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Abstract: A series of poly(vinylidene difluoride)-based amphoteric ion exchange membranes (AIEMs)
were prepared by preirradiation-induced graft copolymerization of styrene and dimethylaminoethyl
methacrylate in an aqueous emulsion media followed by solution casting, sulfonation, and protonation.
The effects of absorbed dose and comonomer concentration on grafting yield (GY) were investigated.
The highest GY of 44.5% at a low comonomer concentration of 0.9 M could be achieved. FTIR, TGA,
and X-ray photoelectron spectroscopy (XPS) confirmed the successful grafting and sulfonation of
the as-prepared AIEMs. Properties of the AIEMs such as water uptake, ion exchange capacity (IEC),
ionic conductivity, and crossover behavior of VO2+ ions prepared by this novel technique were
systematically investigated and compared with those of the commercial Nafion 115 membrane. It was
found that at a GY of 28.4%, the AIEMs showed higher IEC and conductivity, lower permeability of
VO2+ ions, and a longer time to maintain open circuit voltage than Nafion 115, which was attributed
to their high GY and elaborate amphoteric structure. Consequently, this work has paved the way
for the development of green and low-cost AIEMs with good performance for vanadium redox flow
battery applications.
Keywords: radiation-induced emulsion graft copolymerization; amphoteric ion exchange membrane;
ionic conductivity; vanadium redox flow battery

1. Introduction
The flow battery, especially the vanadium redox flow battery (VRFB), is one of the most promising
energy storage systems because of its advantages of energy/power-independent sizing, high energy
efficiency, long cycle life, moderate cost, room temperature operation, and so on [1]. As a crucial
component of the VRFB, the ion exchange membrane (IEM) conducts protons between the two different
electrolytes during the charging and discharging operation while preventing the crossover of vanadium
ions to alleviate self-discharging [2]. An ideal IEM should have the qualities of high conductivity, low
crossover of vanadium ions, high stability, and low cost [3]. So far, Nafion membranes, which are
commercial products of Dupont, have been widely used in VRFBs due to their high ionic conductivity
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and excellent chemical stability [4]. However, the serious permeability of vanadium ions through the
membrane and the high cost have hindered the wide application of Nafion membranes in commercial
VRFB systems, given the fact that the cost of Nafion membranes accounts for more than 40% of the
battery stack [2,5,6]. On the one hand, numerous efforts have been put into modifying Nafion, such as
blending it with other polymers [7] or creating hybrids with inorganic fillers [8,9], to address the issues
of high cost and/or high vanadium crossover. On the other hand, new IEM alternatives to expensive
Nafion membranes have recently attracted the attention of many researchers [10–16].
Poly(vinylidene difluoride) (PVDF) is a fluoropolymer that has good thermal and chemical
stability and excellent mechanical properties due to the C–F bonds in the polymer main chains [17,18].
Therefore, the development of PVDF-based IEMs that perform well and are low cost may be an
alternative to Nafion membranes for commercial VRFBs.
Radiation-induced graft copolymerization is an efficient and cost-effective method to modify the
backbone of polymers with desired groups in the side chains. In addition, PVDF polymers have been
widely investigated for use as a polymer matrix to prepare electrolyte membranes by using a radiation
grafting technique, for the reason that it tends to crosslink instead of degrade under radiation in an
inert atmosphere [19,20].
In our previous study, gamma rays were used to initiate the mutual irradiation graft
copolymerization reaction with monomers of styrene (St) and dimethylaminoethyl methacrylate
(DMAEMA) in a dicholoromethane solution, and a uniform amphoteric ion exchange membrane
(AIEM) was obtained by the utilization of PVDF powders instead of PVDF films [21,22]. Further, other
monomers, such as α-methyl styrene (AMS) [23], sodium styrene sulfonate (SSS) [24,25], DMAEMA [26],
methacrylonitrile (MAN) [27], and acrylonitrile (AN) [28], were elaborately selected to prepare IEMs.
However, a large amount of organic solvents was used in the radiation grafting reaction. Considering
this, an economical and environmentally friendly emulsion grafting method induced by electron beam
radiation with water as the solvent should be attempted to prepare low-cost IEMs [29]. Moreover,
unlike traditional organic solvents, water as the solvent is less sensitive to attack from free radicals,
limiting the chain transfer to the solvent [30], and radiation-induced grafting of monomers in an
emulsion state requires a low monomer concentration to achieve a grafting yield (GY) [31,32]. In this
study, we successfully prepared a series of AIEMs by the preirradiation-induced emulsion graft
copolymerization method. Monomers of St and DMAEMA were dispersed in green solvent water with
a small amount of polyoxyethylene sorbitan monolaurate (Tween-20) as an emulsifier. The monomers
were grafted onto the PVDF powder and the grafted powder (named PVDF-g-P(St-co-DMAEMA)) was
dissolved and cast into a film, followed by sulfonation and protonation. Subsequently, the properties
of the AIEMs for VRFBs were systematically studied and compared with the commercial Nafion 115
membrane. To the best of our knowledge, this was the first study of PVDF-based AIEMs prepared by
the emulsion grafting method, and this work has paved the way for the development of green and
low-cost AIEMs with good performance for VRFB applications.
2. Materials and Methods
2.1. Materials
PVDF powders with a molecular weight of 420,000 were supplied by Solvay Solexis Inc.
(West Deptford, NJ, USA). St was purchased from J&K Scientific Ltd. (Beijing, China), and DMAEMA
was purchased from Aladdin Chemical Co., Ltd. (Shanghai, China). Chlorosulfonic acid was obtained
from Sun Chemical Technology (Shanghai) Co., Ltd. (Shanghai, China). N-methyl-2-pyrrolidone
(NMP) was supplied by Xilong Scientific Co., Ltd. (Shantou, China), and vanadyl sulfate (VOSO4 , 99%)
was provided by Shenyangshi haizhongtian fine chemical factory (Shenyang, China). A Nafion 115
membrane was purchased from the DuPont Corporation (Wilmington, DE, USA). All other reagents
of analytical grade are commercially available, and all chemicals in this work were used as received
without any further purification.
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Elemental analysis (EA) was carried out using a Vario EL (Elementar Analysensystem GmbH,
Langenselbold, Germany) to determine the molar ratio of St to DMAEMA in the PVDF-g-P
(St-co-DMAEMA) grafted powder according to the following equation:
nSt
nDMAEMA

