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REVIEW ARTICLE

Membrane degradation in redox flow batteries
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ABSTRACT
Redox flow batteries are a promising technology to enable the middle term storage of fluctuating
renewable electricity production. The membrane is a key component in the battery system and to
further develop and improve the battery systems, detailed understanding of the membrane aging
and degradation mechanisms are required. This review gives a comprehensive overview about the
various membrane degradation mechanisms in the most relevant redox flow battery systems. We
discuss different testing approaches for membranes and compare the influence of different battery
chemistries, testing protocols and degradation mechanisms. Based on the current state of the art,
an outlook on the greatest challenges for developing novel and more stable membrane materials
is given.
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Introduction

To reduce CO2 emissions and curb the negative effects
of climate change, fossil energy carriers shall be replaced
by renewable, but intermittent energy sources like solar
power and wind (1, 2). To still guarantee security of
supply, buffer and grid balancing systems are needed
in case of high discrepancies between supplied and
demanded energy. Therefore, efficient and economically
viable energy storage solutions are urgently required to
balance the fluctuating nature of renewable electricity
generation. These energy storage systems must be
able to bridge different timescales, from seconds up to
several weeks. Promising technologies especially for
the middle term storage (hours to days) are redox flow
batteries (RFBs) (3–5).

In RFBs the chemical energy is not stored in the elec-
trodematerials, but in the electrolyte, while the electrodes
in the battery cell are solely used for the electrochemical
conversion during charging and discharging. The electro-
lyte is stored in external tanks and pumped through the
cell continuously, hence its amount is directly

proportional to the system’s capacity and can be indepen-
dently scaled from the power-determining size of the
electrodes. The battery cell is divided into two half cells
by an electrically isolating, ion-conducting membrane to
prevent mixing of electrolyte, which would lead to self-
discharge of the RFB. Depending on the wide range of
possible electrolyte chemistries applied in RFBs, different
membrane materials are available.

For RFB application, themembranes should exhibit high
mechanical andchemical stability, ahighpermeation selec-
tivity and conductivity for the charge-balancing ionic
species (and therefore a low resistance) aswell as an accep-
table price. It is challenging to find an optimalmaterial and
often a trade-off between individual membrane properties
has to be made. A crucial factor for economic feasibility is
membrane aging and deactivation behavior. Because
RFBs arepart of anessential, long-lasting, low-maintenance
energy storage infrastructure, it is of central interest to
investigate the reasons and mechanisms for the degra-
dation of main components, especially membranes. A
schematic overview of a RFB is shown in Figure 1.
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One of the most advanced RFB system to date is the
all-vanadium RFB (VRFB) (6). VRFBs use an electrolyte
with vanadium species of different oxidation states sol-
vated in concentrated sulfuric acid. Vanadium is cycled
between V(II) (charged state) and V(III) (discharged
state) in the negative half cell (NHC) as shown in eq.
(1) and between V(V) (charged state) and V(IV) (dis-
charged state) in the positive half cell (PHC) as shown
in eq. (2):

V2+ �� V3+ + e– (1)

VO+
2 + 2H+ + e– �� VO2+ + H2O (2)

The discharge reaction is proceeding from left to right
and charging from right to left. With a NHC standard
potential of E–0 = –0.26V and a PHC standard potential
of E+0 = 1.00V vs. the standard hydrogen electrode
(SHE), a cell voltage of E0 = 1.26V can be achieved (7).
By employing vanadium as redox-active species in

both half cells, contamination by crossover through
the membrane can be avoided. Nevertheless crossover
takes place and leads to self-discharge of the VRFB (8–
11). In addition to VRFBs, systems with other elements
than vanadium have been developed such as the iron–
chromium RFB (ICRFB), which employs the redox
couples Fe2+/Fe3+ and Cr2+/Cr3+, (5, 12) or the poly-
sulfide bromine RFB with S2–2 /S2–4 and Br–3 /Br

– as the
redox-active species (13, 14). Additionally, interest in
RFBs with metal-free electrolytes based on organic
charge carriers like quinones or lignin based molecules
arose. According to the different electrolyte chemistries
various types (e.g. anion or cation exchanger) and com-
positions of membranes are available and amongst all
RFB components (electrodes, current collectors, electro-
lyte etc.) the membrane plays a special role in the oper-
ation and performance of the battery. Degradation and
malfunction of the membrane can lead to enhanced
electrolyte crossover, increased cell resistance and
even complete failure of the RFB system. Because of
that, it is of great importance to gain an overview
regarding the different membrane types applied in
RFBs and their degradation mechanisms. Although
there are several reviews dealing with general aging
mechanisms in RFBs, there is only a small number of
reviews discussing specifically the influence of mem-
branes on the performance of the RFB, even though
membranes contribute significantly to the overall
system degradation. Most of those articles mainly
focus on synthesis and the electrical characteristics of
the membranes and only mention their degradation
briefly (15, 16) or describe the membrane degradation
just in a specific system, e.g. VRFBs or fuel cells (17, 18).
A review giving an overview over the most important
membrane materials used in the diverse RFB systems is
still lacking.

Therefore, this review will discuss the various degra-
dation mechanisms of RFB membranes, with different
chemistry, structure and application range. A special
focus will be laid on VRFBs, as they are the technically
most mature system and are already used on an indus-
trial scale. We will provide an overview on long-term
aging mechanisms occurring during real-world battery
stack operation and discuss ex situ methods for acceler-
ated aging, to mimic and understand the mechanisms of
those processes on a microscopic scale.

The degradation phenomena will be discussed for
different types of membranes such as cation-exchange
membranes (CEMs), anion-exchange membranes
(AEMs) and non-ionic separators as well as composite
and amphoteric membranes. Within the sections, the
membranes are grouped by system and type.

Figure 1. Schematic view of a RFB.

