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Abstract

Electrochemical energy storage systems are considered as one of the most viable solutions to
realize large-scale utilization of renewable energy. Among the various electrochemical energy
storage systems, flow batteries have increasingly attracted global attention due to their flexible
structural design, high efficiencies, long operating life cycle, and independently tunable power
and energy storage capacity. Although promising, a number of challenges including the high
cost of flow battery materials hinder the broad market penetration of flow battery technology.
Polymer electrolyte membrane, as a key component in flow batteries providing pathways for
charge carriers transport and preventing electrolytes crossover, takes over 25 % of the entire
cost of the battery system. Apparently, the membrane not only plays pivotal roles in the
operation characteristics of a flow battery, but also largely influences the financial cost of the
battery system. To provide insights and better understanding of membranes towards enhancing
their performance and cost-effectiveness, we therefore present recent advances and research
outcomes on the development of polymer electrolyte membranes as well as their applications

3


mailto:liang.an@polyu.edu.hk
mailto:liang.an@polyu.edu.hk
mailto:metzhao@ust.hk
mailto:metzhao@ust.hk

in flow batteries, particularly all-vanadium redox flow batteries. Various aspects of polymer
electrolyte membranes including functional requirements, characterization methods, materials
screening and preparation strategies, transport mechanisms, and commercialization progress
are presented. Finally, perspectives for future trends on research and development of polymer

electrolyte membranes with relevance to flow batteries are highlighted.

Keywords: Flow batteries; Polymer electrolyte membranes; Materials screening; Preparation

and characterization methods; Transport mechanisms; Commercialization

1. Introduction

The continuous usage of inefficient (fossil) fuels in tandem with the ever-increasing and
energy-consuming activities in the present society has led to severe energy crisis and
environmental pollution, thereby necessitating the needs to deploy unconventional, yet
efficient, energy sources. Renewable energy sources, such as wind and solar, have been widely
recognized as sustainable alternatives towards achieving clean energy and reliable electricity
generation.1* However, due to the intermittent nature of these renewable energy sources, their
grid applications for continuous and reliable power supply are still constrained.>® To address
this issue, several energy storage technologies including compressed air, pumped hydro,
supercapacitors, and solid-state batteries have been developed over the years. However, the
site-dependence and high financial implications of compressed air and pumped hydro, low
storage capacity and high self-discharge rate of supercapacitors, thermal runaway effect and
safety challenges of lithium-ion batteries, and short life cycle and inherent hazards of lead-acid
batteries significantly limit the widespread and large-scale applications of these technologies.”
1014 The quest to resolve these challenges therefore led to the revolution of electrochemical

energy storage systems through the emergence of flow battery technology.

The various advantages of flow battery systems positioned them as one of the most promising
technologies suitable for large-scale electrochemical energy storage applications. One of the
major advantages of flow batteries is their independently tunable energy and power capacity.
Unlike conventional batteries whose energy and power capacity are both dependent on the

electrode properties, the energy capacity of flow batteries solely depends on the volume and
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concentration of their electrolyte solution, while the power capacity is a function of the porous
electrode geometry and the number of cells available in the stack.!* 1 In addition, flow batteries
exhibit short response time as they store electrical energy using two different types of redox
couple as electroactive species. Structural design flexibility and long-term operation with
cycling stability are some other advantages of flow batteries. Attracted by the above-mentioned
advantages and other intriguing characteristics, different types of flow battery technology such
as aqueous redox flow batteries (RFBs)'"-?4, hybrid flow batteries,? 2% organic flow batteries*

2736 and semi-solid flow batteries®® have been developed and investigated.*%-44

A typical flow battery system, as shown in Fig. 1, comprises a cell, two external electrolyte
tanks (for electrolytes storage), pumps (for electrolyte delivery into the cell), and other
accessories.” ¥ A single cell generally comprises a positive electrode and a negative electrode
separated by a polymer electrolyte membrane. In terms of redox couples or battery chemistries,
several types of flow batteries, including but not limited to all-vanadium redox flow battery
(VRFB), zinc-bromine, iron-chromium, and polysulfide-bromine flow batteries have been
proposed. Among them, the VRFB is the most well-studied and developed flow battery
technology for large-scale energy storage due to the use of vanadium in its two electrolyte
solutions. This therefore prevents cross-contamination of electrolytes, a major challenge,
which is seemingly unavoidable in other flow battery chemistries. As a result of this unique
feature, VRFBs boost of high round-trip efficiency, long operating life cycle (above 20 000
cycles),* low maintenance cost, low environmental footprint and toxicity, and effortless
recycling of electrolytes compared to several other energy storage technologies.*®*® VRFBs
are, however, not without their challenges and shortcomings, such as degradation of materials
and capacity, low power and energy density, and high capital cost, which currently limit the
widespread application of this technology. Hence, more attention on the research and
development on VRFBs materials such as fabrication of new membranes, advancing electrodes
properties, and improving electrolyte composition are essentially required for performance

enhancement, cost-effectiveness, and widespread commercialization.



