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ABSTRACT: Achieving superior ionic selectivity in membranes is vital for enhancing the performance of vanadium redox flow
batteries (VRFBs). In this study, we synthesize a series of ether-free poly(arylene methylimidazole) copolymers (P(Melm-co-X))
enriched with methylimidazole groups. These copolymers are prepared via a straightforward superacid-catalyzed polymerization of 1-
methyl-2-imidazolecarboxaldehyde with five distinct aromatic monomers: biphenyl, fluorene, 1,2-diphenylethane, diphenyl sulfide,
and p-terphenyl (used as a reference). Our objective is to investigate how variations in the polymer backbone’s chemical structure
affect membrane properties relevant to VRFB applications. The incorporated basic methylimidazole groups facilitate ion transport
through hydrogen bonding, while modifications in the aromatic monomer structures adjust the polymer microstructure to optimize
area resistance and ionic selectivity. Among the synthesized membranes, the fluorene-based P(Melm-co-Flu) exhibits the most
outstanding performance, displaying excellent chemical stability, high tensile strength (22.4 MPa), and low area resistance (0.32 Q
cm?). When evaluated in VRFBs at a current density of 100 mA cm ™2, the P(Melm-co-Flu) membrane achieves an energy efficiency
(EE) of 85.7%, surpassing that of Nafion 115 (76.5%). Additionally, this membrane demonstrates exceptional capacity retention
over 570 cycles at 100 mA cm ™2 maintaining Coulombic efficiencies above 99%, with energy efficiencies decreasing slightly from
85.4% to 80.9%. Therefore, this work presents a high-performance, easily synthesized, and cost-effective P(Melm-co-Flu) membrane
for potential application in VRFBs.
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1. INTRODUCTION

As global efforts intensify to reduce carbon emissions,
sustainable clean energy sources like wind and solar power
are increasingly favored." However, due to the unpredictable

conductivity, demonstrate superior oxidative stability, and be
cost-effective.

Proton exchange membranes (PEMs) inherently possess
negatively charged groups, typically sulfonic acid (—SO;H)
moieties, which ionize to release H* ions and facilitate the

availability of these energy sources, developing high-perform- exchange of positive ions in the electrolyte. Currently, Nafion

ance energy storage systems is crucial. Among these,
vanadium redox flow batteries (VRFBs) are regarded as
particularly promising. By leveraging the multivalence of
vanadium ions, VRFBs offer stable output power, and long
operational lifespans, and are gradually being implemented in
practice.””~” A crucial component of VRFBs is the separator
membrane, which not only prevents cross-contamination
between vanadium ions of different valence states but also
facilitates rapid proton transport to complete the circuit,”*’
Therefore, an optimal membrane material should offer robust
resistance to vanadium ion permeation, exhibit high ion

© XXXX American Chemical Society

7 ACS Publications

membranes, i.e., perfluorosulfonic acid membranes produced
by Chemours, achieve voltage efficiencies exceeding 90% in
VRFBs due to their remarkable proton conducting capa-

bility.”'”"" However, their widespread adoption is still
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Figure 1. Synthesis of various poly(arylene methylimidazole) polymers.

DPS

hindered by high manufacturing costs and significant electro-
lyte cross-contamination due to vanadium ion permea-
tion.”'>"? Instead, low-cost sulfonated aromatic polymer
membranes incorporating sulfonic acid groups, such as
sulfonated poly(ether sulfonate) (SPES)'*'” and sulfonated
poly(ether ether ketone) (SPEEK)'®'”'® have been explored.
Nevertheless, the negatively charged sulfonic acid groups
increase the attraction to vanadium ions, promoting electrolyte
migration.””'® Moreover, aryl ether bonds in the polymer
backbone are susceptible to attack and degradation in
environments with high vanadium ion concentrations,
indicating a need for enhanced chemical stability in VRFB
applications.' >

In VRFBs, the electrolyte is sulfuric acid (SA), containing
redox couples of varying valence states.”> Consequently,
several basic polymer membranes have been proposed for
VREFB applications after doping with SA molecules to impart
ion-conducting capabilities. A prominent example is poly-
benzimidazole (PBI), which features two benzimidazole
groups per repeating unit. Zhou et al’' were the first to
employ PBI membranes in VRFBs, achieving significantly
improved Coulombic efficiencies of up to 99% within the
current density range of 20 to 80 mA cm ™% The SA-doped PBI
membrane demonstrated low vanadium ion permeability
because the protonated PBI chains repel positively charged
vanadium ion species through electrostatic exclusion.’”
However, the high area resistance (AR) inherent in PBI-
based VRFBs leads to reduced voltage and energy
efficiencies.”*’ To address this issue, various strategies have
been employed to enhance the SA uptake of PBI membranes,
thereby lowing AR, including the fabrication of porous
membranes,”** blending with polymers that have superior
SA adsorption capacities,zs’26 grafting long side chains or basic

27,28 ) . . 6,29,30—32
groups and employing preswelling techniques.