=

14GY − (100 + GY)PN × 157
104(100 + GY)PN

(2)

where GY is the grafting yield of the grafted powder; PN is the weight percentage of nitrogen; and 14,
104, and 157 are the molar masses of nitrogen, St, and DMAEMA, respectively. The surface morphology
and cross-sectional elemental distribution of the AIEM were obtained using a Hitachi S-4800 for field
emission scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS, Hitachi, Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) was performed on an Axis Ultra spectrometer (Kratos
Analytical, Manchester, UK) using monochromatic Al Kα radiation. The binding energy of the C 1s
hydrocarbon peak was calibrated to 248.8 eV. 1 H-NMR spectra were obtained on an ARX-400 MHz
spectrometer (Bruker, Fällanden, Switzerland) with DMSO-d6 as the solvent.
2.5. Water Uptake (WU)
The WU of the AIEM could be measured from the weight difference between the dry and wet
state, respectively. The fully hydrated membrane samples immersed in deionized water were taken
out and weighed immediately after the water on both surfaces was quickly wiped off with tissue paper
(Kimwipes). Then, the samples were dried in a vacuum oven at 60 ◦ C overnight to a constant weight.
The WU of the AIEM was calculated according to the following equation:
WU =

Ww − Wd
× 100%
Wd

(3)

where Ww and Wd are the weights of the membrane in the wet and dry states, respectively.
2.6. Ion Exchange Capacity (IEC)
The IEC of the AIEM was measured by traditional acid–base titration. To determine the cation
exchange capacity, firstly, the AIEM sample was put into an oven at 60 ◦ C till it reached a constant
weight, and then the dried membrane was immersed in 25 mL of 1 M NaCl solution for at least 24 h to
make sure that H+ was fully replaced by Na+ . Finally, the solution of NaCl was titrated by a dilute
NaOH solution at a certain concentration with phenolphthalein as the indicator. The cation exchange
capacity of the AIEM was calculated according to the following equation:
IEC =

VNaOH × CNaOH
Wdry

(4)

where VNaOH is the volume of the NaOH solution used in titration, CNaOH is the molar concentration
of the NaOH solution, and Wdry is the weight of the dried membrane.
2.7. Ionic Conductivity
The conductivity of the AIEM was measured by electrochemical impedance spectroscopy (EIS)
on an Autolab PGSTAT302N electrochemical workstation (Metrohm, Utrecht, The Netherlands).
The membrane samples were sandwiched between two teflon frameworks with two Pt strips as
electrodes. The EIS was tested in a deionized water bath at 25 ◦ C for at least 24 h to make sure the
AIEM was fully hydrated and equilibrated. The in-plane direction ionic conductivity was calculated
using the following equation:
L
σ=
(5)
R·S
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where σ refers to the ionic conductivity, L is the distance between the electrodes, R is the membrane
resistance of the sample, and S is the cross-sectional area of the sample.
2.8. V (IV) Permeability
The permeability of vanadium ions through the AIEM was studied using the method reported
by Jiang et al. [33] The membrane samples were sandwiched between two half H-type cells clapped
together with a diameter of 16 mm. One half-cell was filled with 40 mL of 1.5 M VOSO4 in 3 M H2 SO4
solution and the other was filled with 40 mL of 1.5 M MgSO4 in 3 M H2 SO4 solution. The mixture
of MgSO4 and H2 SO4 was used to balance the ionic strength and reduce osmotic pressure with a
magneton to avoid concentration polarization. Solutions from the MgSO4 half-cell were taken out
regularly and the concentrations of VO2+ were measured using inductively coupled plasma atomic
emission spectrometry (ICP-AES) (Leeman Profile, Hudson, NH, USA.). The VO2+ permeability (P)
was determined by the following equation:
V

dct
P
= A ( c0 − ct )
dt
L

(6)

