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ABSTRACT: The stability of hydrocarbon ion exchange membranes is one of the
critical issues for a flow battery. However, the degradation mechanism of ion
exchange membranes has been rarely investigated especially for anion exchange
membranes. Here, the degradation mechanism of polysulfone based anion exchange
membranes, carrying pyridine ion exchange groups, under vanadium flow battery
(VFB) medium was investigated in detail. We find that sp2 hybrid orbital
interactions between pyridinic-nitrogen in 4,4′-bipyridine and benzylic carbon
disrupt the charge state balance of pristine chloromethylated polysulfone. This
difference in electronegativity inversely induces an electrophilic carbon center in the
benzene ring, which can be attacked by the lone pair electron on the vanadium(V)
oxygen species, further leading to the degradation of polymer backbone, while leaving the 4,4′-bipyridine ion exchange groups
stable. This work represents a step toward design and construction of alternative type of chemically stable hydrocarbon ion
exchange membranes for VFB.
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■ INTRODUCTION

The increasing world energy production is highly driven by
increasing consumption of fossil fuel resources, which results in
critical global environmental concerns and energy shortage.1

The exploration and development of energy storage, especially
large scale energy storage, that can be coupled with renewable
energy sources like solar and wind power, are in high demand
to address these problems.2,3 One of the most promising
candidates for large scale energy storage is the vanadium flow
battery (VFB),4−6 which was proposed by Skyllaskazacos et al.
in the 1980s, due to its attractive features like long cycle life,
high efficiency, and high safety. A VFB consists of two tanks
filled with active species of vanadium ions in different valence
states, two pumps, and a battery cell. The VFB development
highly relies on a high-quality membrane, due to the high cost
and low selectivity of currently used membranes.7,8 In a VFB, a
membrane plays the role of preventing cross mixing of the
positive and negative electrolytes, while transporting protons to
complete the circuit. An ideal membrane used in a VFB should
meet the requirements of good ion conductivity, high ion
selectively, and good chemical stability.6 Typically, perfluori-
nated membranes such as Nafion are most commonly used in
VFBs as they show excellent electrochemical properties and
chemical stability. However, their further applications in VFB
have been hampered by their extremely high cost and low ion
selectively. Therefore, more and more effort has been devoted
to the development of aromatic hydrocarbon based membranes

such as sulfonated poly(ether ether ketone) (SPEEK),
quaternarized poly(tetramethydiphenyl ether sulfone)
(QAPES), and chloromethylated/quaternized poly-
(phthalazinone ether ketone), due to their high ion selectivity
and low cost.9−13 However, aromatic hydrocarbon membranes
normally exhibited poor chemical stability in the strong
oxidized VO2

+ and acidic medium.14

Anion exchange membranes (AEMs) have attracted wide
attention in both battery systems and alkaline fuel cells.
Compared with cation exchange membranes, the anion
exchange membranes showed much higher selectivity due to
the Donnan exclusion between the positively charged anion
exchange groups and vanadium ions. A variety of alkaline
exchange membranes (AEMs) based on polysulfones, poly-
phenylenes, polystyrenes, polyethylenes, poly(arylene ether
ketone)s, and poly(phenylene oxide)s have been well studied in
the application of flow batteries and fuel cells.15−17 However,
one of the major concerns of AEMs is their low chemical
stability under battery operating conditions.
Until now, a number of studies exemplify the degradation

mechanism of anion exchange membranes (AEMs) in alkaline
fuel cell systems.18−20 Quantum mechanics calculations
combined with experimental verification have demonstrated
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that the primary AEM degradation involves hydroxide ions, a
potent nucleophile, attack on the fixed cation groups of AEMs,
leading to direct nucleophile substitution, Hoffman elimination,
and chemical rearrangements induced through ylide inter-
mediate formation.17,21,22 However, there are very rare reports
on the degradation mechanism of the hydrocarbon anion
exchanged membranes under acidic VFB medium, which leads
to few relevant strategies for synthesizing new materials with
excellent chemical stability for VFB application. Accordingly, it
is urgent to clarify the degradation mechanism of non-
fluorinated anion exchange membranes, which will be highly
beneficial to exploring high-performance VFB membranes.
Recently, we reported an anion exchange membrane with

