- \
v
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Anion Exchange Membranes Based on Bis-Imidazolium and
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ABSTRACT: Although the Nafion membrane has a high energy efficiency, long service life, and operational flexibility when applied
for vanadium redox flow battery (VRFB) applications, its applications are limited due to its high vanadium permeability. In this
study, anion exchange membranes (AEMs) based on poly(phenylene oxide) (PPO) with imidazolium and bis-imidazolium cations
were prepared and used in VRFBs. PPO with long-pendant alkyl-side-chain bis-imidazolium cations (BImPPO) exhibits higher
conductivity than the imidazolium-functionalized PPO with short chains (ImPPO). ImPPO and BImPPO have a lower vanadium
permeability (3.2 X 107 and 2.9 X 107 cm® s™') than Nafion 212 (8.8 X 107 cm® s™!) because the imidazolium cations are
susceptible to the Donnan effect. Furthermore, under the current density of 140 mA cm™?, the VRFBs assembled with InPPO- and
BImPPO-based AEMs exhibited a Coulombic efficiency of 98.5% and 99.8%, respectively, both of which were higher than that of the
Nafion212 membrane (95.8%). Bis-imidazolium cations with long-pendant alkyl side chains contribute to hydrophilic/hydrophobic
phase separation in the membranes, thus improving the conductivity of membranes and the performance of VRFBs. The VRFB
assembled with BImPPO exhibited a higher voltage efficiency (83.5%) at 140 mA cm™” than that of InPPO (77.2%). These results
of the present study suggest that the BInPPO membranes are suitable for VRFB applications.

1. INTRODUCTION

Vanadium redox flow batteries (VREBs) have attracted great
attention for their long service life, operational flexibility, and
environmental friendliness.' > An important component of
VREFBs, the ion-exchange membrane (IEM), is used to separate
the anode of VRFBs from their cathode.” The low vanadium
permeability, high conductivity, and robust chemical stability
are required for an ideal IEM in the application of VRFBs.’
Currently, Nafion membranes are commonly used as IEMs in
VRFBs owing to their high conductivity.””” However, the high
vanadium permeability of Nafion significantly hinders its
commercialization in this field.”” Recently, sulfonated poly-
(arylene ether) has been widely used as an IEM material for
VREBs because of its high conductivity and good chemical
stability.'”'" Nevertheless, the high vanadium permeability of
sulfonated poly(arylene ether) membranes remains unre-
solved."” ™"
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More recently, the usage of AEMs in VRFB applications has
attracted great attention because of the low vanadium
permeability resulting from the effects of Donnan exclusion
on the AEMs cations.'”'® AEMs containing quaternary
>1¢ imidazolium,'”” and pyridinium'® cations
have been investigated for VRFB applications, and those

with imidazolium cations have exhibited good perform-
19-22

. 1
ammonium,

ance.
The ijon-exchange capacity (IEC) and ionic cluster
distribution in the membrane are known to influence the
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Scheme 1. Preparation of Bis-Imidazolium Salt
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conductivity of the membranes.”>** Generally, high IEC value
resulted in the high conductivity of the AEMs, while it also led
to mechanical degradation of the membranes. Recent research
indicated that AEMs with hydrophilic/hydrophobic micro-
phase separation possess high conductivity owing to the
formation of an ion transport channel.”>™>' In addition, the
hydrophobic phase of the membranes could decrease their
dimensional swelling and maintain the mechanical properties.
Strategies like the synthesis of quaternized block,”” cluster,™
comb-shaped,”* and grafted polymers have been used to
fabricate microphase separation structures to improve the
conductivity of AEMs.

Inspired by the chemical structure of Nafion, poly-
(phenylene oxide) (PPO) functionalized with long-pendant
alkyl-side-chain bis-imidazolium cations (BImPPO) was
designed and synthesized. For comparison, imidazolium-
functionalized PPO without a long-pendant alkyl side chain
(ImPPO) was synthesized and investigated under the same
conditions. The introduction of long-pendant bis-imidazolium
cations to PPO is expected to lead to hydrophilic/hydrophobic
microphase separation in the membranes, resulting in an
increase in conductivity.