In addition to PBI, other membranes containing basic
groups have been developed by our group and others,
including polyvinylpyrrolidone (PVP),>>~* poly(ethylene
imine) (PEI),*® poly(arylene piperidine),”’ ™’ poly(arylene
pyridine),”>*"** and poly(p-terphenylene methylimidazole).*
Among these basic group containing polymers, membranes
featuring 7-conjugated N-heterocyclic structures exhibit out-
standing chemical stability. For instance, aryl ether-free poly(p-
terphenyl-co-acetylpyridine) (PTAP) was synthesized via a
straightforward superelectrophilic activation polymerization
using para-terphenyl and 4-acetylpyridine as reactants.”' The
PTAP polymer we synthesized displayed excellent solubility in
organic solvents, and the corresponding membrane exhibited

SA absorption capacity and excellent chemical stability. It also
showed satisfactory permeability to vanadium ions, primarily
due to electrostatic repulsion between the vanadium ions and
protonated pyridine rings, resulting in excellent ion selectivity
for the SA doped PTAP membrane. Furthermore, in our
previous work, we synthesized poly(p-terphenylene methyl-
imidazole) using the highly reactive monomer of 1-methyl-2-
imidazolecarboxaldehyde.*” The resulting imidazole-containing
membrane displayed excellent chemical stability against high-
valence vanadium ions and high sulfonic acid absorption
capacity, resulting from the presence of pendant imidazole
rings.

In this study, we build upon our previous work® by
synthesizing a series of methylimidazole-containing polymers
through a straightforward superacid-catalyzed polymerization
of 1-methyl-2-imidazolecarboxaldehyde with five different
aromatic monomers: biphenyl, fluorene, 1,2-diphenylethane,
diphenyl sulfide, and p-terphenyl as a reference. This approach
aims to investigate how variations in the chemical structure of
the polymer backbone affect membrane properties for VRFB
applications. Our design strategy employs basic imidazole
groups to provide acidic sites for ion transport via hydrogen
bonding, while modifications in the aromatic monomer
structures adjust the polymer microstructure to optimize area
resistance and ionic selectivity, achieving high-performance
membranes for VRFB applications. We systematically exam-
ined the influence of different aromatic monomers on the
polymer structure and their physicochemical properties, and
further evaluated the electrochemical performance and cycling
stability of the membranes in VRFB operations.

2. EXPERIMENTAL SECTION

2.1. Materials. p-Terphenyl (TP), biphenyl (BP), fluorene (Flu),
1,2-diphenylethane (DPE), diphenyl sulfide (DPS) and 1-methyl-2-
imidazolecarboxaldehyde (Melm) were procured from Adamas
Reagent Ltd. Dichloromethane (DCM), trifluoromethanesulfonic
acid (TFSA) and trifluoroacetic acid (TFA) were obtained from
Energy Chemical Co., Ltd. Sulfuric acid (H,SO,) and magnesium
sulfate (MgSO,) were purchased from Sinopharm Chemical Reagent
Co. Ltd. Vanadium(IV) sulfate oxide hydrate (VOSO,) was sourced
from Haizhongtian Chemical Company in Shenyang, China.