internal cross-linking networks for a vanadium flow battery.23

The internal cross-linking networks, constructed by reacting
4,4′-bipyridine with chloromethylated polysulfone, ensure the
membranes with excellent stability, showing very promising
performance (continuously running more than 1600 cycles) for
vanadium flow battery application. Considering the durability of
energy storage systems (long calendar life (e.g., >15 years) and
long cycle life (e.g., >4000 deep cycles for energy
applications)), the chemical stability of the membranes is still
inadequate to meet the long-term flow battery systems, which is
of paramount importance for practical use.5,24 In this paper, the
degradation mechanism of polysulfone based anion exchange
membranes will be first investigated and clarified.

■ EXPERIMENTAL SECTION
Chloromethylation of Polysulfone. The chloromethylated

polysulfone (CMSPF) polymer was prepared through a common
chloromethylation method.25 15 g of polysulfone (PSF Udel-3500)
was dissolved in 600 mL of chloroform in a three-necked round-
bottomed flask. A volume of 1.2 mL of anhydrous SnCl4 was slowly
added into the polymer solution under a nitrogen atmosphere and
stirred at room temperature. Then chloromethyl methyl ether (34 mL;
99%) was added slowly, and the mixture was stirred at 55 °C for 24 h.
The obtained mixture was precipitated in rigorously stirred methanol.
Then the mixture was filtered and the resulting polymer was washed
with methanol three times. The obtained CMPSF was dried in vacuum
at 50 °C for 24 h. The degree of chloromethylation, obtained by 1H
NMR (recorded on a Bruker DRX400 using DMSO-d6 as the solvent
and tetramethylsilane (TMS) as the internal standard, Supporting
Information Figure S1) was determined to be 1.72 according to the
literature.26

Membrane Preparation. The CMPSF-x (x is the ratio of 4,4′-
bipyridine to chloromethyl groups of CMPSF) was cast from 20 wt %
N,N-dimethylacetamide (DMAc) solutions and thermally treated at 50
°C for 12 h. The thickness of the prepared membranes was 45 ± 5 μm.
Membrane Characterization. Water Uptake and Swelling.

Water uptake and swelling of membranes were detected by soaking the
membranes in deionized water for 3 days at room temperature. The
weight of the saturated membranes was then obtained after quickly
wiping off the surface water using a tissue paper. The water uptake was
calculated as

=
−

×
W W

W
water uptake 100%w d

d

where Ww and Wd are the weights of the saturated and dry
membranes, respectively.
The swelling was calculated as

=
−

×
L L

L
swelling 100%w d

d

where Lw and Ld are the length of the saturated and dry membranes,
respectively.

Ex Situ Oxidation Stability Test. To investigate the influence of
ion exchange groups on the chemical stability of the membranes,
CMPSF-x membranes with fixed size (5 cm × 5 cm) were soaked in 60
mL of 0.15 M VO2

+ (3 M H2SO4) electrolyte solution in sealed glass
vials at 40 °C. A 4 mL electrolyte was collected from each vial at a
regular time interval. The concentration of VO2+ was determined by a
UV−vis spectrometer (JASCO, FT-IR 4100, Japan). To accelerate the
degradation process, a more concentrated VO2

+ solution (1.5 M VO2
+

in 3 M H2SO4) was used to treat the membrane (the immersion time
was kept at 18 days, 40 °C). Attenuated total reflection-Fourier
transform-infrared (ATR-FT-IR, iS50 FT-IR, Nicolet, Thermo
Scientific, recorded at the average rate of 48 scans with a resolution
of 4 cm−1 collected from 600 to 4000 cm−1 in reflection mode) and
Raman (Renishaw inVia Raman microscope, 1064 nm, 450 mW) were
used to further analyze the degradation products.