Polymer electrolyte membrane is one of the key components in flow batteries which plays
significant roles on the performance and cost of flow batteries. During the operation of a flow
battery, membrane physically separates two half-cells, functionally conducts charge-carrier,
minimizes cross-contamination, and prevents short-circuit.*® °® However, it has been analyzed
that polymer electrolyte membranes often claim over a quarter of the total capital cost of a flow
battery system.>! Hence, the selection and synthesis of membrane materials, as well as
membrane designs and preparations, are crucially important for achieving a high-performance,
and cost-effective flow battery. Up till now, several types of polymer electrolyte membrane
have been developed for flow battery applications and are generally classified into: cation-
exchange membranes, anion-exchange membranes, amphoteric-ion exchange membranes and
porous membranes based on the type of fixed charges present in their matrix structures.> Thus,
the identification, understanding and development of appropriate polymer electrolyte
membranes that offer an optimal balance between performance and cost is currently one of
major concerns for the global development of flow batteries. To date, a few review papers® %>
%1 have been published to summarize the various types of membranes that have been developed
for use in flow batteries. Some of the previously published review papers, however, mainly
focused on a specific type of membranes, for instance porous membranes®® * or anion-
exchange membranes,®” 2 hence they did not capture other types of membrane employed in
flow batteries. Elsewhere, Li et al.>* discussed ion exchange membranes without including the
amphoteric-ion exchange membranes. Even though a number of reviews® %8 %9 61 discussed
the development of cation and anion-exchange membranes, amphoteric-ion exchange
membranes, and porous membranes; detailed understanding on the transport phenomena,
performance evaluations, cost and commercialization progress of these membranes were not
considered. Shin et al.*® also reviewed some membrane candidates appropriate for non-aqueous
redox flow batteries. Apparently, discussions on materials selection for polymer electrolyte
membranes are not sufficient in all these reviews. Other than this, the flow batteries have
received increasing attentions and significant progress in recent years, particularly for
membrane research and development. Consequently, a timely and contemporary review of

polymer electrolyte membranes for flow batteries is of vital importance for information and



knowledge update. This article therefore presents a comprehensive review on the recent
advances and developments of polymer electrolyte membranes and their applications in all-

vanadium redox flow batteries.

2. The focus of the article

The widespread commercialization of flow batteries still encounters some critical issues and
challenges. Elimination of these lingering barriers demands a rudimentary understanding of the
key material components, such as membrane, in flow battery systems. To this end, a
comprehensive review on the latest advances and developments of polymer electrolyte
membranes for flow batteries which covers several aspects on membrane research and
development is needed. Hence, this article focuses on the various types of polymer electrolyte
membrane employed in the design and operation of flow batteries, particularly for VRFBs. The
characterization methods both at membrane and cell levels, state-of-the-art membrane
materials with their properties and performances, and transport mechanisms of electroactive
species and water across the polymer electrolyte membranes are discussed. The current
advances and research outcomes on the development of these membranes are comprehensively
reviewed towards stimulating rational designs and development of high-performance and cost-
effective membranes. Strategies for enhancing the performance of these membranes, as well as
their cost and commercialization progress at membrane- and battery-levels are presented. The
remaining challenges and perspectives for future trends on the research and development of

polymer electrolyte membranes with relevance to flow batteries are highlighted.

The remaining parts of this article are organized as follows: Section 3 states the functional
requirements of polymer electrolyte membranes for flow battery applications. Section 4
presents the performance indicators at membrane- and cell- levels. Section 5 summarizes the
various classifications of polymer electrolyte membrane and their preparation methods. Section
6 discusses the transport mechanisms through the membranes. Section 7 identifies the potential
strategies for performance enhancement of membranes. Section 8 presents the cost at
membrane- and battery-levels as well as the commercialization progress of flow battery

technology. Finally, Section 9 highlights the remaining challenges and future perspectives



necessary for performance enhancement of polymer electrolyte membranes and flow battery

systems.

3. Functional requirements

Over the years, several types of flow battery have been proposed and studied. According to the
types of electrolyte used and the structural design, flow battery technology can be primarily
classified into aqueous, hybrid, organic, and semi-solid. The VRFB is the most developed
aqueous RFB system and has received many successful installations and applications in several
countries. It has also been widely studied and broadly investigated using different types of
membrane. Hence, this section specifically highlights the functional requirements of
membranes suitable for application in VRFBs. One of such requirements is high ionic
conductivity. It has been widely reported that membranes with high ionic conductivity provide
VRFBs with low ohmic loss,®® which is crucially important towards reducing polarization loss
under high current density operation.®* In the meanwhile, low membrane permeability to
electroactive species is also of paramount importance as it is closely related to vanadium-ion
crossover phenomenon, which often leads to system capacity loss.®® Hence, it is required of the
membrane employed in VRFBs to be effectively selective to distinguish protons from
vanadium ions, thereby maintaining a balanced ionic conductivity and vanadium-ion
permeability for high coulombic efficiency and stable cycle performance.” %% °* % Moreover,
the polymer electrolyte membrane for VRFBs should also be able to suppress the preferential
transport of water between two half-cells for proper electrolyte balance, to avoid
dilution/flooding and precipitation/over concentration of electrolyte solutions. A certain level
of mechanical strength is another essential requirement for a membrane to be used in VRFBs.
Such mechanical property would not only influences the assembling process of the battery, but
also contributes to the system durability. Other essential requirements including thermal and
chemical stabilities are also necessary for an ideal polymer electrolyte membrane in VRFBs to
attain widespread applications and commercialization.*® %2 All these functional requirements
therefore significantly contribute to the performance of the membrane as well as the entire

battery system as discussed in the following section.



4. Performance indicators

Polymer electrolyte membrane is an indispensable component in flow batteries, which not only
separates the catholyte and the anolyte to prevent their mixing, but also provides channels for
ionic transport to complete the electrical circuit and ensure electroneutrality. Nowadays, the
most widely used polymer electrolyte membranes for flow batteries are the commercial Nafion
series membranes,®” which possess excellent proton conductivity and chemical stability.
However, the high crossover rate of electroactive species and high cost of these membranes are
major concerns influencing their application in flow batteries.®® It is therefore of paramount
importance to develop polymer electrolyte membranes that offer superior performance at
membrane and cell levels while fulfilling affordable-cost requirement. To systematically and
accurately characterize polymer electrolyte membranes, various methods have been developed
and applied to evaluate their performance at both membrane- and cell-levels. In this section,
the generally accepted methods and testing conditions for membrane characterizations with the

typical reported value range of Nafion series are summarized.

