, despite the lower swelling in highly concentrated
electrolytes (i.e., 1.6 M VOSO4/4 M H,SO,), thus explaining
their low CE values. In contrast, the flexible and long side
chains of Nafion efficiently decouple hydrophobic aggregation
within the polymeric domain from ionic ordering and water
coalescence within the aqueous ionic domain, thus leading to a
relatively smooth interface between the two domains and good
connectivity of the aqueous ionic domain. Consequently, even
with low IEC, Nafion membranes show less of a conductivity
decrease than other IEMs as hydration decreases.** With
respect to low hydration conditions, such as those in VRFBs,
relatively high proton conductivity can still be achieved, thus
leading to high VE for a given current density (Fig. 2b). There-
fore, a key design criterion for obtaining both high CE and VE is
the morphology of the IEMs, which should have narrow aqu-
eous ionic domains that efficiently block the transport of
vanadium species (e.g., VOSOy4, VO,q>", VOauq2", Vag®') Vaq’')
but are still wide enough and well-connected for high proton
conductivity.

To investigate how the average width of the aqueous ionic
domain d,q and the degree of order/disorder affect ion selec-
tivity and VRFB performance, we recorded SAXS patterns for
CEMs immersed in pure water and in 1.6 M VOSO,/4 M H,SO,
(Fig. 3). From the structural correlation length d obtained from
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the position of the ionomer peak in g-space, d,q is estimated by
using eqn (1).

Vaq
dpg = d——"—,
“ (Vaq + Vpoly)

(1)

where V,q and Vj,q, are the volume fractions of the aqueous
ionic domain and the polymeric domain, respectively.

This estimation is based on the assumption that the struc-
tural correlation length d of the present ionomers scales in a
linear fashion with the volume fraction of the aqueous ionic
domain V,q as observed for other CEMs with sulfonic-acid as
fixed ionic groups.** This corresponds to the local anisotropic
swelling, which had been claimed to be characteristic for the
locally flat morphologies with the dominant swelling compo-
nent parallel to the normal.**

The relevant data are shown in Table 2. BP-ArF4 has the
unique molecular structure of a hydrocarbon backbone and
flexible pendant side chains with a perfluorinated terminating
part (Fig. 1a). Although the BP-ArF4 membrane does not show
the smallest structural correlation length d, its d,q is the
smallest as compared with other membranes, owing to its
lower water volume fraction, essentially reflecting the low
IEC. Notably, the ionomer peak of BP-ArF4 is relatively narrow,
and the second order peak is clearly visible (Fig. 3b and c), thus
indicating a well-ordered morphology with a narrow distribu-
tion of the aqueous ionic domain width. This finding may be a
reason for its superior blocking properties for vanadium spe-
cies, thus leading to the highest CE over the entire current
densities (20-100 mA cm™?). Despite low IEC, BP-ArF4 main-
tains good ion conductivity because of the super-acidic per-
fluorosulfonate group which leads to its reasonably high VE.