where V is the volume of the solution on both sides, A is the area of the membrane sample exposed to
the solution, L is the thickness of membrane sample, and c0 and ct are the VO2+ concentrations in the
VOSO4 solution and MgSO4 solution, respectively. Since the change of c0 is negligible and c0  ct ,
during the test, c0 − ct ≈ c0 could be accepted for the calculation of P.
2.9. Open Circuit Voltage of VRFB Assembled with AIEM
The membrane sample was sandwiched between two pieces of graphite felt electrodes with an
effective area of 9 cm2 . Two 30 mL solutions of 1.5 M V3+ /VO2+ in 3 M H2 SO4 were used as positive
and negative electrolytes, respectively. The electrolytes were cyclically pumped into the corresponding
half-cell by peristaltic pumps with a flow rate of 50 mL min−1 . The battery was first charged to 1.75 V
at a current density of 80 mA cm−2 , and the open circuit voltage was monitored by a battery test system
(CT2001A, Wuhan Land., Wuhan, China) at room temperature.
3. Results and Discussion
3.1. Preirradiation-Induced Emulsion Graft Copolymerization of St and DMAEMA into PVDF and the
Preparation of AIEM
Without employing an organic solvent, St and DMAEMA were grafted onto PVDF powders using
an electron beam preirradiation-induced emulsion grafting method. The monomers were dispersed
in an emulsion. The effects of absorbed dose and monomer concentration on the grafting yield of
PVDF-g-P(St-co-DMAEMA) are shown in Figure 2. The weight ratio of DMAEMA to St was fixed at
0.13. It can be seen that the GY increased with the absorbed dose, and at a given initial comonomer
concentration, the GY increased sharply from 20 to 60 kGy and had the tendency to stabilize after
100 kGy. This can be explained by the greater number of free radicals generated in the PVDF polymer
trunks with the increase of the absorbed dose. Then, the radicals initiated the monomers near the
PVDF to graft copolymerization, thus accelerating the grafting reaction. However, when the dose
continued to increase, the radical concentration became saturated and the increased crosslinks in the
PVDF trunks would hinder the diffusion of monomers [19]. The influence of comonomer concentration
on GY is shown in Figure 2 as well. An increase in the concentration of comonomers would increase
the degree of polymerization, which resulted in a higher GY at the same dose. The GY could be as high
as 44.5% when the comonomer concentration was 0.9 M at 100 kGy. The highest GY was higher than
that of our previous result using a radiation-induced simultaneous graft copolymerization method,
with a GY of 35% at a concentration of 2.4 M [21]. However, when the GY was higher than 33.6%,
the solubility of the grafted powder seemed difficult in NMP because of the increased viscosity of the
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polymer solutions and possible crosslinks in the PVDF polymer under a high absorbed dose [19]. Thus,
6 of 14
should be used for the preparation of AIEMs.
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The TGA diagram of the pristine PVDF, grafted powder, and AIEM are shown in Figure 5a. The
pristine PVDF powder showed remarkable thermal stability, with a sharp weight loss at about 440

°C which was attributed to the decomposition of PVDF backbones [40]. Two weight loss stages were
observed in the TGA curves after the grafting of monomers in the grafted powder, and the first one
was assigned to the degradation of grafting poly(St-co-DMAEMA) polymer chains at 310–420 °C. The
other one occurring at 450 °C was due to the degradation of the main PVDF polymer chains [37]. The
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in Figure 6. The tiny peaks of O in pristine PVDF might have been due to the remaining reagents by
the supplier [41]. The EA (Table 1) showed that the amount of DMAEMA in the grafted powder was
low. Moreover, XPS measurement was performed on the surface of the grafted powder, which showed
that the N 1s peak of the grafted powder was not obvious (Figure 6). Meanwhile, the new peaks of
N 1s in the AIEM could verify the existence of DMAEMA as well as –SO3 H in the polystyrenesulfonic
acid owing to the emerging of S 1s and S 2p peaks. This result was in agreement with Figure 5a.
Additionally, the comparison of the C 1s spectra for pristine PVDF, grafted powder, and the AIEM
(GY = 28.4%) is shown in Figure 7a–c. The peaks at the binding energies of 286.4 and 290.9 eV accounted
for the CH2 and CF2 in PVDF, respectively [42–44]. The appearance of new peaks at 284.8 and 287.9 eV
in the grafted PVDF corresponded to the CH2 and C=O groups, respectively. For the AIEM, due to
the sulfonation, the peak of the C=O group shifted to 288.7 eV and its intensity decreased; moreover,
the content of the CH2 group increased and the CF2 group decreased [21]. The N 1s spectrum could be
fitted with two peaks which were attributed to the –N(CH3 )2 group at 400.9 eV and the –NH+ (CH3 )2
group at 402.1 eV (Figure 7d) [45,46]. This result further proved the successful grafting, sulfonation,
and protonation of PDMAEMA units in the AIEM after acid treatment and hydrolysis.
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3.3. Performance of the AIEM for VRFBs
3.3.1. WU, IEC, and Ionic Conductivity
The WU plays an important role in the performance of the AIEM, considering that the content
and diffusion of water will influence the transport of protons [47]. Table 2 illustrates the relationship
between WU, IEC, ionic conductivity, and GY, including Nafion 115 as a reference. It was obvious that
the WU and IEC increased with the GY because more hydrophilic sulfonic groups were introduced to
the aromatic ring of polystyrene in the graft chain after sulfonation. Besides WU, IEC is another factor
which would benefit the high conductivity of the AIEM. When the GY reached 13.7%, the WU of the
Figure 7. Fitted C 1s XPS spectra of (a) pristine PVDF, (b) grafted powder, and (c) AIEM and (d) N 1s
spectrum of AIEM (GY = 28.4%).
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AIEM was higher than that of the Nafion 115 membrane. As the GY went up to 22.4%, the IEC of the
AIEM was slightly lower than that of Nafion 115 due to the WU being as high as 44.8%. This was likely
due to the more rigid side-chain structures of the AIEM compared with the flexible perfluorinated
structures of Nafion 115, which inhibited the aggregation of ionic clusters and diluted the acid sites by
a large WU [48]. Moreover, high WU and IEC always lead to serious swelling of the membrane, which
has a negative effect on the mechanical properties and antioxidative performance [49]. Therefore,
a moderate WU is essential for the application of AIEMs. Nevertheless, the ionic conductivity of the
AIEM with a GY of 28.4% was as high as 94.8 mS cm−1 , with an IEC of 1.26 mmol g−1 , which was
better than that of Nafion 115, which had a conductivity of 83.1 mS cm−1 . In addition, with an IEC of
1.43 mmol g−1 , the AIEM showed the highest conductivity of 114.0 mS cm−1 when the GY was as high
as 33.6%, which was 37% higher than Nafion 115.
Table 2. The water uptake (WU), ion exchange capacity (IEC), and conductivity of AIEMs with different
GYs and the Nafion 115 membrane.
Sample