Table 1. Possible pathways of membrane degradation and
methods applicable to detect the resulting changes and defects.
Membrane deactivation
mechanism

Causes, consequences, and detection
methods

Blockage of membrane
pores

Due to vanadium ions or contaminants
Leads to decreased permeability/increased
resistance, decreased voltaic efficiency

Detection with optical assessment (if
blocking species stains the membrane),
permeability, resistance, and efficiency
measurements

Mechanical failure of the
membrane material

Due to polymer backbone degradation (e.g.
oxidative decomposition)

Leads to increased permeability/decreased
resistance, sudden capacity/efficiency
drops

Detection with NMR spectroscopy/mass
spectrometry (fragment analysis), SEM
imaging, permeability, resistance, and
efficiency measurements, mass loss, UV/
Vis spectroscopy (e.g. of VO2+ , if VO+

2 is
oxidizing the material)

Pore degradation inside the
membrane

Due to functional group degradation/
cleavage

Leads to reduced ion exchange capacity
Detection with XPS/vibrational
spectroscopy (reduction of signal intensity
for functional group), acid-base titration
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The effects of aging show themselves as changes in
measurable membrane properties such as resistivity,
permeability, ion exchange capacity, weight, and swel-
ling/thickness, as well as visually in form of stains and/
or cracks. Hence, membrane degradation can be
assessed based on these indicators (Table 1).

Cation-exchange membranes

The most commonly applied CEM in RFBs is Nafion®
(Dupont), a perfluorinated polymer with a polytetrafluor-
oethylene (PTFE) backbone and sulfonic acid-terminated
perfluorovinyl ether groups to ensure proton conduc-
tivity (Figure 2) (19–22). Next to Nafion®, a variety of
completely or partly fluorinated CEMs are applied in
RFBs such as fumasep® membranes of Fumatech and
Gore-Select®, a perfluorosulfonic acid (PFSA) polymer
reinforced with PTFE, of Gore-Tex® (23–25). Additionally,
non-fluorinated CEMs based on aromatic and aliphatic
polymer backbones as well as composite CEMs are
available.

(Per)fluorinated membranes

VRFBs
A number of studies concluded that different Nafion®
variants are generally stable in the sulfuric acid based
vanadium electrolyte used for VRFBs (19, 24, 26, 27).
Mohammadi and Skyllas-Kazacos investigated Nafion®
112 membranes soaked in VO+

2 solution regarding
their change in mass, resistivity, and diffusivity as well
as the amount of VO+

2 reduced to VO2+ in the process
(26). The labeling of Nafion® membranes provides infor-
mation about their properties: The first two assigned
numbers describe the equivalent weight and the follow-
ing numbers represent the thickness of the Nafion®
membranes (in thousandths of an inch); Nafion® 112
and Nafion® 115 are e.g. 51 and 127 μm thick,

respectively. VO+
2 was applied because of its oxidative

properties, since the oxidative destruction of the mem-
brane is a possible degradation pathway. After soaking
the membrane in 0.1M VO+

2 solution for 60 days, there
was no weight loss measurable despite 3% of VO+

2 was
reduced to VO2+ as determined with ultraviolet/visible
light (UV/Vis) spectroscopy.

In another set of experiments in the same study,
Nafion® 112 was immersed into a 2M VO+

2 solution for
180 days. Afterwards, the membrane showed a 24%
decrease in area-specific resistance as well as a 17%
increase in diffusivity at a consistent ion exchange
capacity (IEC). When the membrane was cycled in a
VRFB at 30 mA/cm² for 180 days instead, resistivity
strongly increased and diffusivity decreased, which was
attributed to zinc (a contaminant in the electrolyte)
and vanadium blocking the membrane channels. By
soaking the membrane in sulfuric acid, this blockage
could be reverted, as the Zn and V depositions causing
the blockage are removed. In a similar study by Sukkar
and Skyllas-Kazacos, Nafion® 112 was also treated with
VO+

2 solution (24). The membrane was soaked in 0.1M
VO+

2 solution for 120 days, where its resistivity decreased
by 57% and its diffusivity increased by 237%. The larger
changes compared to soaking in 2M VO+

2 solution was
attributed to the increased membrane swelling in the
diluted vanadium solution, making the pores more
accessible for VO+

2 . The IEC of the soaked membrane
also increased because of incorporation of anions such
as sulfate and bisulfate ions during swelling. Addition-
ally, a weight loss of 4.62% of the membrane was
observed after 500 days of soaking in 0.1M VO+

2 solution.
The oxidative degradation of the membrane was ident-
ified by reduction of VO+

2 to VO2+ measured using UV/
Vis spectroscopy.

Xi et al. investigated the influence of temperature on
the membrane degradation (27). They studied Nafion®
115 as well as Nafion® 212 at temperatures between –
15°C and 50°C. For the degradation tests, the respective
membranes were cycled at 80 mA/cm² at –15°C, 30°C,
and 50°C. Both Nafion® membranes demonstrate good
stability and constant efficiencies over all temperature
ranges. While reduced voltage efficiencies (VEs) were
reported at 50°C, the limiting factor in this case was
the electrolyte, from which V2O5 precipitated, thereby
disturbing the cycling process.

Vijayakumar et al. examined Nafion® 117 membranes
cycled in VRFBs over a timespan of 3 days with UV/Vis
spectroscopy, X-ray photoelectron spectroscopy (XPS),
and nuclear magnetic resonance (NMR) spectroscopy
(19). With UV/Vis spectroscopy, it was found that after
removing the weakly attached vanadium species from
the membrane surface via sonication, only VO2+ wasFigure 2. Structure of Nafion®.

GREEN CHEMISTRY LETTERS AND REVIEWS 3



visible in the obtained spectra, which implies that only
the vanadyl species adsorbs into the membrane chan-
nels. With 19F NMR, the fluorinated parts of fresh and
cycled Nafion® membranes were compared, where no
significant changes where observable, indicating a
high chemical stability of the polymer. 17O NMR
showed again only one vanadium species inside of the
membrane, which was identified as VO2+ confirming
the UV/Vis experiments. Also, the authors suggest that
the VO2+ species inside the membrane do not form
contact ion pairs with the sulfonic acid groups but
bind via hydrogen bonds; they can also be removed
from the membrane channels by treating the membrane
with boiling water.