In Situ VFB Performance Test. In situ VFB performance test was
carried out to investigate the stability of ion exchange groups (by
immersing several pieces of 5 cm × 5 cm CMPSF-1.0 membranes in
1.5 M VO2

+ for different times at 40 °C) and the influence of carbon
dioxide on the N-containing membrane (via passing CO2 gas through
different solutions containing CMPSF-1.0 membranes for 1 h and then
sealed and held in a water bath at 40 °C for different times). The VFB
single cell was assembled by sandwiching a membrane with two carbon
felt electrodes, clamped by two polar plates. All these components
were fixed between two stainless plates. The effective area of the
membrane was 3 cm × 3 cm. A volume of 30 mL of 1.5 M VO2+/VO2

+

in 3 M H2SO4 and 30 mL of 1.5 M V2+/V3+ in 3 M H2SO4 were used
as the positive and negative electrolytes, respectively. The electrolyte
was cyclically pumped into the corresponding half-cell. The battery
performance tests were conducted using Arbin BT 2000 with a
constant current density of 80 mA/cm2. The battery was charged to an
upper limit voltage of 1.65 V and discharge to a lower voltage of 0.8 V,
respectively, to avoid the corrosion of the carbon felts and graphite
polar plates.

TEM. The distribution of positive charged bipyridine groups in the
CMPSF-1.0 membrane was recorded using TEM (JEM-2000EX,
JEOL). The membrane sample was treated with 0.02 M palladium
chloride solution and then washed with deionized water to remove the
palladium ions absorbed in the membrane. After that, the membrane
sample was dried and then fixed in epoxy before being cut into thin
slice samples.

SEM. The cross-sectional and surface morphologies of the
membrane before and after degradation were detected by SEM
(JEOL 6360LV, Japan) with an acceleration voltage of 15 kV. The
cross sections were obtained by breaking the membranes in liquid
nitrogen and coating them with gold prior to imaging.

Stability Test of 4,4′-Bipyridine. To investigate the chemical
stability of 4,4′-bipyridine, 0.3230 mmol of 4,4′-bipyridine was soaked
in 60 mL of electrolyte solution (0.15 M VO2

+ in 3 M H2SO4) in
sealed glass vials at 40 °C. During the test, UV−vis spectroscopic
quantification of the reduction process of VO2

+ to VO2+ was recorded
as an indication of 4,4′-bipyridine stability.

■ RESULTS AND DISCUSSION

In this work, polysulfone (PSF) based anion exchange
membranes with internal cross-linking networks were prepared
via reaction between chloromethylated polysulfone and 4,4′-
bypyridine. The 4,4′-bipyridine connects with the CMPSF to
establish the internal cross-linking structure and provide ion
conductivity, therefore ensuring the high selectivity and stability
in a VFB. The chloromethylated polysulfone (CMPSF)
contains 1.7 chlorine methyl groups per repeat unit
(determined by the 1H NMR, Supporting Information Figure
S1), which is the reaction site for further functionalization
(Figure 1). The nucleophilic substitution reaction between 4,4′-
bipyridine and CMPSF leads to the prepared membranes
having both internal cross-linking networks and ion exchange
groups. The cross-linking degree and the content of ion
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exchange groups were controlled via changing the content of
4,4′-bipyridine. The membranes prepared from different
content of 4,4′-bipyridine were referred as CMPSF-x, where x
is the ratio of 4,4′-bipyridine to chloromethyl groups of
CMPSF.
Previous studies on cation exchange membranes indicated

that the oxidation stability of the membranes is strongly
dependent on the amount of ion exchange groups (sulfonic
acid functional groups).27,28 Similarly, attempts to understand
the role of ion exchange groups on chemical stability of anion
exchange membranes have been investigated by changing the
content of 4,4′-bipyridine. Table 1 shows the polysulfone-based

anion exchange membranes with different content of 4,4′-
bipyridine (ion exchange groups). A clear increase in water
uptake and swelling was observed with an increasing content of
the bipyridine group. This increase can be attributed to the
increased content of hydrophilic pyridine groups in the
membranes. Consequently, increasing the content of hydro-
philic pyridine groups, which formed hydrophilic water
channels, induced higher water uptake and swelling.