GY (%)

WU (%)

IEC (mmol g−1 )

σ (mS cm−1 )

AIEM

4.9
13.7
20.3
22.4
28.4
33.6

15.2 ± 0.1
28.0 ± 0.9
40.6 ± 0.4
44.8 ± 0.9
47.7 ± 0.8
56.0 ± 1.0

0.37 ± 0.005
0.59 ± 0.002
0.81 ± 0.007
0.85 ± 0.010
1.26 ± 0.004
1.43 ± 0.040

7.4 ± 0.1
22.3 ± 0.6
64.7 ± 0.9
68.0 ± 1.7
94.8 ± 2.6
114.0 ± 5.7

Nafion 115

-

26.5 ± 0.3

0.90 ± 0.01

83.1 ± 1.1

3.3.2. Crossover of Vanadium Ions
The crossover of electrolytes such as vanadium species in VRFBs is a pivotal issue that could
lead to a serious self-discharge problem. In an operating VRFB, the membrane is in contact with
concentrated H2 SO4 containing complex vanadium cations with four different oxidation states. Besides,
the concentration of acid would affect the ion transport behaviors and ion equilibrium within the
membrane because of the partitioning of ions into the membrane [50]. Taking this into consideration,
the AIEM was first immersed into 3 M H2 SO4 for equilibrium, and then the excess acid was removed
by rinsing and further wiped with paper before testing; the same was done for Nafion 115.
The P value of the AIEM was calculated by the change of VO2+ concentrations in the MgSO4
solution with time, as shown in Figure 8a. It can be seen that the VO2+ concentrations increased
with the GY of the AIEM, which can be explained by the more hydrophilic functional groups in
the amphoteric membrane [51]. Although the AIEM with a GY of 22.4% showed a comparable IEC
to Nafion 115, the P value was much lower than that of the Nafion 115 membrane (1.77 × 10−7 vs.
6.09 × 10−7 cm2 min−1 ), which can be attributed to the Donnan exclusion effect between the VO2+ ions
and the protonated positively charged groups –R3 NH+ in PDMAEMA [26,52]. When the GY of the
AIEM continued to increase to 28.4%, the membrane exhibited higher conductivity as well as a lower
P value (3.78 × 10−7 cm2 min−1 ) than Nafion 115, which makes it promising to replace commercial
Nafion membranes in VRFB applications. However, the crossover of VO2+ ions became serious when
the –SO3 H groups and water content increased at the GY of 33.6%. Therefore, an AIEM with a suitable
GY should be used in practical applications.
When applied in the VRFB, the permeability of VO2+ ions through the membrane would cause
self-discharge followed by capacity loss of the cell. In order to further compare the crossover of
vanadium ions in Nafion 115 with that of AIEM in the battery application, open circuit voltage tests
were carried out. Figure 8b shows the open circuit voltage of the VRFB assembled with different
membranes. The open circuit voltage of both decreased gradually at first and then dropped sharply to
0.8 V, which revealed the disappearance of V (VI) ions in the positive electrolyte [33,53]. The times to
reach 0.8 V were 27.6 and 44.2 h for Nafion 115 and the AIEM of 28.4% GY, respectively, as confirmed

Polymers 2019, 11, x FOR PEER REVIEW

11 of 14

protonated
charged groups –R3NH+ in PDMAEMA [26,52]. When the GY of the AIEM
Polymers 2019,positively
11, 1482
11 of 14
continued to increase to 28.4%, the membrane exhibited higher conductivity as well as a lower P
value (3.78 × 10−7 cm2 min−1) than Nafion 115, which makes it promising to replace commercial Nafion
by the permeability
of VO2+ ions.
This result
verified that
the2+AIEM
with a GY
of 28.4%
membranes
in VRFB test
applications.
However,
the crossover
of VO
ions became
serious
whenshowed
the –
better
ionic
conductivity
and
less
self-discharge
effect
in
the
VRFB
than
Nafion
115.
Accordingly,
SO3H groups and water content increased at the GY of 33.6%. Therefore, an AIEM with a suitable
GY
the as-synthesized
AIEM applications.
is expected to be an alternative to the Nafion membrane, as it has better
should
be used in practical
VRFB performance.