2.2. Synthesis of Poly(arylene methylimidazole) Mem-
branes. All poly(arylene methylimidazole) polymers were synthe-
sized using a modified superacid-catalyzed polymerization based on
our previous study.*’ For example, the synthesis of poly-
(methylimidazole biphenyl) (P(Melm-co-BP)) proceeded as follows.
Biphenyl (1.37 g, 8.88 mmol) and 1-methyl-2-imidazolecarboxalde-
hyde (1.27 g 11.55 mmol) were added into a 100 mL two-neck
round-bottom flask with mechanical stirring and dissolved in 2 mL of

https://doi.org/10.1021/acsapm.4c03945
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsapm.4c03945?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c03945?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c03945?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c03945?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c03945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

DCM. While maintaining the mixture in an ice bath, TFSA (6 mL)
gradually added. Mechanical stirring reaction about 1S min, the
solution had a high viscosity, poured it into 1 M NaHCOj solution.
The resulting light yellow fibers were thoroughly washed with
deionized water until the filtrate was neutral. The final polymer was
obtained after drying in an oven at 80 °C. By replicating the BP
monomer with TP, Flu, DPE or DPS, four additional poly(arylene
methylimidazole) polymers were synthesized, named P(Melm-co-
TP), P(Melm-co-Flu), P(Melm-co-DPE) and P(Melm-co-DPS),
respectively. The synthesis procedure and chemical structures of
these five poly(arylene methylimidazole) polymers are illustrated in
Figure 1.

Membranes were fabricated through a solution casting method
from 2.0 wt % polymer solutions. The solutions were magnetically
stirred until clear and transparent, which were then filtered and
poured onto Petri dishes. After dried in an oven at 80 °C for 12 h, the
transparent membranes were peeled off, washed thoroughly, and dried
again.

2.3. Characterizations. An internal standard of tetramethylsilane
was utilized, with DMSO-d, serving as solvents for various polymers.
Each polymer’s proton nuclear magnetic resonance ('H NMR)
spectra were acquired using a Bruker AVANCE 400 MH:z
spectrometer. After platinum coating, the surface morphology of all
membranes was examined using an SU-8010 scanning electron
microscope. Membrane samples were cut into dumbbell shapes (25
mm in length and 4 mm in width), and tensile stress—strain curves
were collected at a rate of S mm min~ ' using a CMT2000 electronic
tensile testing machine at room temperature.

The inherent viscosity (#7) of the polymer was determined at 30 °C
using an Ubbelohde viscometer. The polymer was dissolved in
DMSO and diluted to a concentration (c) of 100 mg dL™". Each
polymer solution was measured in triplicate. The calculation of the
viscosity is based on the following eq 1

tx
”‘%E} (1)

Where t, and t; refer to the flow times of the polymer/DMSO
solution and the blank DMSO solution, respectively.

The well-known proton transfer advantages of SA doped
membranes,”** make acid uptake (AU%) a crucial parameter for
evaluating their physicochemical properties. After drying, the initial
dimensions (L, W,, D,) and mass (m,) of the membranes were
recorded. The membranes were then submersed in a 3 M H,SO,
solution at 30 °C. Periodically, samples were removed, gently blotted
with filter paper, weigh its quality, and repeat the above operation
many times until the quality of the membrane is balanced. The
dimensions (L,, W;, D,) and the mass (m,;) of the acid doped
membrane were measured. AU% was calculated using eq 2, while the
percentages of swelling in area (SA%) and volume (SV%) were
determined using eqs 3 and 4, respectively.**

AU% = 170 o 1009%
mg (2)
Ly X W, = Ly X W,
SA% = L= 1 07 0w 100%
Ly X W, 3)
L, X W, XD, — L, X W, X D,
N 17271 0 070 % 100%

Ly X Wy X Dy o)

Electrochemical impedance spectroscopy (EIS) measurements for
the SA doped membranes in 3 M H,SO, were performed using an
electrochemical workstation spanning frequencies from 100 MHz to 1
Hz.*>* An H-type electrolytic cell with an effective diffusion area of
2.27 cm?* was used for testing, Surface resistance was determined using
eq S, where R, represents the resistance of the sulfuric acid without
the membrane, and R is the resistance of the test membrane.

AR = (R, — Ry) X A ()

where A is the effective area (2.27 cm?) between the two diffusion
cells.

To evaluate VO** permeability, a diffusion cell with an effective
area of 1.69 cm” was employed, containing 80 mL of 3 M H,SO,
solution with equal concentrations (1.5 M) of VOSO, and MgSO, to
balance osmotic pressure.'”>' The cell was magnetically stirred to
minimize concentration polarization effects. The concentration of
VO* ion in the MgSO, compartment was periodically measured
using a PerkinElmer Lambda 750s UV—visible spectrometer.
Permeability was then calculated according to eq 6.

po LW dG)
AG -G a ©

In this equation, Vj, is the volume of the vanadium ion solution, C,
and C,(t) are the initial concentration of VO** and its concentration
in the MgSO, solution at time t, respectively. A denotes the effective
area, L is the membrane thickness, and P is the vanadium ion
permeability coefficient.