4.1 Membrane level

4.1.1 lonic conductivity

As previously mentioned, one of the most important functions of a polymer electrolyte
membrane in VRFBs is to provide pathways for charge carriers so as to complete the electrical
circuit. Hence, ionic conductivity, which indicates the smooth transport of charge carriers
through polymer electrolyte membranes, is considered as a major indicator for membrane
performance evaluation. A high ionic conductivity therefore reveals that charge carriers can
easily transport through the membrane, which in turn results to a high voltage efficiency. On
the other hand, membranes with low ionic conductivity causes large internal resistance and
thus limits the battery performance, especially at high discharging current densities. The
electrochemical impedance spectroscopy is the most widely used method for evaluating the

ionic conductivity (o) of membranes: "2

o(Scm™1) = % (1)

where S, d,and R represent the effective area, thickness of the membrane, and the impedance,
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respectively. To date, several configurations, such as two-probe and four-probe systems as
demonstrated in Refs.®” 73 7 have been developed to determine the ionic conductivity of
membranes used in VRFBs. It is worth mentioning that, while many studies conducted the
ionic conductivity test of membranes in deionized water,”’” some have also performed the test
in sulfuric acid®” 8 or vanadium electrolyte’® which is the actual scenario during the operation
of VRFBs. Considering the real operating condition in VRFBs, the evaluation of membrane
conductivity using vanadium electrolyte would provide substantial information relevant to
membranes used in the battery system. The most widely used Nafion series membranes possess
excellent ionic conductivity, which has been mostly reported to be within the range of 50-100
mS cm™.%7. 75 80 Therefore, to ensure rapid and smooth ionic transport via a membrane to be
employed in a VRFB, such membrane is required to have a comparable ionic conductivity to

that of the Nafion series.

4.1.2 Water/Electrolyte uptake

The water uptake (WU) ratio of a polymer electrolyte membrane indicates its capability to
absorb water. This is an important parameter for evaluating the performance of membranes
such as Nafion as water uptake commonly leads to the dissociation of the ion pairs between the
fixed ion exchange group and movable ions,®! and therefore has a major influence on the
membrane ionic conductivity and permeability. Considering the aqueous electrolyte
environment within the cell, WU therefore plays significant roles on the performance of
membranes used in VRFBs. The water uptake ratio of a membrane is not only influenced by
the hydrophilic property of its polymer matrix and morphology, but also the density of polymer
network.®2 Normally, the water uptake ratio is measured by first immersing a dry membrane

into deionized water, afterwards the change in the membrane weight is calculated using:®® &
Water uptake(%) = w x 100% 2)
d

where Wy, and Wy are the weight of the wet and dry membrane, respectively. Many
investigations have shown that an increase in the water uptake ratio of a membrane enhances
its ionic conductivity as well as vanadium-ion permeability. However, this can also result in
poor mechanical properties and stability of the membrane.?48 The Nafion series membranes

have been tested and reported to have a water uptake ratio within 20-40 %.%% 76 7" While such
10



water uptake ratio facilitates the transport of protons through the membrane, the Nafion series
membranes are exposed to high permeability of active species and undesired effects. Therefore,
the membranes prepared for RFBs are desired to possess an optimized water uptake ratio in
order to attain an optimal balance among other properties mentioned above. However, it is also
worth to mention that, while many studies investigated the water uptake ratio of membranes,
even for membranes applied in VRFBs, some researchers have examined the electrolyte uptake
ratio of membrane.®” The electrolyte uptake is measured using the same strategy as water
uptake ratio while simply replacing the water with vanadium electrolyte solution. Considering
the real operating condition in VRFBSs, electrolyte uptake would provide better and substantial

value relevant to membrane properties.

4.1.3 lon exchange capacity (IEC)

Similar to the water uptake ratio, the ion exchange capacity (IEC) is another prominent
parameter that influences the ionic conductivity and vanadium-ion permeability of polymer
electrolyte membranes. IEC quantifies the ability of a membrane to provide paths for ions
transport. This is primarily determined by the number of ion-exchange functional groups
present in the polymer electrolyte membrane.® In VRFBs, insufficient ions transport across a
membrane, as a result of low ion exchange capacity, leads to large ohmic loss and further limits
the overall battery performance.®® Hence, it is essential for the ion exchange membranes to
possess high IEC so as to ensure superior battery performance. The IEC is often determined
using titration method as described in Refs.?>%2 The aqueous solutions employed for IEC
measurement of cation-exchange membranes and anion-exchange membranes are typically
different. For cation-exchange membranes, the mostly used aqueous solutions for the IEC
measurement are NaCl and NaOH. The measurement is conducted by weighing the dry
membrane and then immersing it into NaCl solution for 24 hours to completely exchange H*
in the membrane with Na*. After that, NaOH solution is used for titration to determine the
amount of H* released from the membrane. The IEC of the cation-exchange membrane is thus

calculated using:"® 994

IEC = VNaoHXCNaOH (3)
Wgq
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where Cyqon and Vygaon represent the concentration and volume of NaOH solution used for

titration, respectively, while W, represents the weight of dry membrane.

On the other hand, NaNO3z and AgNO3 solutions are mostly used for determining the IEC of
anion-exchange membranes. In this case, the anion-exchange membranes are first immersed
into the NaNOs solution for 24-48 hours to completely release CI™ ions from the membrane.
After this, the AGNOs3 solution is used to titrate the released CI1” ions. The IEC is thus calculated
using:% %

[EC = VAgno3*Cagnog (4)
Wa

where Cygno, and Vagno, represent the concentration and volume of AgNQOs solution used

for titration, respectively. It has been reported in literatures that the IEC of Nafion series
membranes is between 0.85-0.95 mmol g.7® %" %8 For the cation-exchange membranes, high
IEC facilitates proton transport, even though it may also increase the permeability of active
species across the membrane. It is thus important for the membranes employed in RFBs to
possess a suitable IEC value that allows high ionic conductivity while reducing the crossover

rate of electroactive species.