In addition to Nafion®, Sukkar and Skyllas Kazacos also
investigated Gore-Select® membranes (Gore-Select® L-
570, Gore-Select® L-01009, Gore-Select® L-01854, and
Gore-Select® P-03430), which exhibit a similar pore struc-
ture (24). When soaked in 0.1M VO+

2 solution, the Gore-
Select® membranes also exhibited a decreased resistivity
(between 39% and 29% compared to 57% for Nafion®
112) and an increase in diffusivity (also lower as for the
Nafion® membrane). The IEC increased similarly com-
pared to Nafion® 112, however, the weight loss and
spectroscopically observed VO2+ incorporation of the
Gore-Select® samples was much lower.

Another PFSA CEM is Selemion® CMV (Asahi Glass
Co.), which was tested by Mohammadi and Skyllas-
Kazacos (26) as well as Xi et al. (27) Mohammadi and
Skyllas-Kazacos immersed the CMV membrane in 0.1M
VO+

2 solution for 60 days, during which a mass loss of
more than 50% was observed and an according
amount of VO2+ was measured photometrically,
without suggesting a degradation mechanism for this
observation. Xi et al. tested the CMV membrane
among others in their VRFB setup, but excluded the
material from temperature tests because of the

membrane’s low capacity retention and VE, considering
it as unsuitable for VRFBs. Hwang and Ohya also
reported cracks in a CMV membrane after a durability
test with 2M VO+

2 in 2M sulfuric acid after two months
and noted that its resistance decreased. This effect was
assigned to the creation of pinholes in the membrane,
additionally indicating its degradation (28).

Other aqueous RFBs
ICRFBs utilize Fe(II/III) and Cr(II/III) as redox pairs in an
hydrochloric acid-based electrolyte. Sun et al. reported
results regarding the stability of different membranes
used in ICRFBs, including Nafion® 115 (22). While
cycling data revealed an expectable drop in VE and
energy efficiency (EE), the membrane was chemically
stable. This was verified by an ex situ test soaking the
membrane in a solution of 1M Cr3+ and 1M Fe2+ in 3M
hydrochloric acid for 22 days, where the Nafion® mem-
brane retained its dimensions as well as its weight.

In a study testing a range of redox-active molecules as
charge carriers for RFBs published by Gao et al. the
fouling tendencies of Nafion® 115 were investigated
(29). The molecules (1) 1,1′-bis(propyl-3-trimethylammo-
nium) ferrocene dichloride (BTMAP-Fc), (2) 1,1′-bis
(propyl-3-sulfonate) ferrocene disodium salt (BSP-Fc),
(3) methyl viologen (MV) and (4) anthraquinone-2,6-dis-
ulfonate (AQDS) were tested (all shown in Figure 3). The
membrane was exposed to 0.1M active species in 1M
aqueous NaCl solution and examined with galvanostatic
intermittent titration technique (GITT) and electrochemi-
cal impedance spectroscopy (EIS). Gao et al. reported
that the cationic redox-active species (BTMAP-FC and
MV) enter the Nafion® CEM readily in a setup with
halfway charged electrolyte on each side of the mem-
brane. In the EIS spectra, this manifests as enlarged
capacitive arcs, while the iR drop measured with GITT
increases as well over time. Optical assessment also
showed a distinct color change of the previously trans-
parent membrane. This blockage of the membrane by
the redox-active species and the resulting electric field
therefore hinders the exchange of ions for charge com-
pensation during battery operation and is considered as
fouling.

Fuel cells
While fuel cells (FCs) have a similar schematic configur-
ation as RFBs and use different types of polymeric mem-
branes, they are a type of electrochemical energy
converter on their own. Degradation mechanisms of
membranes in FCs have been covered previously in
several reviews (17, 30–32) and a brief insight and com-
parison complements the understanding of membrane
degradation mechanisms in RFBs. For Nafion®, which isFigure 3. Redox mediators used by Gao et al. (29).
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widely used in proton exchange membrane FCs
(PEMFCs), ex situ aging tests and investigations are also
interesting for RFB applications (17, 33).

In studies conducted by Healy et al. on PFSA mem-
branes, their degradation was monitored during FC
operation as well as ex situ with 19F NMR and mass spec-
trometry (MS) (34). They observed similar degradation
products for membranes used in FCs and for membranes
aged ex situ in Fenton’s reagent, a mixture of 29% hydro-
gen peroxide with 4 ppm or 16 ppm of Fe2+, at 88°C for
24 h. From the molecule fragments found, a degradation
mechanism which involves the destruction of the perfl-
uorinated polymer backbone by unzipping it step by
step was proposed, where terminal carboxylic groups
at the backbone are attacked by hydroxyl radicals. The
occurring reactions are shown in eq. (3), (4), and (5)
(32, 34):

R–CF2–COOH + · OH � R–CF2 · + CO2 + H2O (3)

R–CF2 · + · OH � R–CF2OH � R–COF+ HF (4)

R–COF+ H2O � R–COOH+ HF (5)

Schulze et al. as well as Chen et al. examined aged
PEMFC Nafion® membranes with X-ray photoelectron
spectroscopy (XPS) (35, 36). Schulze et al. showed that
the exposition of Nafion® 117 to X-rays for 20 h resulted
in a decrease in the binding energy of the C1s signal in
the XPS spectra as well as lowered sulfur and oxygen
concentrations, indicating the cleavage of C-F bonds
and a decomposition of the sulfuric acid-bearing side
chains. Ion etching with Ar+ ions amplified the observed
processes. The membrane was also reported to be brittle
after testing (35).