The properties of the ImPPO, BImPPO, and Nafion212
membranes, including their chemical structure, swelling ratio
(SR), area resistance (AR), water uptake (WU), chemical
stability, microphase morphology, mechanical performance,
vanadium permeability, conductivity, and VRFB performance
were comprehensively studied.

2. EXPERIMENTAL SECTION

2.1. Materials. PPO, 1,6-dibromohexane, N-methylimida-
zole, iodomethane, 2-methylimidazole, azodiisobutyronitrile
(AIBN), acetonitrile, chlorobenzene, N-methyl pyrrolidone
(NMP), ethyl acetate, anhydrous ether, N-bromosuccinimide
(NBS), anhydrous ethanol, sulfuric acid (H,SO,, 98%), and
dichloromethane were used as purchased.

2.2. Synthesis of Brominated Poly(phenylene oxide)
(BPPO) and Bis-Imidazolium Salt. BPPO with a certain
degree of bromination (DB) and 2,3-dimethyl-1-(6-(2-
methylimidazol-1-yl)hexyl)-imidazolium iodide (bis-imidazo-
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lium salt) were synthesized as documented in our previous
work (Scheme 1).%'

2.3. Preparation of the Imidazolium Functionazized
PPO (ImPPO) and Bis-Imidazolium Functionalized
(BImPPO) Membranes. Im-PPO and BIm-PPO were
obtained as follows: a 5§ wt % polymer solution was obtained
by dissolving BrPPO in NMP, then 1,2-dimethylimidazole or
bis-imidazolium salt (molar ratio is 1:1) was added into the
solution. The mixture solution was stirred for 24 h at 50 °C for
24 h, and the produced polymers were precipitated by
methylbenzene and noted as Im-PPO and BIm-PPO,
respectively (Scheme 2). The PPO and BImPPO membranes
were obtained by casting an NMP solution of Im-PPO or BIm-
PPO onto a Teflon template. The Teflon template was dried
for 48 and 24 h at 70 and 80 °C, respectively. All of the
produced membranes with a thickness of ~50 um were
immersed in 1 M H,SO, for 24 h before characterization. The
characterization of polymers and membranes is described in
the Supporting Information.

2.4. Characterization. 'H NMR spectra of ImPPO,
BImPPO, BrPPO and 2,3-dimethyl-1-(6-(2-methylimidazol-1-
yl)hexyl)-imidazolium iodide were recorded on a Varian 400
MHz spectrometer (Varian CP-3800). The mechanical
properties of ImPPO- and BImPPO-based membranes were
studied using an Instron 3365 at 25 °C. The microstructure of
ImPPO and BImPPO-based membranes was investigated using
an atom force microscope (AFM). The conductivity of
ImPPO- and BImPPO-based membranes was measured on
an electrochemical workstation (CHI660E). The water uptake
(WU), conductivity, swelling ratio (SR), and ion exchange
capacity (IEC) of ImPPO and BImPPO membranes were
measured as described in a previous paper.”'

2.5. Chemical Stability. The chemical stability of the
ImPPO- and BImPPO-based membranes was tested in a
solution that contained VO** ions; a dry membrane with a
known weight (W) was immersed in an electrolyte solution of
1.5 M VO**(VO,")/3 M H,SO, solution for 30 days at 25 °C.
Then, the sample was taken out and rinsed with water. Another
weight (W) was obtained after it was dried until its mass was
no longer decreasing. The chemical stability of the ImPPO-
and BImPPO-based membranes was evaluated by detecting the
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Figure 1. '"H NMR of ImPPO (a) and BImPPO (b).
Table 1. IEC, WU, SR, Conductivity, and AR of Membranes
membrane samples IEC (mmol/g) WU (%) SR (%) conductivity (mS cm™) AR (Q cm?)
Nafion212 0.86 + 0.1 199 + 1.5 203 £ 1.0 452 + 2.5 0.40 + 0.1
ImPPO 228 £ 0.2 41.1 £ 2.0 36.7 + 1.5 512 + 3.0 023 + 0.1
BImPPO 2.30 +£ 0.3 455 + 2.5 324+ 1.0 60.4 + 2.0 0.21 £ 0.1

changes on their weight, and it can be expressed by the
following equation:
W — W,
Weight loss = ———— X 100%
Wo