Figure 8. (a) Permeability of VO2+ ions and (b) open circuit voltage of the vanadium redox flow battery
Figure 8. (a) Permeability of VO2+ ions and (b) open circuit voltage of the vanadium redox flow battery
(VRFB) assembled with Nafion 115 and the AIEM (GY = 28.4%).
(VRFB) assembled with Nafion 115 and the AIEM (GY = 28.4%).

4. Conclusions
When applied in the VRFB, the permeability of VO2+ ions through the membrane would cause
Radiation-induced
copolymerization
was
successfully
to graft
self-discharge
followed byemulsion
capacity graft
loss of
the cell. In order
to implemented
further compare
the crossover
of
monomers
of
St
and
DMAEMA
onto
PVDF
powders
in
an
aqueous
emulsion
instead
of
common
vanadium ions in Nafion 115 with that of AIEM in the battery application, open circuit voltage tests
organic
solvents.
The GY
of the grafting
could reach
high assembled
as 44.5% atwith
a comonomer
were
carried
out. Figure
8b shows
the openpowder
circuit voltage
of theasVRFB
different
concentration
of
0.9
M.
The
components
of
grafting
powders
and
the
AIEM
were
identified
by EA,
membranes. The open circuit voltage of both decreased gradually at first and then dropped sharply
FTIR,
TGA,
and
XPS
results.
In
comparison
with
Nafion
115,
the
as-prepared
homogenous
AIEM
to 0.8 V, which revealed the disappearance of V (VI) ions in the positive electrolyte [33,53]. The times
2+
a GY
exhibited
higher
IECNafion
and conductivity
with
lower GY,
permeability
of VO
towith
reach
0.8 of
V 28.4%
were 27.6
and 44.2
h for
115 and thealong
AIEM
of 28.4%
respectively,
as
ions and less
self-discharge
theofVRFB.
It is expected
this work
willAIEM
provide
green,
confirmed
by the
permeabilityintest
VO2+ ions.
This resultthat
verified
that the
witha afeasible,
GY of 28.4%
and
economical
route
for
the
preparation
of
IEMs
for
VRFB
applications.
showed better ionic conductivity and less self-discharge effect in the VRFB than Nafion 115.
Accordingly,
the as-synthesized
AIEM isY.C.
expected
to be
ancuration,
alternative
the Nafion membrane,
asand
it
Author Contributions:
Conceptualization,
and M.Z.;
Data
Y.C.;tomethodology,
Y.W., Y.C., J.D.
has
better
VRFB
performance.
M.Z.; formal analysis, Y.C. and X.C.; writing—original draft preparation, Y.C.; writing—review and editing, Y.C.,
X.C., J.P. and M.Z.; supervision, M.Z.; project administration, L.Z. and M.Z.

4.Funding:
Conclusions
This research was funded by National Natural Science Foundation of China (No. 11875078).
Acknowledgments:
The authors
are grateful
to the National Natural
Foundationsuccessfully
of China (No. to
11875078).
Radiation-induced
emulsion
graft copolymerization
wasScience
implemented
graft

monomers
St andThe
DMAEMA
onto PVDF
powders
in an aqueous emulsion instead of common
Conflicts ofof
Interest:
authors declare
no conflict
of interest.
organic solvents. The GY of the grafting powder could reach as high as 44.5% at a comonomer
References of 0.9 M. The components of grafting powders and the AIEM were identified by EA,
concentration
FTIR, TGA, and XPS results. In comparison with Nafion 115, the as-prepared homogenous AIEM
1.
Alotto, P.; Guarnieri, M.; Moro, F. Redox flow batteries for the storage of renewable energy: A review.
with aRenew.
GY of Sustain.
28.4% exhibited
higher IEC and conductivity along with lower permeability of VO2+ ions
Energy Rev. 2014, 29, 325–335. [CrossRef]
and
self-discharge
in the
It is
expected
that this of
work
will provide
a feasible,
andin
2. less
Zhou,
X.L.; Zhao, T.S.;
An,VRFB.
L.; Zeng,
Y.K.;
Wei, L. Modeling
ion transport
through
a porousgreen,
separator
economical
route
for
the
preparation
of
IEMs
for
VRFB
applications.
vanadium redox flow batteries. J. Power Sources 2016, 327, 67–76. [CrossRef]
Chae,
I.; Luo, T.; Moon,
G.H.; Ogieglo,Y.C.
W.; and
Kang,
Y.S.;Data
Wessling,
M. Ultra-high
proton/vanadium
selectivity
3.
Author
Contributions:
Conceptualization,
M.Z.;
curation,
Y.C.; methodology,
Y.W., Y.C.,
J.D.,
for formal
hydrophobic
polymer
membranes
with intrinsicdraft
nanopores
for redox
battery. Adv. and
Energy
Mater.
and M.Z.;
analysis,
Y.C. and
X.C.; writing—original
preparation,
Y.C.;flow
writing—review
editing,
2016,
6, 1600517.
Y.C., X.C.,
J.P.,
and M.Z.;[CrossRef]
supervision, M.Z.; project administration, L.Z. and M.Z.
4.
Jiang, B.; Wu, L.T.; Yu, L.H.; Qiu, X.P.; Xi, J.Y. A comparative study of Nafion series membranes for vanadium
Funding: This research was funded by National Natural Science Foundation of China (No. 11875078).
redox flow batteries. J. Membr. Sci. 2016, 510, 18–26. [CrossRef]
Acknowledgments:
The
authors
are Bian,
grateful
to Ng,
theT.W.;
National
Natural
Science
Foundation of China (No.
Li, W.Y.; Zhang,
Z.Y.;
Tang, Y.B.;
H.D.;
Zhang,
W.J.; Lee,
C.S. Graphene-nanowall-decorated
5.
+
2+
11875078).
carbon felt with excellent electrochemical activity toward VO2 /VO couple for all vanadium redox flow
battery.
Adv. Sci.
2016,
3, 1500276.
Conflicts
of Interest:
The
authors
declare[CrossRef]
no conflict[PubMed]
of interest.