Chen et al. did not report any decomposition of
Nafion® 112 after exposition to X-rays for 2 h (36).
However, when exposed to Fenton’s reagent (10%wt
hydrogen peroxide and up to 300 ppm Fe2+ at up to
80°C for up to 24 h), a decrease in the C1s signal in the
XPS experiments was found again. Infrared (IR) spec-
troscopy also showed a decrease in the signal intensity
corresponding to the CF2 stretching, further providing
evidence for membrane degradation. Mechanistically,
an attack of hydroxyl and hydroperoxyl radicals on
defects in the Nafion® backbone (such as C–H and C =
C bonds) as well as on the sulfonic acid groups was
suggested (36). This is in accordance with the mechan-
ism proposed by Healy et al. as well as further studies
(34, 37–39). An overview over the Nafion® degradation
pathways in FCs can be found in Figure 4.

Hydrocarbon membranes

A membrane material used in early VRFBs is polyethy-
lene (PE), which was tested regarding its suitability by
Hwang and Ohya (28). A chlorosulfonated, radiation
crosslinked PE membrane with a thickness of 20 μm
was stored for 60d in fully charged electrolyte based
on 2M sulfuric acid and 2M vanadyl sulfate. The resis-
tivity of the membrane was measured after 0, 30, and
60 days, and it increased depending on the charging/
discharging current applied from 5.05-5.70Ωcm² to
6.34-9.67Ωcm² after 60 days. A non-crosslinked PE mem-
brane was tested as well and showed significant deterio-
ration after the aging test. The crosslinked PE
membranes did, however, not show any visible
degradation.

An emerging aromatic membrane material for RFBs is
sulfonated poly(ether ether ketone) (SPEEK) (Figure 5) as
well as composites and derivatives based on it (22, 40–
45).

Xi et al. synthesized a range of SPEEK membranes
with different degrees of sulfonation and casting sol-
vents (44). The membrane stability was assessed with
ex situ immersion tests in 0.1M VO+

2 solutions and 1.5M
VO+

2 solutions for 42d. Three SPEEK membranes based
on N,N-dimethylformamide (DMF) as casting solvent
were tested with sulfonation degrees of 67%, 80%, and
87%, as well as three additional membranes with N,N-
dimethylacetamide (DMAc), N-methyl-2-pyrrolidone
(NMP), and dimethyl sulfoxide (DMSO) as casting
solvent, respectively, at a sulfonation of 67% were eval-
uated. A general increase in mass loss and emergence of
VO2+ was observed for higher sulfonation degrees,
which was ascribed to a stronger water uptake and
therewith higher VO+

2 concentrations inside the mem-
brane, leading to chemical reactions of the VO+

2 with
the membrane. Apart from the membrane casted with
DMSO, the DMF membranes were the most stable
ones during the immersion tests for comparable
degrees of sulfonation. During an in situ cycling test,
however, the cell with the DMSO membrane exhibited
a sudden decrease in capacity after 90 cycles, implying
that the membrane was prone to degradation under
real operation conditions. Therewith the DMF casted
membranes were the most stable ones from the tested
group of membranes.

In another study, Xi et al. tested manufactured SPEEK
membranes with 61% sulfonation at different tempera-
tures regarding their performance and aging in VRFBs
(27). While the membrane showed an almost tempera-
ture-independent Coulombic efficiency (CE) due to low
vanadium crossover, it ruptured after around 100
cycles of operation at 50°C. The authors assumed that
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the VO+
2 oxidized the membrane at elevated tempera-

tures which led to battery failure.
Yuan et al. probed the stability of SPEEK membranes

in situ during cycling experiments in VRFBs as well as ex
situ with immersion tests (46). Membranes with degrees
of sulfonation between 74% and 91% were immersed
into 0.15M VO+

2 solution for 30d as well as in 1.5M
VO+

2 solution for 30 h at 40°C each. The concentration
of emerging VO2+ was tracked photometrically for the
samples in the 0.15M solution and a correlation
between sulfonation and VO2+ concentration was
found. SPEEK samples with a higher degree of sulfona-
tion yielded a higher VO2+ concentration and therefore
degraded faster, implying a degradation mechanism
connected to the sulfonic acid groups. Scanning elec-
tron microscopy (SEM) imaging showed severe cracks
in the samples soaked in 1.5M VO+

2 solution for 30 h,
with the sample at 91% sulfonation becoming brittle
and breaking into pieces. 1H NMR and IR spectroscopy
of the samples showed no sign of chemical sulfonic
acid degradation, however, the polymer backbone is
attacked at the ether bonds. Further degradation exper-
iments at varying sulfuric acid concentrations in 0.15M
VO+

2 showed that the membrane ages faster at higher

acid concentrations, leading to the development of a
reaction mechanism in which the protonated backbone
was degraded and oxidized by VO+

2 . While the sulfonic
acid group itself did not get attacked, its electron-
drawing properties supports the oxidation of the
polymer (Figure 6). For comparison, an in situ test was
done with the 91% sulfonated SPEEK membrane in a
VRFB cell. While the cell reached an EE of 84% at
80 mA/cm², the EE decreased after 100 cycles due to
membrane degradation. Examination of the membrane
with SEM and 1H NMR confirmed the results found in
the ex situ tests. Additionally, the SEM images showed
that the membrane side facing the PHC degraded sig-
nificantly stronger than the side facing the NHC,
suggesting that VO+

2 was mainly responsible for the
degradation. Therewith could be concluded when
applying sulfonic acid containing membranes, a delicate
balance has to be found, as a higher sulfonic acid con-
centration improves ionic conductivity, but decreases
stability simultaneously.

Mai et al. investigated a SPEEK polymer with a tetra-
methyldiphenyl structure element (41). Its stability was
evaluated in a cycling test over 80 cycles with an electro-
lyte concentration of 1.5M vanadium and a sulfuric acid
concentration of 3M at a current density of 50 mA/cm².
While the efficiency of the cell indicated suitable con-
ductivity, the cycling test was too short to decisively
assess the long-term stability. Additionally, SEM
imaging showed damage at both sides of the membrane
and therewith clear signs of degradation.