2.6. Vanadium Permeability. The vanadium permeability
of membranes was measured as described in our previous
work."?

2.7. Area Resistance. The IEMs were assembled in an
conductive cell containing two compartments filled with 0.5 M
sulfuric acid solution; the area resistance (AR) of the
membrane was measured using an electrochemical workstation
(CHI660 E). The ARs of ImPPO- and BImPPO-based
membranes were obtained via the equation:

AR = (R, — R,)) X S

where R, is the impedance of the conductive cell equipped
with the obtained membranes, and R, is the impedance of the
conductive cell without membranes. S is the effective area of
the ImnPPO- and BImPPO-based membranes.

2.8. Single-Cell Performance. The test system used in
this single-cell test is the LANHE battery test system (CT
2001A-5S V/3A8CT-Q). The positive and negative electrolytes
of the single cell are 1.5 M VO**(VO?*")/3.0 M H,SO, solution
and 1.5 M V**(V**)/3.0 M H,SO, solution, respectively. The
electrodes and the collector plate both are made of graphite.
The voltage for charging and discharging ranged from 0.7 to
1.6 V, and nitrogen was continuously purged to the negative
electrolyte to ensure the stability of the battery. The
Coulombic efficiency (CE), energy efficiency (EE), and
voltage efficiency (VE) were calculated using the following
equations:

CE (%) = discharge capacity (mAh)  100%
charge capacity (mAh)

EE (%) = discharge energy (mWh)  100%
charge energy (mWh)

EE
VE (%) = — X 100%
CE
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3. RESULTS AND DISCUSSION

3.1. Chemical Structures. In this study, PPO-based
membranes with short- or long-pendant alkyl-side-chain
imidazolium groups were prepared (Scheme 2). Figure Sl
shows the chemical structure and '"H NMR spectra of BrPPO
and bis-imidazolium salt. The chemical shifts at 6.48—6.71
ppm were attributed to protons on the aromatic ring (Figure
Sla). The signals at 2.10 and 2.80 ppm are attributable to the
—CHj; on the aromatic ring. The chemical shift of —CH,Br
appears at 4.40 ppm. Figure S1b shows the expected chemical
shifts of the bis-imidazolium salts. The '"H NMR spectrum of
ImPPO reveals chemical shifts at 7.46—7.49 ppm, which are
attributable to the protons at the C4 and CS$ positions of the
imidazolium ring (Figure 1a). The chemical shift at 5.28 ppm
represents the proton of —CH,—. The peaks of the methyl
group on the imidazolium ring can be found at 3.30 and 3.56—
3.70 ppm, and the methyl group on the benzene rings can be
found at 2.69 and 1.87—2.20 ppm, respectively. In the 'H
NMR spectrum of BImPPO, the signal at 7.70 ppm is
associated with the protons at the C4 and CS positions of the
imidazolium ring, the chemical shifts at 5.32 ppm are
attributable to the methylene that connects the imidazolium
ring and benzene ring on the imidazolium ring, and the peak at
6.52 ppm is attributable to the protons on the benzene ring.
The '"H NMR spectrum of BImPPO has peaks at 4.12, 1.7,
and 1.23 ppm that are not present in the 'H NMR spectrum of
ImPPO (Figure 1b). These peaks are attributable to the alkyl
side chain. These results indicate the successful synthesis of
BrPPO bis-imidazolium salts, ImPPO, and BImPPO.