Polymers 2019, 11, 1482

6.
7.
8.
9.
10.

11.
12.

13.

14.

15.

16.
17.
18.
19.
20.
21.

22.

23.

24.

25.
26.

12 of 14

Zhou, X.L.; Zeng, Y.K.; Zhu, X.B.; Wei, L.; Zhao, T.S. A high-performance dual-scale porous electrode for
vanadium redox flow batteries. J. Power Sources 2016, 325, 329–336. [CrossRef]
Teng, X.; Sun, C.; Dai, J.; Liu, H.; Su, J.; Li, F. Solution casting Nafion/polytetrafluoroethylene membrane for
vanadium redox flow battery application. Electrochim. Acta 2017, 88, 725–734. [CrossRef]
Teng, X.; Zhao, Y.; Xi, J.; Wu, Z.; Qiu, X.; Chen, L. Nafion/organic silica modified TiO2 composite membrane
for vanadium redox flow battery via in situ sol–gel reactions. J. Membr. Sci. 2009, 341, 149–154. [CrossRef]
Aziz, M.A.; Shanmugam, S. Zirconium oxide nanotube–Nafion composite as high performance membrane
for all vanadium redox flow battery. J. Power Sources 2017, 337, 36–44. [CrossRef]
Li, J.; Zhang, Q.; Peng, S.; Zhang, D.; Yan, X.; Wu, X.; Gong, X.; Wang, Q.; He, G. Electrospinning fiberization
of carbon nanotube hybrid sulfonated poly (ether ether ketone) ion conductive membranes for a vanadium
redox flow battery. J. Membr. Sci. 2019, 583, 93–102. [CrossRef]
Ling, L.; Xiao, M.; Han, D.; Ren, S.; Wang, S.; Meng, Y. Porous composite membrane of PVDF/Sulfonic silica
with high ion selectivity for vanadium redox flow battery. J. Membr. Sci. 2019, 585, 230–237. [CrossRef]
Shukla, G.; Shahi, V.K. Amine functionalized graphene oxide containing C16 chain grafted with poly(ether
sulfone) by DABCO coupling: Anion exchange membrane for vanadium redox flow battery. J. Membr. Sci.
2019, 575, 109–117. [CrossRef]
Wang, T.; Moon, S.J.; Hwang, D.-S.; Park, H.; Lee, J.; Kim, S.; Lee, Y.M.; Kim, S. Selective ion transport for a
vanadium redox flow battery (VRFB) in nano-crack regulated proton exchange membranes. J. Membr. Sci.
2019, 583, 16–22. [CrossRef]
Zhang, H.; Yan, X.; Gao, L.; Hu, L.; Ruan, X.; Zheng, W.; He, G. Novel triple tertiary amine polymer-based
hydrogen bond network inducing highly efficient proton-conducting channels of amphoteric membranes for
high-performance vanadium redox flow battery. ACS Appl. Mater. Interfaces 2019, 11, 5003–5014. [CrossRef]
Zhang, Y.; Wang, H.; Liu, B.; Shi, J.; Zhang, J.; Shi, H. An ultra-high ion selective hybrid proton exchange
membrane incorporated with zwitterion-decorated graphene oxide for vanadium redox flow batteries.
J. Mater. Chem. A 2019, 7, 12669–12680. [CrossRef]
Zhang, Y.; Zheng, L.; Liu, B.; Wang, H.; Shi, H. Sulfonated polysulfone proton exchange membrane influenced
by a varied sulfonation degree for vanadium redox flow battery. J. Membr. Sci. 2019, 584, 173–180. [CrossRef]
Cui, Z.; Drioli, E.; Lee, Y.M. Recent progress in fluoropolymers for membranes. Prog. Polym. Sci. 2014, 39,
164–198. [CrossRef]
Liu, F.; Hashim, N.A.; Liu, Y.T.; Abed, M.R.M.; Li, K. Progress in the production and modification of PVDF
membranes. J. Membr. Sci. 2011, 375, 1–27. [CrossRef]
Clochard, M.C.; Bègue, J.; Lafon, A.; Caldemaison, D.; Bittencourt, C.; Pireaux, J.J.; Betz, N. Tailoring bulk and
surface grafting of poly(acrylic acid) in electron-irradiated PVDF. Polymer 2004, 45, 8683–8694. [CrossRef]
Gubler, L. Polymer design strategies for radiation-grafted fuel cell membranes. Adv. Energy Mater. 2014, 4,
1300827. [CrossRef]
Ma, J.; Wang, Y.; Peng, J.; Qiu, J.; Xu, L.; Li, J.; Zhai, M. Designing a new process to prepare amphoteric ion
exchange membrane with well-distributed grafted chains for vanadium redox flow battery. J. Membr. Sci.
2012, 419–420, 1–8. [CrossRef]
Qiu, J.; Zhang, J.; Chen, J.; Peng, J.; Xu, L.; Zhai, M.; Li, J.; Wei, G. Amphoteric ion exchange membrane
synthesized by radiation-induced graft copolymerization of styrene and dimethylaminoethyl methacrylate
into PVDF film for vanadium redox flow battery applications. J. Membr. Sci. 2009, 334, 9–15. [CrossRef]
Hu, G.; Wang, Y.; Ma, J.; Qiu, J.; Peng, J.; Li, J.; Zhai, M. A novel amphoteric ion exchange membrane
synthesized by radiation-induced grafting α-methylstyrene and N,N-dimethylaminoethyl methacrylate for
vanadium redox flow battery application. J. Membr. Sci. 2012, 407–408, 184–192. [CrossRef]
Yuan, J.; Yu, C.H.; Peng, J.; Wang, Y.; Ma, J.; Qiu, J.Y.; Li, J.Q.; Zhai, M.L. Facile synthesis of amphoteric
ion exchange membrane by radiation grafting of sodium styrene sulfonate and N,N-dimethylaminoethyl
methacrylate for vanadium redox flow battery. J. Polym. Sci. Part A Polym. Chem. 2013, 51, 5194–5202.
[CrossRef]
Nasef, M.M.; Saidi, H.; Dahlan, K.Z.M. Single-step radiation induced grafting for preparation of proton
exchange membranes for fuel cell. J. Membr. Sci. 2009, 339, 115–119. [CrossRef]
Wang, Y.; Qiu, J.Y.; Peng, J.; Xu, L.; Li, J.Q.; Zhai, M.L. Study on the chemical stability of the anion exchange
membrane of grafting dimethylaminoethyl methacrylate. J. Membr. Sci. 2011, 376, 70–77. [CrossRef]