Apart from VRFBs, SPEEK was also tested as a mem-
brane in ICRFBs by Sun et al. (22) They prepared mem-
branes with a degree of sulfonation of 55% which
were immersed into a solution of 1M Fe2+ and 1M
Cr3+ in 3M HCl for 22d. The resulting deviations regard-
ing membrane weight, thickness, and length were mon-
itored. While the weight and length of the membranes

Figure 4. Nafion® degradation mechanisms in PEMFCs according to Zatoń et al. (17).

Figure 5. Poly(ether ether ketone) used as base for membrane
materials. The p-phenylene can be replaced with other aromatic
groups like biphenyl or fluorene units. SPEEK is made from the
pictured polymer by sulfonation, which leads to a functionaliza-
tion of arylene rings with sulfonic acid groups up to a certain
degree.
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increased and the thickness decreased at first, the mem-
brane dimensions did not change significantly after-
wards, indicating good stability of SPEEK in ICRFBs.

In addition to SPEEK, similar sulfonated aromatic poly-
mers with different connecting groups between the p-
phenylene fragments were tested as RFB membranes.
For example, S-Radel® membranes utilize a sulfone
group instead of the ketone group as linker in the
polymer backbone, yielding sulfonated polyether
sulfone (SPES) materials (Figure 7) (47–50).

Chen et al. investigated the synthesis and properties
of a SPES-based membrane for VRFBs (47). For the stab-
ility examination, an oxidative stress test in Fenton’s
reagent composed of 3%wt H2O2 and 2 ppm FeSO4 at
80°C was applied. While all membranes tested were dis-
solved in the solution in under 5 h, the results show clear
trends regarding degradation time and degree of sulfo-
nation on one hand as well as functionalization on the
other hand. A higher degree of sulfonation led to a
larger water uptake and faster degradation.

Functionalizing the arylene units with methyl groups
in ortho position relative to the ether linkages yielded
membranes of higher oxidative stability and lower
water uptake, whereas the IEC was similar compared
to non-functionalized membranes.

S-Radel® membranes were tested intensively regard-
ing their chemical stability by Kim et al. (48) In a VRFB
cycling experiment using electrolyte with a total
vanadium concentration of 2M and a total sulfate con-
centration of 5M, a sudden decrease in CE after 460 h
of operation was observed. The used S-Radel® mem-
brane showed severe defects in form of delamination
afterwards. Further cycling tests with a reduced total
vanadium concentration of 1.7M were done and the
membrane was imaged using optical microscopy as
well as SEM after 125 h and after 254 h of operation.
The membrane did not rupture during this test,
however, cracks were observed. After 254 h, delami-
nated membrane flakes were also visible. The membrane
side facing the PHC degraded more severely than the
side facing the NHC, whereas the areas covered by the
gasket did not show signs of aging. The authors corrobo-
rated their results with an ex situ aging test, for which the
S-Radel® membrane was immersed in 0.1M VO+

2 for
170 h at 22°C and 40°C, respectively. As a result, the
membranes exhibited degradation and a significant
increase in VO2+ concentration was measured by UV/
Vis spectroscopy (even more at elevated temperatures),
while no VO2+ was measured in a parallel experiment
with a Nafion® 117 membrane. When the S-Radel® mem-
brane was soaked in 1.7M V solution of different oxi-
dation states, the membrane in VO+

2 solution showed
cracks all over the surface after 80 h, while the samples
soaked in VO2+ solution for 40d and in V3+ as well as

Figure 6. Degradation of a SPEEK membrane via the attack of VO+
2 at the protonated ether bounds in the acidic electrolyte according

to Yuan et al. (46).

Figure 7. S-Radel® membrane reproduced after Chen and
Hickner (50). The structure is similar to SPEEK, although the
ketone group is replaced by a sulfone group.
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V2+ solution for 100 h looked almost pristine. Raman
spectroscopy of the membrane showed that the sym-
metric stretching vibration intensity of the SO2 units in
the sulfonate groups decreased when the membrane
was immersed in VO2+ or in VO+

2 containing electrolyte
solution compared to membrane samples soaked in sul-
furic acid. The authors assigned this result to ion
exchange of the sulfonic acid protons against vanadium
ions in the membrane.

Hickner et al. investigated the aging of S-Radel® mem-
branes further and suggested a reaction pathway for the
VO+

2 degradation (50). For this purpose, the membrane
was placed in a solution containing 1.7M VO+

2 and
3.3M sulfuric acid for 72 h at 40°C. The resulting material
was brittle and no longer transparent, but yellowish. IR
spectroscopy gave a reduced signal intensity for the sul-
fonic acid stretching vibration of the degraded mem-
brane, whereas IEC and results of thermogravimetric
analysis showed no effect of artificial aging procedure
on the membrane, indicating an exchange regarding
acidic protons against vanadium ions and interaction
with physisorbed water molecules, but no decompo-
sition of the sulfonic acid groups. Additionally, a new
signal was identified and assigned to a quinone func-
tionality. XPS results supported the assignment, as an
increase in C–O functionalities was observed. Hickner
et al. therefore proposed a reaction mechanism invol-
ving a vanadium(V) oxo peroxo compound as active
species, which oxidizes the arylene units to quinones,
inducing polymer backbone destruction (Figure 8).