3.2. Membrane Properties. Generally, the high IEC and
WU of membranes favor the transportation of ions, which
increases their conductivity. However, a high WU usually leads
to reduced mechanical properties and an increase in the
vanadium permeability of membranes. The IEC, WU, SR,
conductivity, and AR of the InPPO, BImPPO, and Nafion212
membranes are listed in Table 1. At 25 °C, the WU and SR for
the InPPO membrane were 41.1% and 45.5%, and those for
the BImPPO membrane were 36.7% and 32.4%, respectively.
All of these values are higher than those for Nafion212 (19.9%
and 20.3%, respectively). The ImPPO and BImPPO
membranes exhibited a higher WU and IEC than those of
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Figure 2. AFM phase images of InPPO (a) and BImPPO membranes (b).

Nafion212. Therefore, unsurprisingly, the PPO-based AEMs
had a lower AR (0.23 and 0.21 Q cm?) than Nafion212 (0.40
Q cm?). The AR of the IEM has a considerable influence on
the voltage efficiency (VE) of VRFBs,” and the AR of the
membranes increases with decreasing conductivity (Table 1).
The ImPPO and BImPPO membranes exhibited conductivities
of 51.2 and 60.4 mS cm™}, respectively. Although the BImPPO
and ImPPO membranes possess similar IECs, the BImPPO
membrane had higher conductivity than that of the ImPPO
membrane under the same conditions, probably due to the
formation of hydrophilic/hydrophobic microphase separations
resulting from the introduction of long-pendant bis-imidazo-
lium cations, as supported by the AFM images (Figure 2).

The microphase morphologies of the InPPO and BImPPO
membranes were studied using AFM (Figure 2). The dark
region in the phase images consists of hydrophilic imidazolium
groups, and the hydrophobic PPO backbones appear as bright
regions.” Compared with the ImPPO membrane, the
BImPPO membrane exhibited marked hydrophilic/hydro-
phobic microphase separation, owing to the presence of the
long-pendant alkyl-side-chain bis-imidazolium cations. The
hydrophilic/hydrophobic microphase separation facilitated ion
transportation in the membranes, thus improving their
conductivity.

3.3. Mechanical Property and Chemical Stability. Both
the mechanical property and chemical stability of membranes
are important for VRFB applications. The BImPPO and
ImPPO membranes have a similar tensile strength for the same
polymer backbone (Table 2), indicating that the mechanical

Table 2. Mechanical Properties of Nafion, ImPPO, and
BImPPO Membrane

tensile modulus tensile strength elongation at break
0

samples (MPa) (MPa) (%)
Nafion212 320 £ 12 11 + 1.0 85.0 + 5.0
ImPPO 464 £ 15 22 +£03 30.1 + 0.5
BImPPO 496 + 22 27 + 0.6 299 + 3.2

property of membranes depends on their polymer backbone,
rather than the side chains.*®. To study the chemical stability of
the AEMs, the ampules were immersed in a 1.5 M VO*'/3 M
H,SO, electrolyte solution for 30 days at 25 °C. An 11.37 and
10.96 wt % weight loss can be observed for ImPPO and
BImPPO membranes, respectively, which indicate the good
chemical stability of the PPO-based AEMs. The photographs
show that ImPPO and BImPPO membranes remained intact
after the chemical stability test (insets, Figure 3), which also
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proved that the polymer backbone we selected was suitable for
VREB application.

Weight loss rate (%)
=]

12

141

16

Figure 3. Weight loss and appearance (insets) of ImPPO and
BImPPO membranes after immersing in 1.5 M VO*/3 M H,SO, for
30 days.

3.4. Vanadium Permeability. High vanadium perme-
ability, one of the most significant barriers to the application of
IEMs in VRFBs, directly influences the performance of the
assembled VRFB.””*® Figure 4a shows the changing curve of
VO?** concentration in the diffusion electrolytic cell assembled
with ImPPO, BImPPO, and Nafion 212 membranes and the
vanadium permeability of the corresponding membranes of 3.2
%x107%,2.9 X 107°, and 8.8 X 10%cm?* s}, respectively (Figure
4b). The values for InPPO and BImPPO membranes are
lower than that of the Nafion212 membrane, owing to the
susceptibility of the imidazolium cations to the Donnan effect.
The value for BImPPO is slightly lower than that of the
ImPPO, probably because of the lower SR lead to a more
compact structure of BImPPO. The low vanadium perme-
ability of the membrane means there is less contamination
from positive and negative VRFBs, which leads to an improved
VREB performance.