4.1.4 Vanadium-ion permeability/diffusivity

The transport of vanadium ions through the polymer electrolyte membrane in a flow battery
not only causes self-discharge, but also influences the cycling stability of the battery. In
addition, it may also lead to membrane fouling, which generally occurs during long-term
operation, especially for cation-exchange membranes. For vanadium-based electrolytes, two
types of fouling mechanism have been reported, which are cation deposition on membrane
surface and cation accumulation inside proton-conducting channels.®® Such phenomena can
further reduce ionic conductivity of membrane and also increase membrane resistance, which
in turn result in the degradation of battery system. Many studies have shown that high crossover
rate of vanadium ions through the membrane results in self-discharge, low coulombic
efficiency, and poor cycle stability of the battery.1%-1%2 It is therefore crucial to examine the

permeability of membranes to vanadium ions.
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During the operation of VRFBs, the transport of different species including water, vanadium
ions, and protons are highly coupled. Regarding the vanadium ions, not only VO?* and VO_*
ions transport through the membrane from the positive side to the negative side of the battery,
V2 and V3* ions also transport through the membrane in the reverse direction. Hence, the
comprehensive study of the permeabilities of each vanadium ion should be regarded with equal
importance. Over the years, several studies have examined the permeabilities of these
vanadium ions and each vanadium-ion has been reported with its diffusivity,°? 103 104 which is
slightly different from that of other vanadium ions, attributed to their different ion sizes and
carried charges.!® Furthermore, it is also found that different studies have reported different
values and trends for the permeability of these vanadium ions, which may be attributed to the
different membrane compositions and structures in those studies.'%" 1% However, it is also
worth to mention that, while some studies evaluated the membrane permeability of different
vanadium ions, many studies still examined the vanadium-ion permeability of membrane using
electrolyte containing only VO?* ions, due to the fact that VO?* ions possess the best stability
in the open air and therefore allows the easy and precise concentration examination during
permeability measurement. In more details, the vanadium-ion permeability test is commonly
conducted using VOSOy4 solution, where the membrane is first placed between two separate
reservoirs each filled with VOSO4 and MgSO4 solution, respectively, as shown in Fig. 2 (a).
Thereafter, the solution samples are collected from the reservoir with MgSO4 solution at
regular time-intervals to measure the concentration of VO?* for calculation.'%”: 18 The formula
used for vanadium-ion permeability (P) calculation is given as:1% 11

dCgr(v)
dt

Ve =22 = AZ(C — Cr(D)) (5)
where Vg is the solution volume of the compartment without VO?* at the beginning and Cg(t)
is the concentration of VO?* in the compartment. C;, is the concentration of VO?* in the other
compartment containing VO?* at the beginning. A and L are effective area and thickness of
the membrane, respectively. Mostly, the Nafion series membranes have been reported to have
a vanadium-ion permeability within the range of 300-400x10® cm? min, which is relatively

high and therefore results in fast capacity degradation during battery operation.® 12 |n

comparison, some modified Nafion membranes have been reported with much lower vanadium
13



ions permeability of < 100 x 10® cm? min™.%8 1% 112 However, it is worth noting that, for a
membrane with a low crossover rate of vanadium ions, it may also possess a limited ionic
conductivity, which further limits the voltage efficiency. Therefore, it is of vital importance to
achieve an optimal balance between ionic conductivity and crossover rate of membranes. In
essence, the ideal polymer electrolyte membrane for flow batteries is desired to simultaneously
possess high ionic conductivity and low permeability of vanadium ions for performance

improvement of both membrane and battery.

4.1.5 Chemical stability

The chemical stability of a polymer electrolyte membrane indicates its capability to withstand
the extreme chemical environment within the cell of a battery system. It is essential for polymer
electrolyte membranes used in flow batteries to possess superior chemical stability so as to
minimize membrane degradation and ensure long-term cycling operation of the battery. As
pointed out by previous studies, the oxidation of polymer is one of the major reasons for
membrane degradation. For instance, in VRFBs, the corrosive electrolytes may react with the
membrane which could result to side reactions during charge and discharge processes. Such
reactions often reduce the concentration of electroactive species in the electrolyte and further
lead to capacity loss. Apart from this, the degradation of the membrane due to severe oxidation
by VO?" ions in the electrolyte can also result in poor stability both for the membrane and the

battery.!!3

A detailed analysis of the degradation processes of sulfonated poly(sulfone)
membranes in VRFB system was presented by Kim et al..!** After 50 cycles of operation,
utilizing the energy dispersive X-ray spectroscopy, a band with high vanadium and low sulfur
content was observed on the membrane surface, which was found to correspond to the loss of
sulfonate SO stretch as shown in a Raman spectroscopy. Such result demonstrated the
chemical degradation of the membrane, while the cyclic formation of precipitates observed

inside the membrane can also introduce mechanical stress, which could be a major degradation

mode for aromatic membranes used in VRFBs.

The evaluation of the oxidative stability of a membrane is commonly conducted by immersing

the membrane into an electrolyte solution of VO2*/H2SO4. Afterwards, the concentration
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variation of the VO?* in the solution at regular time intervals is examined. Following this, the
amount of VO?* obtained from the reduction of VO_* is used to analyze the oxidative stability

of the membrane, mathematically expressed as:''°

. _ cwo*h
Reduction rate(%) = ~woh x 100% (7

where c(VO?*) represents the final concentration of VO?* after the test and c(V03)
represents the initial concentration of VO,* before the test. Nafion membranes have been
reported to reduce 1 % of the VO2* to VO?* after 21 days, thereby showing superior chemical
stability.”® In addition, the chemical stability of the membrane can also be determined by
measuring the weight of the membrane both before and after immersing it into VO2*/H2SO04

electrolyte solution to calculate the membrane weight loss as follows:t°

Weight loss(%) = % x 100% (8)
where W, and W, represents the membrane weight before and after the chemical stability
test, respectively. Through these results, membrane degradation can therefore be quantified.
Other methods such as using the scanning electron microcopy (SEM) to monitor the
morphological changes in membrane before and after the chemical test can also be employed
to confirm the chemical stability of membrane structure.!'® The chemical stability of membrane
in VRFBs is not only dependent on the oxidative stability of the membrane, but also relates to
its hydrolytic stability considering the cell operating condition. Following this, membrane
degradation caused by water in the electrolyte have also been reported.’ This is due to the fact
that water molecule can break the polymer chain and then significantly affect the mechanical
strength of the membrane and even lead to the breakdown of the membrane structure.''® For
the hydrolytic stability test, the membrane is first immersed into hot water for a period of time,
and then the changes of the membrane properties such as mechanical properties, morphology

changes, conductivity, and weight loss are evaluated to assess the membrane stability. 1" 119120