Choi et al. synthesized SPES membranes from a sulfo-
nated poly(thioether ether sulfone) (SPTES) precursor by
oxidation of the thioether groups (51). Both materials
were tested during in situ cycling tests in a VRFB cell
as well as in ex situ VO+

2 oxidation experiments. The ex
situ tests were done in 0.1M VO+

2 solution for over
1400 h and in 1.5M VO+

2 solution for over 300 h. With
UV/Vis monitoring, an increase of VO2+ was measured
over time, but the VO2+ concentration was significantly
lower for the oxidized SPES membranes compared to
the thioether-containing SPTES membranes, indicating
reduced stability for the latter material. The SPES
samples showed almost no VO2+ emergence in the
0.1M VO+

2 solution, while the VO2+ concentration in
the higher concentrated VO+

2 solution was determined
to be below or around 5 mM and was thus comparable
to the VO2+ concentration determined for the blank
sample containing no membrane at all. However, there
was still a trend found regarding the degree of sulfona-
tion. Membranes with a higher percentage of sulfonated
monomers as educts produced slightly more VO2+,
respectively degraded stronger. This was even more pro-
nounced for the non-oxidized SPTES material, for which

VO2+ concentrations of up to 20 mM were observed in
both aging solutions (although a longer time was
necessary to reach a plateau in the lower concentrated
VO+

2 solution). For the in situ aging experiments, the
SPES and the SPTES membrane were used for 400
charge/discharge cycles in a VRFB. The cell with the
SPTES membrane showed irregular behavior after 150
cycles, indicating a damagedmembrane, which corrobo-
rates the findings from the ex situ degradation exper-
iments. The SPES membrane, however, yielded a
permanently high CE and only a slight decrease in
energy efficiency over the complete runtime as well as
better capacity retention than Nafion® 115. After the
cycling test, the membranes were investigated with 1H
NMR and new signals were found for the SPTES material,
which indicated the formation of thiols and sulfoxides
and therefore polymer backbone degradation at the
electron-rich thioether groups. The SPES membrane
showed additional peaks as well, albeit with a distinctly
smaller signal intensity, which could be assigned to phe-
nolic protons. This means that the SPES membrane was
fragmented at the ether linkages, although less intensely
as the SPTES membrane. The authors noted that the in
situ cycling test depicts membrane degradation
induced by electrochemical aging in addition to the
chemical aging due to the VO+

2 species and is therefore
more severe than expected from the ex situ tests.
Additionally, they suggest that the electron-withdraw-
ing effect caused by the sulfone groups stabilizes the
membrane against oxidative degradation by VO+

2

species (Figure 9).

Anion-exchange membranes

AEMs promote the diffusion of negatively charged
species, but retain cations by employing positively-
charged ionic functionalities such as quaternary
ammonium, imidazolium, pyridinium, or sulfonium
groups. In RFBs relying on the oxidation and reduction
of metal ions such as vanadium, iron, or chromium,
this has the advantage that the crossover of the redox-
active species is less likely, however, most anions
diffuse slower through the membrane compared to
protons through CEMs (52).

Mohammadi and Skyllas-Kazacos evaluated Sele-
mion® AMV (Asahi Glass Co.) as membrane for VRFBs
(26). (The Selemion® trademark is available as CEM or
AEM, which can lead to misunderstandings.) In an ex
situ immersion test, the AMV membrane lost between
6% and 7% of its weight in 0.1M VO+

2 solution after
two months. This result was confirmed by UV/Vis spec-
troscopy of the emerged VO2+. Another investigation
of Selemion® AMV (among other membranes) was
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done by Xi et al. (27) However, because of its high
voltage overpotential and therefore low VE as a result
of the membrane’s high resistivity, Selemion® AMV was
omitted from the prolonged cycling test at different
temperatures conducted by the authors.

Xing et al. functionalized a poly(ether ether sulfone)
(PEES) cation exchange material with three different
positively charged ionic groups to implement them as
AEMs for VRFBs (53). The charge-bearing groups were
protonated tertiary amines (PSf-PTA-1.4), protonated ter-
tiary amines separated from the polymer backbone via
spacer molecules (PSf-c-PTA-1.4) and quaternary
amines with the same spacer (PSf-c-QA-1.2), as shown
in Figure 10. The membrane materials were evaluated
in an ex situ degradation test by immersing the mem-
branes in solutions of 0.15M VO+

2 as well as 1.5M VO+
2

in 3M sulfuric acid at 40°C for 720 h. From the lower con-
centrated samples, the VO2+ concentration was
measured regularly with UV/Vis spectroscopy. The
most VO2+ emerged from the test with PSf-PTA-1.4,
while from both membranes with spacer molecules,
the one with PSf-c-QA-1.2 yielded a slightly higher
VO2+ concentration compared to the membranes with
PSf-c-PTA-1.4. From the non-functionalized PEES,
almost no VO2+ emerged. The membrane samples,
which were stored in the higher concentrated VO+

2 sol-
ution were withdrawn after 720 h and 1H as well as 13C
NMR was measured. While for PSf-PTA-1.4, the proto-
nated tertiary amine group as well as the polymer back-
bone ether bond were attacked, for PSf-c-PTA-1.4, the
protonated tertiary amine was dealkylated, but the back-
bone was not severed. For PSf-c-QA-1.2, no degradation
products were found with NMR. In an in situ VRFB test at
120 mA/cm², however, PSf-c-QA-1.2 suffered from the
highest capacity loss (comparable to Nafion 115) and
after 25d (or approximately 700 cycles), the EE
dropped rapidly, indicating a damaged membrane. The
PSf-c-PTA-1.4 membrane showed the highest EE and
good capacity retention, but it also exhibited a large
drop in its EE after 30d (or approximately 850 cycles).

PSf-PTA-1.4 had the highest capacity retention, the
lowest EE, but was actually the most stable material in
the in situ test, only showing an EE drop after 36d (or
approximately 1050 cycles). This illustrates that the ex
situ tests cannot always predict the in situ performance.
The authors claimed that the in situ degradation stems
from mechanical strain due to deposition of the active
vanadium species at the membrane and the following
dissolution.