To detect the distribution of the ion exchange groups,
transmission electron microscope (TEM) analysis was carried
out on the initial CMPSF-1.0 membrane after staining by 0.02
M [PdCl4]

2−. The dark spots in the membrane (Supporting
Information Figure S2) are attributed to the clusters formed by
the interaction between negatively [PdCl4]

2− and positively
charged 4,4′-bipyridine groups,11 showing the distribution of
4,4′-bipyridine groups.
As an indicator of membrane stability in electrolytes, the

UV−vis spectroscopic quantification of the reduction process of
VO2

+ to VO2+29 provides an effective and direct way to
investigate the influence of ion exchange groups on the
chemical stability of the membranes. CMPSF-x membranes
with fixed size (4.5 cm × 4.5 cm) and different ion exchange
groups (CMPSF-0.4, CMPSF-0.8, CMPSF-1.0) were immersed
in 0.15 M VO2

+ + 3 M H2SO4 solutions (40 °C water bath),
where an reduction of VO2

+ as an indicator for membranes
oxidation can be readily evaluated as shown in Figure 2. In a

similar vein, obvious color gradients (yellow → green) were
detected in 0.15 M VO2

+ + 3 M H2SO4 solutions containing
CMPSF-X membranes with different ion exchange groups,
suggesting that the similar role of ion exchange groups in the
degradation of anion exchange membranes with that of cation
exchange ones (ion exchange groups accelerate the degradation
of the membranes).27

Accelerated degradation experiment was performed to
further clarify the degradation mechanism of the anion
exchange membranes. As shown in Figure 3a, the CMPSF
membrane without 4,4′-bipyridine groups is essentially trans-
parent, while the color of CMPSF-1.0 membrane appears
yellow (Figure 3b) as does the color of 4,4′-bipyridine power.
After immersing the CMPSF-1.0 membrane in the 1.5 M VO2

+

+ 3 M H2SO4 solutions at 40 °C for 18 days, the membrane
becomes wine red, which results from the physical absorption
of VO2

+ ions. Instead of color change, the CMPSF-1.0 was
broken up as shown in Figure 3c, demonstrating the chemical
oxidation of the membrane. Nevertheless, after a few hours of
treatment with 3 M H2SO4 solutions, the color of the CMPSF-
1.0 membrane was observed to revert in yellow (Figure 3d),

Figure 1. Synthetic scheme for the fabrication of polysulfone based
anion exchange membrane.

Table 1. Physical Property of Prepared CMPSF Membranes

membrane
chloromethyl group

(mmol)
bipyridine
(mmol)

water uptake
(%)

swelling
(%)

CMPSF-
0.4

1 0.4 8.62 3.45

CMPSF-
0.8

1 0.8 14.8 7.14

CMPSF-
1.0

1 1.0 34.85 15.38

Figure 2. Effect of ion exchange groups (4,4′-bipyridine) on chemical
stability of CMPSF membranes (Inserts show the color changes of
electrolyte solutions (0.15 M VO2

+ in 3 M total sulfate) containing
CMPSF-0.4, CMPSF-0.8, and CMPSF-1.0 membranes, respectively,
after 4 months).
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which is a very good indication for the stability of the ion
exchange groups.
It is well-established for ion exchange membranes that a high

concentration of VO2
+ treatment (immersion in 1.5 M or even

more higher concentration of VO2
+ at 40 °C for a certain

period of time) helps to investigate the stability of the
membranes, resulting in a dramatic change in battery
performance (especially for voltage efficiency when the
chemical stability of ion exchange groups was poor). Thus, in
situ battery performance was made for CMPSF-1.0 both as
prepared and after 1.5 M VO2

+ treatment (0, 3, 7, and 12 days).
The results are shown in Figure 4. The battery performance for
all the membranes remains unchanged with increasing
immersion time, for both as prepared and 1.5 M VO2