(@) 100000 A (b) 4500 (c) 2000
——H*form in water 4000 ——BP-ArF4
80000 ——4M H,S0, / 1.6M VOSO, 3556
] 1500
3000
£ 60000 o ®
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=3 = |
8 40000 8 200 3 1000
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Fig. 3 SAXS patterns of: (a) Nafion 117 in water and 4 M H,SO4/1.6 M VOSOy, (b) BP-ArF4, BP-ArSA, and BP-SA membranes in the acid-form immersed
in water, and (c) equilibrated in 1.6 M VO,5S0,4/4 M H,SO, electrolyte. (d) Total room temperature conductivity of Nafion 117 and BP-ArF4 membranes
equilibrated in solutions of VOSO, with different molarities. (e) Illustration of the selective ion transport mechanism of BP-ArF4 membrane. The narrow
aqueous ionic channel (0.63 nm) and functionalities of BP-ArF4 can efficiently block VOSO, transport, while keeping high proton conductivity.
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These characteristics of CE and VE lead to a better compromise
than for other types of membranes. Therefore, the results of
SAXS studies indicate that the unique molecular structure of
BP-ArF4 with narrow aqueous ionic domains can afford the
combination of properly sized aqueous ionic transport
pathways and the high degree of order. The morphological
“sieving” effect can be characterized by a relatively distinct
threshold with respect to the width of the aqueous ionic
domain.” It is the very nature of this effect that only a narrow
distribution of this width allows for a high blocking effect close
to the percolation threshold. Otherwise, one has to further
reduce the average width of the transport pathways so as to
avoid transport through the fraction of wider parallel pathways.
This would further reduce proton conductivity which is also the
highest for a narrow domain width distribution because of the
non-linear dependence of the water diffusion coefficient on the
water volume fraction (domain width).*> As shown in Fig. 3b
and c, the morphology of the BP-ArF4 membrane could provide
both properly sized aqueous ionic domains and a high degree
of order. The molecular structure of this ionomer represents a
rare case of a hydrocarbon backbone with flexible pendant side
chains with a perfluorosulfonate terminating group (see
chemical structure of BP-ArF4 in Fig. 1). This allows for the
formation of a well-developed ordered hydrophobic/hydrophi-
lic separation, while hydrocarbon structures with sulfonic
groups tethered to the main chain via a short chain, such as
BP-SA, are by far less ordered on the nano-meter scale as
indicated by broad ionomer peaks of the SAXs patterns
(Fig. 3b and c). It should also be mentioned that the super-
acidity of the terminating group of BP-ArF4 guarantees quasi
complete dissociation at reduced water activity characteristics
for VRFB electrolytes.

We further investigated the transport phenomena of vana-
dium species in two extreme cases, Nafion 117 (the largest d,)
and BP-ArF4 (the smallest d,), by estimating VOSO, transport
rates. Because both membranes enabled complete exchange
into VO** form in an excess of 0.1 M VOSO, with limited uptake
of excess VOSO, (<10% of the fixed ion concentration), the
total conductivity mainly represented the mobility of VO,,*" in
both structures (the volumetric density of ionic groups in both
membranes was very close, i.e., approximately 1.9 meq. mL ™).
As shown in Fig. 3d, the total conductivity of BP-ArF4
(2.8 mS em™ ") is lower than that of Nafion 117 (6 mS cm™ ")
by approximately a factor of two. A more interesting observa-
tion was that the increase in the VOSO, concentration from 0.1
to 1.6 M left the total conductivity of Nafion 117 unchanged
while the value of BP-ArF4 largely decreased to 1.3 mS cm ™. In
the highly concentrated electrolytes, we observed a substantial
amount of co-ion (SO,>”) uptake, mainly from neutral VOSO,
and diminished water uptake (approximately 10%) as a
response to the decreased water activity in the electrolyte
solution. Thus, in more highly concentrated electrolytes with
a further decrease in the membrane’s hydration, the conduc-
tivity contribution of vanadium species (e.g., VO>*) can be
further decreased in the BP-ArF4 after its de-swelling. The lower
swelling can decrease the width of the aqueous ionic domain to
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an extent (e.g., 0.63 nm in Table 2), which substantially impedes
vanadium ions, whereas protons still can be transported
through the channels. This result is consistent with the recent
molecular dynamics simulation study which suggests that
zeolite-based IEMs with pore size <0.7 nm are crucial for the
selective hydronium ion transport over vanadium ions.*>

DFT calculation results provided additional insights into
vanadium ion transport in terms of the chemical functional-
ities of polymer chains. A previous study has reported that
the vanadium(iv) ion in sulfuric acid solution forms a
[VO(SO,)(H,0)4H,0 complex.*® Our further optimized vana-
dium ion structures indicated that the energetics of the vana-
dium ion was the lowest when its spin state was a doublet
(Fig. S7, ESIY), and its structural parameters, such as the V—0
bond length and V-O bond length, were in good agreement
with previously reported values.”” Fig. S8-S11 (ESIt) illustrate
the optimized structures of the vanadium ion complexes with
different moieties of the sulfonated aromatic IEMs including
Nafion and Table S1 (ES