4.1.6 Thermal stability

The thermal stability is another important criterion to be considered when evaluating
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membrane performance. An increase in operating temperature has been severally reported as
an effective method to enhance the performance of flow batteries. For example, the
performance of a VRFB has been reported with a peak power density increment from 259.5 to
349.8 mW cm when the operating temperature was increased from 15 to 55°C.12! Hence, it is
essential for a polymer electrolyte membrane to possess excellent thermal stability which
allows the battery to safely operate under wide operational temperature range. The thermal
stability of membrane is commonly determined through the thermogravimetric test (TGA).%®
122 During this test, the membrane is heated at rate of 10 °C min~! under nitrogen conditions
while the membrane weight loss is recorded during the heating process to evaluate its thermal
stability. The TGA results with a lower weight loss at higher temperature indicates a better
thermal stability. Generally, for the Nafion series membranes, the major decomposition
happens at temperature around 400-500°C with the final residue weight lower than 10 %.75 &
It is also worth to note that, as VRFBs would normally not operate under an operating
temperature higher than 100 °C, it is more reasonable to investigate the thermal stability of
membrane at temperatures below 100 °C, which therefore underscores the importance of

investigating membrane shrinkage under high operating temperatures.'?3

4.1.7 Mechanical property

The mechanical strength of a membrane not only influences its long-term stability, but also
plays a vital role during the preparation process as the membrane may undergo compression as
well as stretching during fabrication. Generally, membranes with high mechanical strength
have been reported to ease the assembling process of battery system and also increase the
lifetime of batteries. It is worth to mention that the mechanical property of a polymer electrolyte
membrane not only depend on intrinsic parameters such as the type of material used, but can
also be affected by its thickness. To evaluate the mechanical property of membrane, tensile
testing machine, as shown in Fig. 2 (b),% is usually applied to determine the ultimate tensile
strength of the membrane as well as its elongation at break.* 1% The test has been reported to
be conducted with membrane under both dry and wet conditions.% 12 124125 |t js not only
important for the membrane to be mechanically stable under dry condition so as to prevent

rupture or damage during the fabrication and assembling process of battery system, but also of
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equal importance for it to be stable under wet condition to ensure long-term stability of the
battery. High ultimate tensile strength and elongation at break demonstrate a membrane with
mechanical stability. For instance, the widely used Nafion membranes have been reported to
possess a tensile strength within the range of 14-24 MPa with an elongation of 170-250 %
under both wet and dry conditions.”” 8 %8 112 This could serve as a benchmark for assessing the
mechanical properties of membranes to be used in flow batteries.

4.2 Cell level

While all the performance evaluation parameters discussed in Section 4.1 allow the
comprehensive characterization of the properties of polymer electrolyte membranes, it is also
of vital importance to evaluate the ultimate performance of membranes when used in a flow
battery system. Therefore, to evaluate membrane performance at the cell level, charge-

discharge performance, long term stability, and self-discharge rate are commonly carried out.!®

127

4.2.1 Polarization curve

The polarization curve is one of the methods commonly employed to illustrate the relationship
between voltage output and applied current density in flow batteries. In other words, the curve
can be used to investigate the response of cell voltage with change in current to further provide
information about the system performance.'?® Other than this, the contribution of different
polarization losses including the activation loss, ohmic loss, and mass transport loss can be
analyzed with a polarization curve (Fig. 3).1?° The activation loss, dominant at low current
density region, is majorly influenced by the activation energy required to initiate the
electrochemical reaction. The ohmic loss is attributed to the ohmic resistance of the cell
components. The mass transport loss results from the consumed reactive species near the
electrode surface, which is dominant at the high current density region where reactants are
depleted.™®" 13 The shape of the polarization curve can also reveal the dominant overpotential
limiting the cell performance. However, it should be noted that the polarization curve may not
be able to provide sufficient information to identify the causes of these overpotentials. To
perform the polarization test, the cell is usually charged to a state of charge (SOC) of ~50-

100 .21 132 Then, the curve is obtained through recording and plotting the cell voltage at various
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current densities to reveal the relationships between these parameters. With this, the power
density curve can also be obtained by multiplying the cell voltage with the corresponding
current density, from which the peak power density that can be delivered from the cell can be

revealed.

4.2.2 Charge-discharge performance

Charge-discharge test is also an important method that is mostly used in evaluating the
performance of membrane at cell level. This test is conducted by charging and discharging the
cell at a fixed current, in order to examine the cell performance for energy storage and power
generation under operation conditions that is very close to its real application. It is therefore
considered as one of the most standard tests that can be used to evaluate the cell performance.
For the charge-discharge cycle test, the discharge capacities and the charge-discharge profiles
of the cell are the most important results for performance evaluation. While the discharge
capacity indicates the highest amount of electric charge the cell can deliver, the charge-
discharge profile reveals the charge and discharge voltage of the cell. The ideal polymer
electrolyte membrane in flow batteries is desired to provide the cell with high and stable
charge/discharge capacity, low charge voltage, and high discharge voltage. In VRFBs, the
charge-discharge test is generally conducted using the battery testing system with a voltage
range of ~0.7-1.7 V at a constant current density between ~20-100 mA cm2.13%13° Normally,
for the VRFB using the Nafion series membranes and operating at 20-100 mA cm, the cell is
able to achieve a voltage plateau of ~1.1-1.35 V during discharging and a voltage plateau of