+ treated

membranes. This reflects that the 4,4′-bipyridine ion exchange
groups in the CMPSF-1.0 membrane exhibits extraordinarily
high chemical stability. Note that the aromatic conjugation
system remains unspoilt when the pyridinic nitrogen reacts
with electrophilic reagent (−CH2−Cl), due to the fact that the
lone pair electrons in pyridine nitrogen do not participate in
conjugation. As a result, the six membered pyridine ring still has
aromaticity even when it is converted to pyridinium salt, which
leads to high chemical stability of the pyridine ring.
The morphological characterization of the initial and

degraded CMPSF-1.0 membranes was conducted to confirm
the formation of micropores in the membrane. In contrast to
the initial CMPSF-1.0 membrane, where the surface (Figure
5a) and cross sections (Figure 5b) of the membrane exhibit a

smooth and dense structure, however, the degraded membrane
was covered with cracks and pores, for both the surface (Figure
5c) and cross section (Figure 5d).
The above discussion has proven that the ion exchange

groups, or −C−N bond in the membrane is chemically
stable in VO2

+ electrolyte. In order to further prove the
chemical stability of 4,4′-bipyridine, 0.3230 mmol of 4,4′-
bipyridine was immersed in 0.15 M VO2

+ in 3 M total sulfate at
40 °C. Note that the color of the solution and VO2+

concentration detected by UV−vis spectroscopic reflect the
stability of 4,4′-bipyridine. As shown in Figure 6, no significant
color change could be observed after immersing 0.3230 mmol
of 4,4′-bipyridine in 0.15 M VO2

+ + 3 M total sulfate at 40 °C
for 3.5 months. Also, the VO2+ concentration in the solution
remains constant with increasing immersion time, suggesting
the antioxidant capacity of 4,4′-bipyridine. In another word, the
ring-opening reaction of the pyridine ring and cracking of the
C−C bond between the two pyridine rings could not happen.
Normally, a VFB is operated under ambient conditions,

where the interactions between Lewis acid (CO2 in the air) and
Lewis base (N-containing organic heterocyclic molecules, 4,4′-
bipyridine in the membrane) may cause the membrane
degradation.18,30 Thus, two CO2 treatment processes were
implemented to investigate the effect of CO2 on the stability of
the CMPSF-1.0 membrane, one is passing CO2 gas through
deionized water that contained a fixed size CMPSF-1.0
membrane for 1 h in sealed glass and the other is passing

Figure 3. Images of CMPSF membranes: (a) CMPSF, (b) CMPSF-
1.0 membrane, (c) CMPSF-1.0 membrane after immersion in 1.5 M
VO2

+ for 18 days, (d) CMPSF-1.0 membrane after immersion in 1.5
M VO2

+ for 18 days and treated with 3 M H2SO4.

Figure 4. Oxidation stability test of ion exchange groups (4,4′-
bipyridine) in 1.5 M VO2

+ solution.

Figure 5. SEM micrographs of CMPSF-1.0 membrane before ((a)
surface and (b) cross-section) and after degradation ((c) surface and
(d) cross-section). Insert: an enlarged cross-section of degraded
CMPSF-1.0 membrane.
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CO2 gas through a 0.15 M VO2
+ + 3 M total sulfate solution

that contained the CMPSF-1.0 membrane for 1 h in another
sealed glass. Then the sealed glasses were held in a water bath
at 40 °C (5 days for the deionized water glass and 10 days for
0.15 M VO2

+ + 3 M total sulfate solution glass). As shown in
Figure 7, batteries that are assembled with the CMPSF-1.0

membranes before and after CO2 treatment showed stable
performance with different cycles, which indicates that the CO2
will not degrade the membrane as well as the 4,4′-bipyridine
groups.
FT-IR spectroscopy was applied to gain further insight into

the chemical structure of the degraded CMPSF-1.0 membrane.
Figure 8 shows the FT-IR spectra of the initial (black line,
corresponding to Figure 3b) and degraded (red line,
corresponding to Figure 3d) CMPSF-1.0 membranes. The
bands at 1616 and 1579 cm−1 in initial and degraded
membranes correspond to characteristic frequency of the C
C stretching vibration of the pyridine ring. In addition, the C
N stretching vibration in pyridine ring and inter-ring stretching
vibration can be found in 1520 and 1293 cm−1 for both initial