Yuan et al. studied the aging of another PEES mem-
brane material (54). They crosslinked a chloromethylated
PEES with 0.4 mmol (CMPSF-0.4), 0.8 mmol (CMPSF-0.8),
and 1.0 mmol (CMPSF-1.0) of 4,4’-bipyridine, forming
positively charged bipyridinium cations. The resulting
materials were tested as membrane materials for
VRFBs by an immersion test in 0.15M VO+

2 /3M sulfuric
acid at 40°C for 500 h. The spectroscopically measured
VO2+ concentration correlated with the bipyridinium
content; a higher amount of crosslinker led to a faster
degradation. No reference material was tested, but
since Xi et al. used the same degradation conditions
for their ex situ degradation tests, numbers can be com-
pared. The non-crosslinked PEES membranes from Xi
et al. showed 20-45 mM of VO2+ concentration after
500 h, (53) whereas the measured concentrations of
the crosslinked membranes from Yuan et al. only
yielded between 2.5 and 7 mM of VO2+ after 500 h
(54). This means that the crosslinking seems to be gener-
ally favorable for the oxidative stability of PEES-based
AEMs. In an accelerated aging test, the CMPSF-1.0
were soaked in a VO+

2 solution with a concentration of
1.5M (but otherwise the same conditions as before) for
18d. Membrane samples were retrieved after 3d, 7d,
and 12d to compare their performances when
assembled into a VRFB stack with the pristine CMPSF-
1.0 membrane. No significant drop in cell efficiencies
was noted, however, after 18d in the ex situ aging sol-
ution, the membrane became reddish (due to the incor-
poration of VO+

2 , which could be reverted by soaking in
sulfuric acid) and brittle. SEM imaging also showed that

Figure 8. S-Radel® degradation mechanism according to Chen and Hickner involving V(V) oxo peroxo species (50).
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the membrane was severely damaged. IR and Raman
spectroscopy revealed the emergence of phenolic
hydroxyl groups as well as newly formed vanadium
oxygen bonds in the degraded membranes and ruled
out the presence of bipyridine monomers. The authors
therefore suggested a degradation mechanism, where

the ionic bipyridinium groups are stable, but induce a
nucleophilic attack of VO+

2 oxygen on the ether bonds
of the polymer backbone due to their electron-with-
drawing properties. The resulting polymer fragments
contain the phenolic groups and the newly formed
vanadium oxygen species (Figure 11).

Figure 9. SPTES and SPES degradation mechanisms according to Choi et al. (51).

Figure 10. Mechanisms of SPES AEM degradation according to Xing et al. (53).
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Further studies on the degradation of the PEES
polymer based membranes, but with different cationic
groups was conducted by Jung et al. (55) PEES was func-
tionalized with trimethyl ammonium methylene groups
and immersed into 3M VO+

2 in 3M sulfuric acid at 30°C.
While ion conductivity and IEC decreased over a range
of 30d, the membrane was too brittle after 90d for
further analysis.

An investigation of aged Fumatech® fap-450 AEMs
utilized in commercial VRFBs was conducted by Herr-
mann et al. (52) Six membranes from three stacks were
chosen as samples; one stack was operated for three
years (membrane samples from first cell and middle
cell), one stack was operated for one year at higher
SOCs (membrane samples from middle cell and last
cell), and one stack was contaminated with silicone oil
(membrane samples from first cell and middle cell). In
cycling tests at current densities between 25 and
100 mA/cm², the samples out of the 3 years operated
stack exhibited the highest CE, although the sample
from first cell caused a large drop in efficiency at the
highest current density, i.e. 100 mA/cm². For the mem-
branes contaminated with silicon oil, the second-
highest CEs were measured, which also were in the
range of the pristine membrane. The membranes out
of the stack operated at high SOC showed significantly
lower CEs, especially the membrane which was
employed in the middle cell of the stack. Concerning
the VEs, all membranes performed at slightly lower
efficiencies compared to the pristine membrane.
Proton diffusivity measurements showed that the diffu-
sivities of the 3 year membranes were lower than for
the pristine material, while all other samples showed
an increased diffusivity. The authors attribute this to
blocking and state this as the reason for the sudden
decrease of the CE during battery testing with the
sample from the first cell of the 3 year old stack. These
results show that within one stack, different severities
and types of degradation can occur. For the sample
from the middle cell of the 1 year old stack, a reduced
IEC and swelling ratio was noticed, making the loss of
ion-exchange groups the reason for its lowered CE and
VE. Concludingly, the authors suggest that the

membrane pores might be blocked after long operation
times, but operating a stack at high SOCs induced also
degradation of the membrane material itself, which
was confirmed by small angle X-ray scattering and differ-
ential scanning calorimetry, yielding a significant change
in crystallinity compared to pristine membranes. The
contamination with silicone oil did not deteriorate the
membrane.

Non-ionic separators

Membranes, which do not utilize ionic groups, but use
their pore size to exclude certain species from passing
through it, are called non-ionic or microporous
separators.

Daramic®, a PE-based separator regularly applied as
lead acid battery separator, was tested as a RFB mem-
brane in a vanadium-based electrolyte by Mohammadi
and Skyllas-Kazacos (26). The membrane sample was
immersed in 0.1M VO+

2 solution for 60d and a mass
loss of 23% and a reduction of VO+

2 to VO2+ of 16%
(for a 0.30 g sample) and 33% (for a 0.62 g sample)
occurred. Since the separator also exhibited low selectiv-
ity, pristine Daramic® was not investigated further in this
study.

Amphoteric and composite membranes

Composite membranes consist of different materials
with various properties. When CEM and AEM materials
are combined in one membrane, bipolar amphoteric
membranes are obtained to compensate the drawbacks
and utilize the advantages of both materials.

In addition to pristine Daramic®, Mohammadi and
Skyllas-Kazacos modified the material with divinylben-
zene (DVB) by polymerizing DVB soaked into the mem-
brane to obtain composite Daramic® and sulfonated
the resulting material to yield sulfonated composite
Daramic® (26). After soaking the membranes in 0.1M
VO+

2 for 60d, a mass loss of 10% for the composite
Daramic® and 17-18% for the sulfonated composite
Daramic® was noted. Although the amount of VO+

2

reduced to VO2+ was slightly lower for both materials

Figure 11. Degradation mechanism of bipyridine-crosslinked PEES material from the studies of Yuan et al. (54).