Oxidation resistance was evaluated using a procedure similar to that
described in previous reports.”>*’ The dried membrane was initially
submersed in a 1.5 M VO,*/3 M H,SO, solution for 12 h. After
immersion, the membrane was carefully taken out, washed with
deionized water, dried, and weighed again. For extended oxidation
resistance testing, the membrane was periodically reimmersed in the
same solution, and weight retention was determined by measuring any
changes in mass.

2.4. VRFB Performance. The VRFB testing setup was as
previously described in our earlier studies.”>** Graphite felt electrodes
(9 cm?®) were utilized in our experiments. To evaluate the charge—
discharge cycling performance, a Neware CT-4008 (S V/12 A)
battery testing system was used at current densities ranging from 160
mA cm™? down to 40 mA cm™2, and from 300 mA cm™* down to 50
mA cm™% Long-term cycling stability was assessed at a constant
current density of 100 mA cm™ To prevent electrode corrosion and
hydrogen evolution during testing, the cell voltage was maintained
between 1.65 and 1 V.>* Coulombic efficiency (CE), energy efficiency
(EE), and voltage efficiency (VE) were calculated according to eqs 7,
8, and 9, 1'espectively.4

_Juad

CE X 100%

B fIc dt (7)
VI, dt
EE = Jviade X 100%
Jvi, at 8)

EE
VE = == x 100%
CE ’ (9)

Where d and ¢ represent the discharge and charging process, and I,
V, and t represent current, voltage, and time, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Polymers and Fabrication of
P(Melm-co-X) Membranes. The polymer chemistry signifi-
cantly influences the microstructure and performance of
membranes.” Previous research has shown that biphenyl has
a central torsion angle of about 45° at equilibrium, which is
limited rotatable,*® while the fluorene structure has a dihedral
angle close to 0° demonstrating its high rigidity."” 1,2-
Diphenyl ethane and diphenyl sulfide are flexible monomers,
which are freely rotatable due to the existence of the ethylidene
chain or thioether bond between benzene rings. In this study,
by adjusting the chemical structures of aromatic monomers,
five different poly(arylene methylimidazole) polymers includ-
ing P(Melm-co-TP), P(Melm-co-BP), P(Melm-co-Flu), P-
(Melm-co-DPE) and P(Melm-co-DPS), were successfully
synthesized using the straightforward Friedel—Crafts polymer-
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(a-1) (a-2

Figure 2. (a) Photographic and (b) SEM images of (1) P(Melm-co-TP), (2) P(Melm-co-BP), (3) P(Melm-co-Flu), (4) P(Melm-co-DPE), and (5)

P(Melm-co-DPS) membranes.

ization. Owing to the high reactivity of the MeIm monomer,
these polymers exhibited elevated # values of 0.902, 0.767,
1.677, 2.304, and 2.768 dL g~', respectively.

All the synthesized polymers exhibited excellent solubilities
in organic solvents including DMAc, DMF, DMSO and NMP
at room temperature under magnetic agitation. This enhanced
solubility can possibly result from the presence of tetrahedral
sp> carbon atoms in the polymer backbone. Due to their
excellent solubility, the sample solution casting method was
used to prepare membranes. As shown in Figure 2, all
poly(arylene methylimidazole) membranes exhibited a uni-
formly transparent appearance with a light-yellow coloration.
Furthermore, the SEM images reveal that these membranes
possess a dense and nonporous microstructure.

3.2. Chemical Structures of P(Melm-co-X) Polymers.
The chemical structures of a series of P(Melm-co-X) polymers
were analyzed using 'H NMR spectroscopy. As shown in
Figure 3, all polymers exhibit signal peaks between 7.0 and 8.0
ppm, corresponding to the aromatic protons in the main chain.
Taking P(Melm-co-Flu) as an example, the characteristic
proton bands at 3.51 and 5.82 ppm result from the methyl