and degraded membranes.31−33 Some minor changes were
clearly observed on the membrane after degradation. For
instance, the degraded CMPSF-1.0 membrane exhibits two
additional absorption bands at about 889 and 1340 cm−1. The
absorption at 889 cm−1 was associated with the phenolic
hydroxyl group bending vibration.34 The latter was assigned to
O−H plane bending of a motion of hydroxyl group.35,36 The
−OH formation was further supported by the frequency at
about 3340 cm−1, which can be ascribed to the stretching
modes of the water molecules coordinated to hydroxyl groups
via the hydrogen bond interaction.37 Beyond that, a clear
absorption band at about 961 cm−1 can be found for the
degraded membrane as well, which was considered as
characteristic of vanadium oxygen species.38,39

Further evidence for the attachment of the vanadium oxygen
species to the polymer backbone and the formation of OH after
degradation (corresponding to Figure 3d) is shown by Raman
experiments (Figure 9). Compared to the initial CMPSF-1.0
membrane, the Raman stretching frequencies of the V−O

Figure 6. Chemical stability test of 4,4′-bipyridine in 0.15 M VO2
+ in 3

M total sulfate. Insert: image of 0.15 M VO2
+ + 3 M total sulfate (a)

and 0.15 M VO2
+ + 3 M total sulfate + 0.3230 mmol of 4,4′-bipyridine

after 3.5 months.

Figure 7. Influence of carbon dioxide on N-containing organic
molecule (ion exchange groups).

Figure 8. ATR-FT-IR spectra of initial CMPSF-1.0 membrane (black
line) and degraded CMPSF-1.0 membrane (red line).

Figure 9. Raman spectra of initial CMPSF-1.0 membrane (black line)
and degraded CMPSF-1.0 membrane (red line).
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vibration for the vanadium oxygen species can be observed at
887 cm−1 for the degraded CMPSF-1.0 membrane,40−43 which
suggested again that vanadium oxygen species were incorpo-
rated into CMPSF-1.0 after degradation. On the other hand, we
assigned the band at 941 cm−1 to the OH out of plane
bending,44 and the band at 1341 and 1227 cm−1 to the in plane
bending model of the phenolic group and in plane bending
CΦ−OH (CΦ is related to the aromatic ring) model,
respectively.45,46 These results are in good agreement with
FT-IR results (Figure 8).
In addition, the degraded CMPSF-1.0 membrane was

insoluble in most solvents, e.g., DMF, DMAC, DMSO, etc.,
suggesting that the internal cross-linking networks have not
been destroyed. The low solubility of degraded products brings
difficulty to identify their chemical structures. On the other
hand, there is also the possibility that some degradation
products with small molecular weights may be dissolved in the
vanadium electrolyte. To confirm this possibility, Raman was
performed on the electrolyte solutions (60 mL of 0.15 M VO2

+

in 3 M total sulfate containing CMPSF-1.0 membrane (Figure
10c), 60 mL of 0.15 M VO2

+ in 3 M total sulfate with and
without 0.3230 mmol of 4,4′-bipyridine (Figure 10b), and 60
mL of 0.15 M VO2+ in 3 M total sulfate with and without
0.3230 mmol of 4,4′-bipyridine (Figure 10a), held in a water

bath at 40 °C for 9 months. The test time is long enough to
degrade the membrane into shorter chains. Note that the
paramagnetic VO2+ allows that 1H NMR can perform neither
on the VO2+ solution nor the VO2+/VO2

+ mixture. Figure 10
shows the Raman spectra of electrolyte samples after treatment.
After the addition of 0.3230 mmol of 4,4′-bipyridine in the
VO2+ and VO2

+ ion containing electrolytes, only inter-ring
stretching vibration at 1297 cm−1 can be observed as compared
with both VO2+ and VO2