GREEN CHEMISTRY LETTERS AND REVIEWS 11



compared to pristine Daramic®, it was not as low as one
could expect from the diminished mass loss. In a follow-
up experiment, the membranes were aged in a 2M VO+

2

solution for 180d and resistivity as well as permeability
of VO2+ were monitored. For all samples, the resistivity
decreased and the permeability increased over time. Sul-
fonation led to a generally lower resistivity, while the
VO2+ permeation changed ambiguously. A longer DVB
crosslinking duration increased the resistivity signifi-
cantly, while permeability decreased. The authors
suggest that this is due to a thicker DVB layer on the
membranes which protects the PE backbone from oxi-
dation. This is also visible in SEM images of the
Daramic® materials, where the DVB can be seen in the
pores of the aged membrane, whereas the non-functio-
nalized aged material clearly shows enlarged pores.
Additionally, the IEC of the sulfonated composite
Daramic® membrane was examined before and after
aging for 180d in 2M VO+

2 , showing a 23% (for 1 h of
crosslinking) and a 25% (for 3 h of crosslinking) decrease,
respectively, although the initial IEC of the latter sample
was slightly higher. In an in situ aging experiment con-
ducted in a VRFB running for 180d with the sulfonated
composite Daramic®, resistivity and VO2+ permeability
was monitored once again, yielding similar results com-
pared with the ex situ test mentioned above, however,
the decrease in resistivity and the increase in per-
meability was not as large as in the ex situ experiment.

A composite membrane based on a sulfonated poly-
imide and the biopolymer chitosan was investigated by
Yue et al. (56) The chitosan strands were used to cross-
link the sulfonated polyimide by ionic interaction
between sulfonic acid groups and protonated amine
groups of the chitosan. A degradation experiment for
which composite membranes with chitosan infiltration
times of 6, 12, 24, and 36 h were used was conducted
in a 0.5M VO+

2 solution in 2M sulfuric acid for 20 days.
Afterwards, mass losses of 5.56% to 6.12% were
observed. The composite membrane with a chitosan
infiltration time of 24 h showed the lowest mass loss,
however, it was still more than two times higher com-
pared to the reference, Nafion® 117.

Donten et al. prepared composite membranes for
VRFB applications based on a heavily crosslinked sup-
porting polymer and embedded poly(vinyl pyrrolidone)
(PVP) on a porous poly(vinyl chloride) silica substrate
(57). The PVP becomes protonated in acidic media,
making the composite an AEM. Membranes with PVP
contents between 6% and 16% were fabricated, since
higher concentrations led to dissolution of the PVP
coating and lower concentrations did not make the
casting solution viscous enough. For durability tests,
the membrane was stored in 1.6M VO+

2 /2M sulfuric

acid for 1000 h and the VO2+ concentration was
measured using UV/Vis spectroscopy. For both tested
samples (8% and 14% PVP), an increase in VO2+ concen-
tration was measured, while no VO2+ was found in refer-
ence samples containing the silica substrate or nothing
at all. In a second test lasting for 24 h, the polymer
matrix and the PVP were investigated separately. This
showed that mainly the polymer matrix degraded
while PVP was not as prone to oxidation, suggesting a
change or modification of matrix materials could
improve the overall membrane stability.

Conclusion

A wide range of membrane materials, characterized
regarding their chemical and mechanical stability, was
summarized and compared in this review. While ex situ
accelerated aging in RFB electrolyte of various concen-
trations was the predominant method of examination
applied in literature, some studies also included long-
term in situ membrane aging during battery operation.
Interestingly, the results of in situ battery cell tests do
not always yield similar results compared to the ex situ
aging experiments. This is due to the higher complexity
of the real battery setup, where the membrane is
additionally strained mechanically, through electrolyte
convection, and because of ion migration. Hence, mem-
branes tested in battery setups are more likely affected
by blockage, while membranes in ex situ setups exhibit
a decrease in resistivity more often due to pore widen-
ing. Nonetheless, the ex situ accelerated aging tests are
an important tool to assess the long-term chemical stab-
ility of the membrane materials when exposed to elec-
trolyte. The demand for real world commercial
application is a material which is (next to a cheap price
and good selectivity) stable for years to decades. Such
extended timespans can be not realistically investigated
by in situ tests.

Degradation pathways of the membrane reported in
literature can mainly be separated into two classes: oxi-
dative decomposition and pore blocking. Pore blocking
results in a lowered membrane permeability and
increased resistivity. The blocking species are mostly
the redox active compounds such as vanadium in
VRFBs or electrolyte contaminants. Regarding oxidative
decomposition, either the membrane backbone can be
attacked, which results in breakdown of the material
and yields membrane fragments, or the functional
groups responsible for the ion exchange can be
affected. This can result in pore widening and/or a loss
of ion exchange capabilities.

Recently, several promising novel membrane
materials have been developed. Especially SPEEK and
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its derivates receive a lot of attention because of their
cheap price and good selectivity. However, regarding
(especially chemical) stability, which is the main focus
of this review, perfluorinated membranes like Nafion®
are still the benchmark.

Outlook

Because of the commitment towards renewable energy
sources and the associated need for electrical energy
storage systems it is assumed that the demand for
RFBs will increase further. With this, interest in com-
ponent and especially membrane stability will rise as
well.

Next to the well-researched classical inorganic RFBs,
nonaqueous RFBs based on organic electrolytes and/or
organic redox-active species are gaining importance
because of possibly higher cell potentials, wider temp-
erature ranges, and high energy densities (58–60).
These systems, however, have to be regarded separately
in terms of membrane development, since organic elec-
trolytes lead to considerable swelling of most polymer
based membranes, which makes inorganic porous cer-
amics the favored separator in this case (61–63).

A trend which is clearly visible is the research on com-
posite membranes. While there is only a limited number
on long-time degradation studies on composite mem-
brane materials, they show a great potential in increas-
ing membrane stability and selectivity by using
different materials with different properties (e.g.
coating of a very selective material with a stable shield-
ing material). This opens up new possibilities for inor-
ganic and organic RFBs alike.
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