12 3

H,0
°+" 13 ﬂz DMSO-d,

NP N-CH, d b
A | I

I

d DMSO-d,
L J

d

‘?J‘K JDMSO—dG

c—lﬁ 1-24
N7 NCH3 I

12
3 Ha
i+n LS 3
N PN-CHy d 17" a d DMSO-ds
Q 7@L<:+n
N N-CHs d d | DMSO-d,
b [

Chemical shift / ppm

Figure 3. 'H NMR spectra of P(Melm-co-TP), P(Melm-co-BP),
P(Melm-co-Flu), P(MeIm-co-DPE), and P(Melm-co-DPS) polymers.

group (Hy) and the C—H bond (H,) of methylimidazole,
respectively.”’ The hydrogen peaks of the methylimidazole
ring appear at 7.11 ppm (H.) and 6.90 ppm (H,). Moreover, a
prominent characteristic peak is observed at 3.78 ppm (Hj),
attributed to the —CH,— group in the fluorene moieties of the
main chain."® Additionally, in the spectrum of P(Melm-co-
DPE), the characteristic peak assigned to the methylene
llnkage between two phenyl groups is observed at 2.86 ppm
(H,).* Characteristic peaks of the other polymers were
assigned in the '"H NMR spectra accordingly. Thus, these 'H
NMR results prove the successful synthesis of the series of
P(Melm-co-X) polymers.

3.3. SA Uptake, Swelling, and Mechanical Properties.
Figure 4a shows the acid uptake (AU), area swelling (AS), and
volume swelling (VS) of various membranes after immersion
in a 3.0 mol L™' H,SO, solution at room temperature.
Generally, both area swelling and volume swelling of the
membranes increased with higher acid uptake. For example,
the P(Melm-co-BP) membrane had the highest AU value of
90%, correspondingly exhibiting the highest VS% of 68.9%.
When the biphenyl units were replaced by terphenyl units, the
P(Melm-co-TP) membrane displayed a lower AU% of 59%,
mainly due to the increased hydrophobicity of the P(Melm-co-
TP) polymer chains. When the biphenyl units were replaced
by flexible ethylene linkages or thioether bonds, the AU%
values of P (MeIm-co-DPE) and P (Melm-co-DPS) are 54%
and 64%, respectively. Interestingly, the P(Melm-co-Flu)
membrane had the second highest AU of 79% but exhibited
the lowest AS and VS among the five membranes, at 4.9% and
20.9%, respectively. The addition of fluorene units could
decrease rotational flexibility, which hindered polymer chain
packing and enhanced intrachain rigidity, resulting in increased
internal free volume.””*® Thus, the P(Melm-co-Flu) mem-
brane exhibited a high SA uptake without causing excessive
swelling, thereby maintaining the mechanical properties of the
membrane and preventing the penetration of vanadium ions.

The effective use of membranes in VRFBs critically depends
on their mechanical properties. Membranes must possess
adequate mechanical strength to endure external stresses
arising from operational conditions like stack assembly and
electrolyte circulation.”® Figure 4b and Table SI depict the
mechanical properties of various membranes. The SA doped
P(Melm-co-TP) membrane exhibited the highest tensile
strength of 44.6 MPa due to its rigid polymer skeleton. In
contrast, the P(Melm-co-DPE) membrane possessed the
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Figure 4. (a) SA uptake, dimensional swellings and (b) tensile stress—strain curves of various membranes after immersion in 3 mol L™' SA solution
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lowest mechanical strength of 7.3 MPa and the largest
elongation of 143%, owing to the presence of flexible polymer
chains. As for P(Melm-co-BP), its tensile strength was as low
as 9.6 MPa due to its high acid uptake and swelling.
Additionally, the viscosity of P(Melm-co-Flu) is 1.677 dL
g”!, which is lower than that of P(Melm-co-DPE) and
P(MeIm-co-DPS). However, the P(Melm-co-Flu) membrane
demonstrated a relatively high tensile strength of 22.4 MPa,
despite having a high AU% of 79%. This excellent mechanical
performance of the P(Melm-co-Flu) membrane could be
attributed to its low volume swelling and the rigid planar
structure of fluorene.