Polymers 2019, 11, 1482

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.
38.
39.
40.
41.

42.
43.

44.
45.

46.
47.

13 of 14

Henkensmeier, D.; Ben youcef, H.; Wallasch, F.; Gubler, L. Radiation grafted ETFE-graft-poly
(α-methylstyrenesulfonic acid-co-methacrylonitrile) membranes for fuel cell applications. J. Membr. Sci.
2013, 447, 228–235. [CrossRef]
Jetsrisuparb, K.; Ben youcef, H.; Wokaun, A.; Gubler, L. Radiation grafted membranes for fuel cells containing
styrene sulfonic acid and nitrile comonomers. J. Membr. Sci. 2014, 450, 28–37. [CrossRef]
Xie, K.; Dong, Z.; Wang, Y.; Qi, W.; Zhai, M.; Zhao, L. Facile preparation of EVOH-based amphoteric ion
exchange membrane using radiation grafting technique: A preliminary investigation on its application for
vanadium redox flow battery. Polymers 2019, 11, 843. [CrossRef]
Madrid, J.F.; Abad, L.V.; Yamanobe, T.; Seko, N. Effects of chain transfer agent on the electron beam-induced
graft polymerization of glycidyl methacrylate in emulsion phase. Colloid Polym. Sci. 2017, 295, 1007–1016.
[CrossRef]
Madrid, J.F.; Ueki, Y.; Seko, N. Abaca/polyester nonwoven fabric functionalization for metal ion adsorbent
synthesis via electron beam-induced emulsion grafting. Radiat. Phys. Chem. 2013, 90, 104–110. [CrossRef]
Ting, T.M.; Nasef, M.M.; Sithambaranathan, P. Kinetic investigations of emulsion- and solvent-mediated
radiation induced graft copolymerization of glycidyl methacrylate onto nylon-6 fibres. J. Radioanal. Nucl.
Chem. 2017, 311, 843–857. [CrossRef]
Jiang, B.; Yu, L.; Wu, L.; Mu, D.; Liu, L.; Xi, J.; Qiu, X. Insights into the impact of the Nafion membrane
pretreatment process on vanadium flow battery performance. ACS Appl. Mater. Interfaces 2016, 8, 12228–12238.
[CrossRef] [PubMed]
Matsusaka, N.; Suzuki, T.; Okubo, M. Effect of partitioning of monomer and emulsifier in aqueous media
on particle formation in emulsion homopolymerization of hydrophobic and hydrophilic monomers with a
nonionic emulsifier. Polym. J. 2012, 45, 153. [CrossRef]
Ma, J.; Wang, S.; Peng, J.; Yuan, J.; Yu, C.; Li, J.; Ju, X.; Zhai, M. Covalently incorporating a cationic charged
layer onto Nafion membrane by radiation-induced graft copolymerization to reduce vanadium ion crossover.
Eur. Polym. J. 2013, 49, 1832–1840. [CrossRef]
Qiu, J.; Zhao, L.; Zhai, M.; Ni, J.; Zhou, H.; Peng, J.; Li, J.; Wei, G. Pre-irradiation grafting of styrene and
maleic anhydride onto PVDF membrane and subsequent sulfonation for application in vanadium redox
batteries. J. Power Sources 2008, 177, 617–623. [CrossRef]
Wang, Y.; Peng, J.; Li, J.; Zhai, M. PVDF based ion exchange membrane prepared by radiation grafting of
ethyl styrenesulfonate and sequent hydrolysis. Radiat. Phys. Chem. 2017, 130, 252–258. [CrossRef]
Dong, L.; Liu, X.; Xiong, Z.; Sheng, D.; Zhou, Y.; Lin, C.; Yang, Y. Design of UV-absorbing PVDF membrane
via surface-initiated AGET ATRP. Appl. Surf. Sci. 2018, 435, 680–686. [CrossRef]
Ding, Y.; Shen, X.; Zeng, J.; Wang, X.; Peng, L.; Zhang, P.; Zhao, J. Pre-irradiation grafted single lithium-ion
conducting polymer electrolyte based on poly(vinylidene fluoride). Solid State Ion. 2018, 323, 16–24. [CrossRef]