~1.35-1.5 V during charging.5” 136 137

4.2.3 Coulombic, Voltage, and Energy efficiencies

Apart from the charge-discharge profile, the coulombic, voltage, and energy efficiencies are
three important efficiencies that are popularly used in evaluating the performance of
batteries.**® The coulombic efficiency is a performance indicator that evaluates the ratio of the
discharge capacity to the charge capacity of a cell, while the voltage efficiency is an indicator
for evaluating the overpotential losses during charging and discharging process. Many studies

have shown that high coulombic efficiency can be mainly achieved when there is low
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permeability of vanadium ions through the membrane, which further improves the capacity
retention ability of the battery.?”-13° On the other hand, high voltage efficiency is attributed to
superior ionic conductivity of membrane and low internal resistance within the cell.®8 140
Energy efficiency, which is commonly expressed as the product of coulombic efficiency and
voltage efficiency, precisely indicates the overall performance of flow battery systems. The

calculation of these three efficiencies are obtained using:14!

CE = 24is % 100% (9)
cha

VE = 245 % 100% (10)
cha

EE = CE x VE (11)

where Qg and Q.. represent discharge capacity and charge capacity of the cell,
respectively. And V,;, and V., represent the mean discharge and charge voltage of the cell,
respectively. Mostly, the Nafion membranes are reported to provide a coulombic efficiency of
~85-95 %, a voltage efficiency of ~80-95 %, and an energy efficiency of 70-85 % at ~20-100

mA cm when used in VRFBs.5% 136.142

4.2.4 Cycle stability

The cycle stability of a battery is also a key indicator for evaluating the performance of a
membrane. During the operation of VRFBs, the inevitable crossover phenomenon of vanadium
ions would result in imbalanced volume and concentration of electrolytes between the two
sides of the battery system.®” Such a phenomenon often results into capacity loss, consequently
deteriorating the cycling stability of the battery, which however can be restored by remixing
the electrolytes at both sides.®” In comparison to this, there are also some irreversible capacity
loss during long-term operation of the battery, such as the possible side reactions between
electrolytes and cell components, and electrolyte leakage which could lead to irreversible loss
of reactive species.!*® Even though the cycle stability is not solely dependent on the membrane
performance, membrane still plays vital roles in determining the cycle stability of the cell.
Generally, the cycle stability of cell is determined by using the same battery testing system as
the charge-discharge tests, while mainly focusing on evaluating the stability of the cell

performance after long-term operation.® 8 The test is conducted by charging and discharging

19



the cell at a fixed current density for many cycles to examine its capacity retention ability,
which is calculated through dividing the discharge capacity of the cell at the last tested cycle
by the value at the first tested cycle. The test results with more cycles and better capacity
retention ability indicate a better cycle stability and prove the long-term operation capability
of both the membrane and battery. For the VRFBs that employ Nafion series membranes, the

capacity retention rate are mostly reported to be around 50 % to 90 % after 50-150 cycles.®’: %8

98

4.2.5 Rate performance

The rate performance test is employed in evaluating the charge-discharge performance of cell
under various current densities, especially under high current densities, which is of paramount
importance during practical applications. It is significant for achieving reduced system size and
capital costs, as the cell needs to be operated at high current density and generate high power
and efficiencies, which however are often limited by the large polarization loss with increasing
of current density.** This polarization loss, in more detail, is closely related to the membrane
conductivity, which thereby places high ionic conductivity of membrane as a major
requirement so as to reduce ohmic loss and increase the efficiencies of the battery system under
high current density operation. In addition, it also indicates the battery can provide high
efficiencies at a wide range of current densities,'* which thereby allows the battery to be
applied under various working conditions. During the test, results including the discharge
capacity, coulombic efficiency, voltage efficiency, and energy efficiency are recorded. High
discharge capacity and efficiencies under high current density indicates a better rate
performance of the membrane and cell. At a current density range of ~100-320 mA cm, the
VRFBs using the Nafion membranes has been reported to mostly achieve an energy efficiency

of ~55-85 %, which thus greatly limit the operational current density range of the cell.5: 146147

4.2.6 Self-discharge
During the actual operation of a flow battery, the active species may inevitably transport
through the membrane, which is also known as the vanadium-ion crossover phenomenon. Such

process leads to imbalance of electrolyte volume and concentration, and further result to
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capacity loss, which is also known as the self-discharge. In the characterization section at
membrane level, the transport ability of vanadium ions through the membrane can be evaluated
through the vanadium-ion permeability test. However, such testing environment is still slightly
different from the actual conditions during charge-discharge processes of flow battery systems.
Therefore, to determine the actual influence of vanadium ions transport across the membrane
at cell-level, the self-discharge test is needed.

For VRFBs, the self-discharge test of the cell is mostly conducted by first charging the cell to
SOC-508: 149 and then using the battery testing system to record the change in battery voltage
while maintaining the circulating electrolyte. The self-discharge test ends when the open-circuit
voltage of cell drops below 0.8 V. A long test duration indicates that the cell has low self-
discharge rate. For VRFBs that employs Nafion series membrane, the test duration for

evaluating self-discharge rate is generally between 30-60 hours.80 125 137

5. Membrane classifications and preparations

As mentioned earlier, membrane is an indispensable component in RFBs not only to serve as
medium for the transport of charge carriers but also to avoid the crossover of reactive species
between two half-cells. Hence, various types of membrane have been developed and studied
for the purpose of application in RFBs. These membranes, according to the functional groups
attached and their major purpose, can be mainly categorized into cation-exchange membranes,

anion-exchange membranes, amphoteric-ion exchange membranes, and porous membranes.