3.4. Area Resistance, Vanadium lon Permeability and
lon Selectivity. For VRFBs, the membrane is required to
possess a relatively low AR, as the AR significantly impacts
both voltage and energy efficiencies.”*® Figure 5a shows the
AR of various SA doped P(Melm-co-X) membranes, with
Nafion 115 included as a reference. In this work, all the SA
doped P(Melm-co-X) membranes had a thickness of
approximately S0 um as listed in Table S2. Compared to the

AR of Nafion 115 (0.60 Q cm?), the P(Melm-co-TP)
membrane exhibited a slightly higher AR of 0.65 Q cm?
while the other membranes showed lower ARs. Notably, the
P(MeIm-co-BP) membrane, having the highest SA absorption,
possessed the lowest AR of 0.13 Q cm? (Figure Sa) and the
highest conductivity of 35.2 mS cm™" (Table S2), indicating a
high ion migration rate. However, this might result in serious
vanadium ion crossover. As for the P(Melm-co-DPE) and
P(MeIm-co-DPS) membranes with flexible linkages, their ARs
were 0.31 Q cm” and 0.14 Q cm?, respectively. The P(Melm-
co-Flu) membrane had a suitable AR of 0.32 Q cm? The low
ARs of the SA doped P(Melm-co-X) membranes were
attributed to the presence of freely rotating pendant
methylimidazole groups, which were protonated by SA
molecules and formed effective ionic conduction channels.
Meanwhile, the AR results indicate that the aromatic structure
of P(Melm-co-X) has a great influence on the ionic conduction
capabilities of the membranes.

High vanadium ion permeability can result in severe self-
discharge and a decline in CE, which is a significant factor
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influencing the application of membranes in VRFBs.”*”'!

Figure Sa presents the vanadium ion permeability of various
SA doped P(Melm-co-X) membranes. As shown, the Nafion
115 membrane demonstrated the largest vanadium ion
permeability of 6.94 X 107 cm? min~". Owing to the excessive
swelling, the P(Melm-co-BP) membrane exhibited a relatively
high vanadium ion permeability, reaching 1.52 X 107° cm?
min~!. For the other membranes, the vanadium ion
permeability values were 2.36 X 1077 cm? min™}, 4.80 X
1077 cm? min~!, 4.80 X 1077 cm? min~!, and 8.35 X 1077 cm?
min~! for the P(Melm-co-TP), P(Melm-co-Flu), P(Melm-co-
DPE), and P(Melm-co-DPS), respectively. These values are
approximately 1 order of magnitude lower than that of the
Nafion 115 membrane. The excellent vanadium ion resistance
of above-mentioned P(MeIlm-co-X) membranes result from the
Donnan effect of the protonated methylimidazole groups in
the }zglymers, which exerted a repulsive force on vanadium
ions.

The ion selectivity of membranes exhibits a considerable
impact on the performance of VRFBs.'' In order to
comprehensively incorporate the impacts of AR and vanadium
ion permeability, the ion selectivity of all membranes was
calculated accordingly. As depicted in Figure Sb, the P(MeIm-
co-Flu) membrane demonstrated the highest ion selectivity,
reaching up to 4.43 X 10* S min cm ™, which is because of its
relatively low AR and permeability of vanadium ions. The
outstanding ion selectivity indicates that protons migrated
more easily than vanadium ions within the P(Melm-co-Flu)
membrane.**>* Additionally, the P(Melm-co-TP) (3.48 X 10*
S min cm™3), P(Melm-co-BP) (2.32 X 10* S min cm™3),
P(Melm-co-DPE) (4.01 X 10* S min cm™), and P(Melm-co-
DPS) (3.16 X 10* S min cm™*) membranes all exhibited much
higher ion selectivity than Nafion 115 (0.31 X 10* S min
cm™). These findings indicate that incorporating methyl-
imidazole groups into P(Melm-co-X) membranes enhances the
balance between ion conduction and vanadium ion perme-
ability.

3.5. Chemical Stability. The chemical stability of polymer
membranes signifies their capacity to resist the harsh chemical
environments encountered in VRFBs. Membrane degradation
due to attack by highly oxidative VO," ions in the electrolyte
leads to poor stability of the membranes.”® In this study,
different membranes were submersed in a 1.5 M VO,* and 3.0
M H,SO, solution at room temperature to assess the chemical
stability of membranes. As depicted in Figure 6, the mass
retention percentage of different P(Melm-co-X) membranes
during the chemical stability measurement and includes
morphological photographs of the membranes before and
after 400 h. Owing to the adsorption of SA molecules and
vanadium ions, all the P(MeIm-co-X) membranes exhibited an
initial increase in mass during the first 12 h, which was also
indicated by a color change in the membranes.*”** As seen
from Figure 6, after 400 h of oxidative testing, the P(MeIm-co-
TP), P(Melm-co-BP), and P(Melm-co-Flu) membranes all
maintained their initial shape without fragmentation and kept
their mass stable. However, the P(Melm-co-DPE) and
P(Melm-co-DPS) membranes with flexible linkages were
broken and retained only 32.7% and 88.9% of their initial
mass after 400 h, respectively. In contrast, the P(Melm-co-Flu)
membrane with intrinsic rigid chain structure maintained its
intact shape and stable mass after the 400-h chemical stability
test, probably due to its low swelling. Consequently, the
P(Melm-co-TP), P(Melm-co-BP) and P(Melm-co-Flu) mem-
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Figure 6. Mass retention of various membranes in 1.5 M VO," and 3
M SA solution at room temperature, and photos of corresponding
membranes before (0 h) and after (400 h) test.