Kim, Y.W.; Lee, D.K.; Lee, K.J.; Kim, J.H. Single-step synthesis of proton conducting poly(vinylidene fluoride)
(PVDF) graft copolymer electrolytes. Eur. Polym. J. 2008, 44, 932–939. [CrossRef]
Yang, X.; Deng, B.; Liu, Z.; Shi, L.; Bian, X.; Yu, M.; Li, L.; Li, J.; Lu, X. Microfiltration membranes prepared
from acryl amide grafted poly(vinylidene fluoride) powder and their pH sensitive behaviour. J. Membr. Sci.
2010, 362, 298–305. [CrossRef]
Zhu, L.-P.; Yu, J.-Z.; Xu, Y.-Y.; Xi, Z.-Y.; Zhu, B.-K. Surface modification of PVDF porous membranes via
poly(DOPA) coating and heparin immobilization. Colloids Surf. B 2009, 69, 152–155. [CrossRef] [PubMed]
Hester, J.F.; Banerjee, P.; Won, Y.Y.; Akthakul, A.; Acar, M.H.; Mayes, A.M. ATRP of amphiphilic graft
copolymers based on PVDF and their use as membrane additives. Macromolecules 2002, 35, 7652–7661.
[CrossRef]
Hester, J.F.; Banerjee, P.; Mayes, A.M. Preparation of protein-resistant surfaces on poly(vinylidene fluoride)
membranes via surface segregation. Macromolecules 1999, 32, 1643–1650. [CrossRef]
Vasile, C.; Baican, M.C.; Tibirna, C.M.; Tuchilus, C.; Debarnot, D.; Pâslaru, E.; Poncin-Epaillard, F. Microwave
plasma activation of a polyvinylidene fluoride surface for protein immobilization. J. Phys. D Appl. Phys.
2011, 44, 475303. [CrossRef]
Bai, M.-Y.; Tsai, J.-C. Preparation of electrospun EDTA/PVDF blend nonwoven mats and their use in removing
heavy metal ions from electropolishing electrolyte. Fibers Polym. 2014, 15, 2265–2271. [CrossRef]
Jiao, K.; Li, X.G. Water transport in polymer electrolyte membrane fuel cells. Prog. Energy Combust. Sci. 2011,
37, 221–291. [CrossRef]

Polymers 2019, 11, 1482

48.
49.

50.
51.

52.

53.

14 of 14

Devanathan, R. Recent developments in proton exchange membranes for fuel cells. Energy Environ. Sci. 2008,
1, 101–119. [CrossRef]
Xie, Y.J.; Liu, B.; Chen, Z.; Han, X.C.; Liu, B.J.; Zhang, H.B.; Pang, J.H.; Jiang, Z.H. Graft fluorinated
poly(arylene ether ketone)s containing highly dense sulfonic-acid-functionalized pendants for proton
exchange membranes by C-N coupling. Polymer 2017, 131, 84–94. [CrossRef]
Elgammal, R.A.; Tang, Z.J.; Sun, C.N.; Lawton, J.; Zawodzinski, T.A. Species uptake and mass transport in
membranes for vanadium redox flow batteries. Electrochim. Acta 2017, 237, 1–11. [CrossRef]
Yan, X.M.; Zhang, C.M.; Dong, Z.W.; Jiang, B.W.; Dai, Y.; Wu, X.M.; He, G.H. Amphiprotic side-chain
functionalization constructing highly proton/vanadium-selective transport channels for high-performance
membranes in vanadium redox flow batteries. ACS Appl. Mater. Interfaces 2018, 10, 32247–32255. [CrossRef]
[PubMed]
Qiu, J.Y.; Li, M.Y.; Ni, J.F.; Zhai, M.L.; Peng, J.; Xu, L.; Zhou, H.H.; Li, J.Q.; Wei, G.S. Preparation of ETFE-based
anion exchange membrane to reduce permeability of vanadium ions in vanadium redox battery. J. Membr.
Sci. 2007, 297, 174–180. [CrossRef]
Zhou, Y.; Yu, L.H.; Wang, J.S.; Liu, L.; Liang, F.; Xi, J.Y. Rational use and reuse of Nafion 212 membrane in
vanadium flow batteries. RSC Adv. 2017, 7, 19425–19433. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