5.1 Cation-exchange membranes

The cation-exchange membrane is the most well-developed and widely used in RFBs. In the
pores of cation-exchange membranes, anionic functional groups are intrinsically attached on
the polymer backbone to facilitate the transport cations as shown in Fig. 4 (a). Based on the
presence of anionic functional group, Nafion-based membranes and many other polymeric
membranes are the common cation-exchange membranes commonly employed in RFBs. The

latest development on these membranes are summarized and discussed in this section.

5.1.1 Pure Nafion membranes

The pure Nafion membranes, also known as Dupont’s Nafion membranes, are the most widely
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applied commercial cation-exchange membranes in flow batteries due to their excellent ionic
conductivity and chemical stability. The attractive properties of pure Nafion membranes are
established by their distinctive structures, where perfluorovinyl ether groups terminated with
sulfonate groups are incorporated onto a stable tetrafluoroethylene (Teflon) backbone.> Over
the years, different types of Nafion membrane have been produced by Dupont.®” 10 These
membranes have varied thicknesses and present different performances when assembled into
flow batteries. This is due to the fact that membrane thickness plays a key role on influencing
the membrane properties such as ionic conductivity and vanadium-ion permeability. Hence, to
examine the influence of membrane thickness on the performance of a RFB, different types of
Nafion membrane including Nafion 112, Nafion 1135, Nafion 115, and Nafion 117 have been
used in VRFBs for performance comparison.®” The obtained properties and performances of
these membranes are summarized in Table S1. It was found that self-discharge rate, discharge
capacity fading rate, and electrolyte volume change rate all reduce with increase in membrane
thickness. In contrast, thin membranes presented high ionic conductivity and are thus
considered to be more suitable for batteries operating under high current densities. Overall,
results from the experimental study show that Nafion 115 membrane possesses the highest
performance, among the four types of Nafion membranes investigated, due to its superior
balance between ionic conductivity and vanadium ions permeability rendering it as the

membrane option most suitable for application in VRFBs.

5.1.2 Modified Nafion membranes

5.1.2.1 Combining with other polymers

The utilization and performance of Nafion series membranes in flow batteries has been
severally studied, however, the high capital cost of these membranes greatly restricts their wide
applications. Therefore, a lot of research efforts have been made to reduce the amount of Nafion

used during membrane preparation while maintaining their excellent performance.

Casting a thin layer of Nafion onto the surface of a polymer substrate has been considered as
an effective modification method as it not only improves the membrane performance, but also

reduces the cost of the membrane production due to the reduction in the amount of Nafion used
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in the process. This method is conducted by pouring or spraying Nafion solution onto the
surface of a polymer substrate.’® The final composite membrane is obtained after the
evaporation of the solvents. The membranes prepared by this method are reported to possess
uniform thickness, flatness, and dimensional stability.>® However, due to the relatively weak
interaction between the casting layer and the substrate layer, the casting layer is reported to
easily dissociate from the substrate layer, particularly after long-term operation, which
therefore adversely affect the chemical stability of the membrane.>® %2 Many studies have been
conducted based on this idea while various materials including sulfonated poly(ether ether
ketone) (SPEEK),**° poly(ether sulfone) (PES),* polybenzimidazole (PBI),** and
polytetrafluoroethylene (PTFE)? 14° have been cast with a thin layer of Nafion to improve
both membrane and battery performances, many of which are summarized in Table S2.108 110
111,151 Among these reported membranes, one successful attempt that achieved low vanadium
ions permeability was demonstrated by a PBI-based membrane coated with Nafion.*>! The PBI
layer reduces vanadium ions permeability of the membrane, while the Nafion enhances the
chemical stability of the membrane. It was found that this composite membrane finally exhibits
an apparently reduced vanadium-ion permeability of 1.95 x 10° cm? min (Fig. 5 (a)) and an
improved energy efficiency of 76.84 % at 100 mA cm™ compared to Nafion 115. Another
commercial membrane named VANADion was also developed with this strategy of casting on
substrates. The VANADiIon membrane is composed of a thin layer of Nafion and a porous
substrate layer, as shown in Fig. 5 (b), which contribute to the price reduction of the membrane.
It has been studied by Zhou et al.*%® for its application in VRFBs. The membrane was reported
to exhibit a higher energy efficiency of 76.2 % and electrolyte utilization efficiency of 68.4 %
at 240 mA cm compared to the Nafion 115 with an energy efficiency of 71.3 % and an
electrolyte utilization of 54.1 % under the same condition. Such performance therefore place
VANADiIon membrane in advantageous position for more applications in flow battery systems.
Immersing a membrane into a Nafion solution is another method widely used for introducing
a thin layer of Nafion onto a membrane. For instance, Tian et al.!>3 fabricated a Daramic/Nafion
composite membrane by soaking a microporous Daramic membrane in a 5 wt. % Nafion

solution. The introduced Nafion partially blocked the pores of the membrane leading to a
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reduced vanadium ions permeability, which in turn reduced the self-discharge rate and further
achieved a longer self-discharge duration of over 1600 mins than the Daramic membrane with
~800 mins. With these results, introducing a thin layer of Nafion on the surface of a porous

substrate has been proven to be an effective method for modifying Nafion membranes.

Other than the modification methods mentioned above, blending the Nafion resin with other
polymers for membrane preparation is another effective method through which Nafion can be
tightly combined with other polymers. Materials including PVDF,'?® PTFE,’® and others>*
have been directly blended with Nafion to prepare composite membranes and they have all

achieved improved performances.

One of the successful attempts which achieved an improved membrane performance was
demonstrated by blending the highly crystalline and hydrophobic PVDF polymer with Nafion
to fabricate PVDF/Nafion composite membrane. The modification process was not only found
to successfully restrain the swelling behavior of the membrane but also improves the ions
selectivity of the membrane.1?® In comparison to the recast-Nafion membrane, this composite
membrane achieved higher coulombic efficiency of ~93-95 % at 40-80 mA cm (Fig. 6 (a)).
With the same strategy, another study utilizing hydrophobic PTFE has also been conducted and
a series of Nafion/PTFE blend membranes with various weight ratios were prepared.”® The
obtained composite membrane showed an improved chemical stability with stable cycle
performance for over 50 cycles. Thus, the usage of hydrophobic polymers for Nafion
modification was demonstrated as a promising method to prevent the crossover of vanadium
ions through the membrane and also provide the membrane with better chemical stability.
However, this approach may also reduce the ionic conductivity of the membrane due to the

hydrophobic nature of the polymer introduced and further leads to a lower voltage efficiency.