branes exhibited good stability under strongly acidic and highly
oxidative conditions, making them more advantageous as
separators for VRFB applications.

3.6. VRFB Performance. Figure 7a shows the charge—
discharge curves at 100 mA cm™> of VREBs based on various
P(Melm-co-X) and Nafion 115 membranes. Membranes with
higher AR generally have higher charging voltages and lower
discharging voltages, resulting in shorter charging time. "% Tt
can be observed from the figure that, except for the P(Melm-
co-TP) membrane, all other P(Melm-co-X) membranes had
lower charging voltages and higher discharging voltages
compared to Nafion 115. As depicted in Figure Sa, the
P(MeIm-co-TP) membrane exhibited a higher AR than Nafion
115, while the other P(Melm-co-X) membranes had lower
ARs. Figure 7b presents the CE and VE of VRFBs based on
P(Melm-co-X) and Nafion 115 membranes. From the figure, it
can be observed that CEs of the P(Melm-co-BP), P(Melm-co-
DPE) and P(Melm-co-DPS) membranes gradually decreased
with extended battery operation time, especially under low
current densities of 40—80 mA cm™>. This decline is likely
because of their high vanadium ion permeability or poor
chemical stability. In contrast, as the current density increased,
the CEs of the P(Melm-co-TP), P(Melm-co-Flu) and Nafion
115 membranes slightly improved. This is because that the
charge—discharge time became shorter with increased current
density, which reduced the number of vanadium ions which
could cross over during one cycle.”*>* Furthermore, the CEs of
the P(Melm-co-TP) and P(MeIm-co-Flu) membranes were
larger than CE of Nafion 115, attributed to the better
vanadium ion resistance of those membranes. At the same
time, the VE of the aforementioned three membranes
increased with decreasing current density, due to more
pronounced ohmic polarization and overpotential at higher
current densities."”>> At a certain current density, the VE
corresponded to the AR. For instance, the VRFB based on the
P(MeIm-co-Flu) membrane exhibited a higher VE of 86.1% at
100 mA cm™* compared to P(Melm-co-TP) and Nafion 118,
which had VEs of 76.0% and 78.2%, respectively. This is clearly
due to its lower AR. Figure 7c shows the EE results of various
batteries at different current densities. For the P(MeIm-co-TP)
membrane, it displayed lower EEs than Nafion 115 at 100—
160 mA cm™? but higher EEs at 40—80 mA cm™2, obviously
because of the higher AR and lower vanadium ion permeability
compared to Nafion 115. Due to its high ion selectivity, the
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Figure 7. (a) Charge—discharge curves at 100 mA cm™; (b) CE and VE; and (c) EE of VRFBs assembled with Nafion 115 and various P(MeIm-
co-X) membranes at 40—160 mA cm™%; (d) CE, VE, and EE of the VRFB based on P(Melm-co-Flu) at 50—300 mA cm™% (e) comparison of EE of
VRFBs using various membranes from this work and the literature at 100 mA cm ™

VRFB based on the P(Melm-co-Flu) membrane achieved the
highest EEs at all current densities. For instance, at 100 mA
cm™2, the EE of the P(Melm-co-Flu) membrane was 85.7%,
exceeding the EEs of the P(Melm-co-TP) and Nafion 115
membranes, which were 75.8% and 76.5%, respectively.