+ ions containing electrolytes that did
not contain any 4,4′-bipyridine (Figure 10a,b), whereas the
spectra of CMPSF-1.0 membrane containing electrolyte shows
no significant characteristic absorption bands for any organics
(Figure 10c) as well, revealing that no degradation products
with small molecular weights in the vanadium electrolytes were
observed.
On the basis of the above results, a possible mechanism for

the degradation of polysulfone based anion exchange
membrane is shown in Figure 11. The electron-donating alkyl
group and the weak electron withdrawing chloromethyl group
along with protonated ether functionality balance the charge
state of pristine chloromethylated polysulfone and, thus,
maintain the high chemical stability of CMPSF in strong
oxidizing electrolyte. While in the case of CMPSF-x, this charge
state was disrupted by the nucleophilic substitution reaction,

Figure 10. Raman spectra of vanadium solutions (a) 0.15 M VO2+ + 3 M H2SO4 (black line) and 0.15 M VO2+ + 3 M H2SO4 + 0.3230 mmol of 4,4′-
bipyridine (red line); (b) 0.15 M VO2

+ + 3 M H2SO4 (black line) and 0.15 M VO2
+ + 3 M H2SO4 + 0.3230 mmol of 4,4′-bipyridine (red line); (c)

0.15 M VO2+ + 3 M H2SO4 + 0.3230 mmol of 4,4′-bipyridine (black line), 0.15 M VO2
+ + 3 M H2SO4 + 0.3230 mmol of 4,4′-bipyridine (red line),

and 0.15 M VO2
+ + 3 M H2SO4 + CMPSF-1.0 after 9 months.
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which is caused by the fracture of the C−Cl bond (formed by
the sp3 hybrid orbital of carbon and the sp3 hybrid orbital of
chlorine) and the formation of the C−N bond (realized by the
sp2 hybrid orbital in pyridinic-nitrogen in 4,4′-bipyridine).
Compare the sp3 hybrid orbital to the sp2 hybrid orbital, the sp2

hybrid orbital turns out to be more electronegative, resulting
from more s ingredient in the sp2 hybrid orbital.47 This
difference in electronegativity induces an electrophilic carbon
center on the benzene ring, which can be attacked by the lone
pair electron on the vanadium(V) oxygen species, with the
formation of a phenolic hydroxyl group and vanadium(IV)
oxygen species as shown in Figure 8 and Figure 9. In fuel cells,
it is generally believed that the chemical stability of the
membrane was highly dependent on the nature of the
functional group, and a stable cation moiety is sufficient to
yield a stable membrane.48−53 Thus, the issue of backbone
stability was often ignored. According to the proposed
mechanism, the CMPSF-1.0 membrane may also be attacked
by the hydroxide ions, further leading to backbone degradation.
Therefore, the importance of polymer backbone stability should
also be emphasized under battery operating medium.
To support the mechanism we proposed above, CMPSF-1.0

membranes were immersed in 0.15 M VO2
+ solutions with

increasing concentrations of sulfuric acid (1, 2, and 3 M) and
also corresponding to an increase in the electronegativity of the
polymer backbone (resulting from the protonation of the
ethereal oxygen atoms) to confirm the influence of electro-
negativity on the stability of the membrane since the electronic
effect of alkyl group and 4,4′-bipyridine is regular. As expected,
the concentration of VO2+ reduced from VO2

+ increases with
increasing acid concentration and also corresponds to more
serious degradation, further confirming our assumptions
(Supporting Information Figure S3).

■ CONCLUSIONS

In summary, we have investigated the degradation mechanism
of the polysulfone based anion exchange membranes under

VFB medium for the first time. The results showed that, as a
result of substitution of SP2 hybrid orbital interactions between
C−N bond for SP3 hybrid orbital interactions between C−Cl
bond, the charge state balance of pristine chloromethylated
polysulfone is likely to be disrupted. Further, this substitution is
closely associated with corresponding changes in electro-
negativity and thus inducing an electrophilic carbon center in
the benzene ring. The electrophilic carbon center can be
attacked by the lone pair electron on the vanadium(V) oxygen
species and will result in brittle membranes. Therefore,
strategies such as introducing electron-donating groups to the
aromatic backbone, protecting the ether bond, or using pendant
groups to separate the ion exchange groups from the polymer
backbone may be effective ways to improve the stability of
membranes.
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