3.5. VRFB Single Cell Performance. InPPO, BImPPO,
and Nafion212 were used to assemble VRFBs, and the
efficiency of VRFBs was evaluated at 40—140 mA cm ™ (Figure
5). With an increase in current density, the charge time was
shortened considerably, causing vanadium ion cross-contam-
ination and self-discharge reduction, therefore improving the
Coulombic efficiency (CE) of VRFBs. The CE of the VRFBs
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Figure 4. Changing curve of VO** concentration in the diffusion cells
with time (a) and the vanadium permeability of membranes (b).

with ImPPO and BImPPO membranes (98.5% and 99.8%,
respectively) was higher than that of the Nafion212 (92.4%),
which is consistent with the vanadium permeability of the
membranes. This is because the low vanadium permeability
results in lower positive and negative cross-contamination,
which reduces the self-discharge and increases the CE of the
VREFBs. Moreover, the VE and EE of the single cells assembled
with the ImPPO and BImPPO membranes were 82.2% and
79.5% and 86.7% and 84.5%, respectively. All of these values
were significantly higher than those for the VRFB assembled
with a Nafion 212 membrane (79.2% and 70.6%, respectively)
because of the lower AR of the ImPPO and BImPPO
membranes. These results indicate that InPPO and BImPPO
membranes have high potential for application to VRFBs.

Furthermore, the VRFB assembled with BImPPO demon-
strated better performance than that assembled with the
ImPPO membrane owing to its higher conductivity.

The long-term stability of the VRFB is an indication of the
performance of the membranes. The discharge capacities of all
the VRFBs decayed gradually with increasing cycle number.
The discharge capacity retentions for the VRFBs with InPPO
and BImPPO were 30.7% and 45.5%, respectively, after 200
cycles, which is much higher than that of Nafion 212 (14.7%,
Figure 6a). This is because of the low vanadium permeability
of ImPPO and BImPPO membranes compared to Nafion 212
owing to the effects of Donnan exclusion on the imidazolium
cations. Figure 6b shows the cycling performances of the
ImPPO, BImPPO, and Nafion 212 membrane. The VRFBs
with ImPPO and BImPPO exhibited EE values of 82.9% and
76.2%, respectively, even after 200 cycles, which are much
higher than that of 68.1% in a VRFB with Nafion 212. The
low-capacity decay is beneficial for the long-term operation of
VRFBs and indicates the excellent stability of the InPPO and
BImPPO membranes. The VRFB with the BImPPO
membrane showed the best stable charge—discharge platform
and highest charge—discharge capacity owing to its high
conductivity and low vanadium permeability resulting from the
long-pendant alkyl-side-chain and was the overall highest-
performing VREB.

4. CONCLUSIONS

In summary, imidazolium-functionalized PPO with and
without long-pendant alkyl-side-chains was synthesized and
characterized. The BImPPO membrane with long-pendant
alkyl-side-chain bis-imidazolium cations exhibited higher
conductivity than the ImPPO without long-pendant alkyl
side chains. Although the BImPPO and ImPPO membranes
possess similar IECs, the BImPPO exhibits higher conductivity
than the ImPPO for the hydrophilic/hydrophobic phase
separation formed in the BImPPO membrane. Both the
BImPPO and ImPPO membranes demonstrated lower
vanadium permeability than that of Nafion 212 for the
Donnan effect of imidazolium cations. Meanwhile, the VRFBs
assembled with ImnPPO and BImPPO membranes had CEs of
98.5% and 99.8%, respectively, at 140 mA cm™?, while the one
assembled with Nafion212 showed a value of 95.8% under the
same conditions. Furthermore, compared with that of InPPO
and Nafion 212 membranes, the VRFB assembled with the
BImPPO membrane showed a much better capacity retention
This study demonstrates that BImPPO membranes are suitable
for application in VRFBs.
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