Operating VRFBs at higher current densities can increase
the output power density, reduce stack size, and lower
manufacturing costs.'! Therefore, the performance of the
VRFB based on the P(Melm-co-Flu) membrane was further
evaluated ranging from 50 mA cm™ to 300 mA cm?, as
depicted in Figure 7d. The results show that the battery
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Figure 8. CE, VE, and EE of VRFBs with P(MeIlm-co-TP), P(Melm-co-Flu), and Nafion 115 membranes at 100 mA cm™2.

performance based on the P(Melm-co-Flu) membrane was
excellent. At a high current density of 300 mA cm™>, the
P(Melm-co-Flu) based VRFB still exhibited high CE, VE and
EE of 97.3%, 63.4% and 61.7%, respectively. Additionally,
compared to most other membranes previously reported for
VRFBs, the P(Melm-co-Flu) membrane still possessed a
superior EE value at 100 mA cm™2, as shown in Figure 7e.
Henkensmeier et al. prepared sulfonated para-PBI membranes,
which achieved much better EE values, such as 91% at 100 mA
em™2>* It also should be noted that similar EE values may be
achieved for P(Melm-co-Flu) membrane with lower thickness,
but it is clear that thicker membrane is more suitable for stable
operation. In summary, due to its simultaneously low
vanadium ion permeability and low AR, the battery based on
the P(Melm-co-Flu) membrane demonstrated superior battery
efficiency performance.

As depicted in Figures 8 and S1, we evaluated the long-term
VRFB cycling stability of P(Melm-co-Flu), P(Melm-co-TP),
and Nafion 115 membranes without balancing the electrolyte
during the VRFB operation, based on the VRFB performance
as discussed above. It should be noted that the efficiencies of
the P(Melm-co-BP), P(Melm-co-DPE) and P(Melm-co-DPS)
membranes significantly decreased within 50 cycles during
battery operation, mainly because of the high vanadium ion
permeability or poor chemical stability. In contrast, the VRFBs
with P(MeIm-co-Flu) and P(Melm-co-TP) membranes dem-
onstrated excellent cycling stability, with their CE, VE and EE
remaining relatively stable over 570 cycles. Meanwhile, the CE
of the battery equipped with Nafion 115 was around 98%,
while its EE decreased from 79.5% to 70.8%. For the P(Melm-
co-Flu) membrane, its CE remained around 99.0%, while EE
decreased from 85.4% to 80.9%, indicating higher cycling
efficiency and a lower VRFB decay rate. Therefore, the
P(Melm-co-Flu) membrane, with its outstanding VRFB
performance and cycling stability, can be considered a
promising candidate for VRFBs and other electrochemical
energy devices.

4. CONCLUSIONS

Five ether-free poly(arylene methylimidazole) copolymers
were synthesized through an efficient superacid-catalyzed
polymerization of 1-methyl-2-imidazolecarboxaldehyde with
five distinct aromatic monomers: biphenyl, fluorene, 1,2-
diphenylethane, diphenyl sulfide, and p-terphenyl. Incorporat-
ing basic methylimidazole groups enhanced SA absorption and
facilitated ion transport via hydrogen bonding. Our inves-
tigations demonstrated that the chemical structure of the

aromatic units significantly influenced the membrane proper-
ties. Specifically, P(Melm-co-DPE) and P(Melm-co-DPS)
membranes, containing flexible ethylidene chains and thioether
bonds, exhibited high acid uptake but experienced excessive
swelling and poor chemical stability. In contrast, the P(MeIm-
co-TP) membrane with a rigid and hydrophobic terphenyl
group showed low vanadium ion permeability, excellent
mechanical strength, but high AR. Among all the membranes
studied, P(Melm-co-Flu) incorporating fluorene units ex-
hibited the best overall performance, combining high tensile
strength (22.4 MPa), low AR (0.32 Q cm?), low vanadium ion
permeability (4.80 X 1077 cm® min™"), high ion selectivity
(4.43 X 10* S min cm ™), and outstanding chemical stability.
Consequently, VRFB employing the P(MeIm-co-Flu) mem-
brane achieved an EE of 85.7% at 100 mA cm™?, surpassing
that of Nafion 115 (76.5%) under the same conditions.
Furthermore, over 570 cycles at 100 mA cm™?, this membrane
demonstrated excellent capacity retention, consistently main-
taining CEs above 99% while EEs decreased slightly from
85.4% to 80.9%. In summary, we have developed a high-
performance, easily synthesized, and cost-effective P(Melm-co-
Flu) membrane that showed significant potential for
application in VRFBs.
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