Another strategy for combining Nafion with different polymers is to immerse the Nafion
membrane into other polymers in order to obtain the Nafion-based composite membrane.
Polymers such as (poly)pyrrole’® % have been used to obtain Nafion-based composite
membranes through this strategy, which was also found to successfully improve membrane

properties and in turn provides the battery with improved performance. Elsewhere, Xi et al.1%2
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have used polycation poly(diallyldimethylammonium chloride) (PDDA) and polyanion
poly(sodium styrene sulfonate) (PSS) to prepare a multilayer barrier on the surface of Nafion
membrane via the layer-by-layer self-assembly technique, as shown in Fig. 6 (b). This powerful
layer-by-layer technique is based on the adsorption of oppositely charged species onto the
membrane alternately using the electrostatic attraction, which can freely control the
composition and property of the membrane. In addition to this, it is environmentally friendly
and with cost-effectiveness. ® With the introduction of these barrier layers onto the membrane
surface, improved coulombic efficiency of 97.6 % and energy efficiency of 83.9 % compared
to the pristine Nafion membrane were obtained. Such a performance improvement is
considered to be attributed to the covering of ion-transport pathways and the electrostatic
repulsion effect, which further restrict vanadium-ion permeability of the membrane. The
improved membrane performance achieved through this strategy, most of which are also
summarized in Table S2,76 125 154 157 haye proven that combining Nafion with other polymers
is an effective solution to achieve a membrane with better cost-effectiveness and improved

battery performance compared to pristine Nafion.

5.1.2.2 Combining with organic/inorganic materials

The high vanadium-ion permeability of Nafion membranes is one of the major factors
hindering their wide application. Thus, much efforts have been invested to reduce vanadium-
ion permeability of the Nafion membranes through blending them with various organic and
inorganic materials. This idea was first inspired by the promising results obtained from direct
methanol fuel cell, where inorganic materials have been proven to efficiently decrease
methanol permeability through membrane, as the inorganic materials can block the hydrophilic
regions of membranes.>* Guided by this idea, silicalite,*®® amino-silica,% SiQ,,%" 104 159 160
TiO2,%° delaminated AMH-3,'! ZrO, nanotubes (ZrNT),'® graphene oxide (GO),% 162 163
fluorocarbon,® N,N-dimethylaminoethylmethacrylate,” and other materials’’ 9 142.164-169 gre
some of the organic/inorganic materials that have been integrated with Nafion to prepare
composite membranes for use in VRFBs. A look at the performance and properties of some of
these Nafion membranes recently modified through combining with organic/inorganic
materials are summarized in Table S39% 100 137, 183 164 167170 Some of these studies where
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significant improvement in battery performance was achieved are discussed in detail below.

One of the techniques that have been employed in introducing organic/inorganic materials into
the Nafion membranes is the layer-by-layer self-assembly technique, as discussed above.*’ Lu
et al.”® applied this technique and obtained a novel Nafion-based polymer-inorganic composite
membrane. The polycation chitosan (CS) and negatively charged phosphotungstic acid (PWA)
were introduced onto the surface of Nafion membrane layer-by-layer. The introduction of CS-
PWA multilayers greatly reduced vanadium-ion permeability of the membrane while showing
a negligible impact on its proton conductivity. It is considered that the vanadium ion
permeability of this membrane is mainly reduced by the multi-layered structure, while the
proton conducting PWA helps to retain the ionic conductivity of the membrane. The battery
using this membrane exhibits high coulombic (~80 %) and energy efficiencies (~75 %) and
long self-discharge duration of ~70 hours compared to a battery using the pristine Nafion
membrane, which only possesses a coulombic efficiency of ~77 %, an energy efficiency of
~71 % and a self-discharge duration of ~50 hours. In addition to the fabrication method, the
material used also plays a key role in determining the membrane performance. It is suggested
that after the modification, the top-layer of the multilayered membrane should exhibit excellent
chemical stability and ion conductivity, so as to ensure long-term battery stability and effective
ion transport. In the meanwhile, the number of layers and thickness of each layer should also
be carefully adjusted so as to ensure proper thickness to achieve lower membrane resistance

and vanadium crossover rate at the same time.>*

GO is a material that has attracted a lot of attention worldwide due to its special two-
dimensional layered structure. It has been introduced into Nafion to fabricate a series of

162 |t was found that, after the

GO/Nafion composite membranes with various GO contents.
introduction of GO, the proton conductivity and vanadium ions permeability of the composite
membrane decreased, which are attributed to the reduced value of inter-planar space dimension.
In order to further maximize the vanadium ions barrier effect of GO, Su et al.®® therefore
designed and prepared an ultra-thin Nafion/GO composite layer on the surface of Nafion

membrane using the spin coating method with GO nanosheets in parallel to the surface of
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membrane, as shown in Fig. 6 (c). Compared to Nafion 212, this GO/Nafion composite
membrane exhibited a reduced vanadium-ion permeability and the batteries using it has been
reported to achieve an improved coulombic efficiency of 92.9-98.8 % at 20-100 mA cm™2. The
membrane also showed an improved balance between vanadium ions permeability and proton

conductivity which resulted in an 88.5 % capacity retention ability after 50 cycles.

Other than the GO, catalysts have also been introduced into Nafion membrane for modification.
The electrocatalyst tungsten trioxide/super activated carbon was sprayed onto the surface of
Nafion membrane to obtain a catalyst coated membrane (CCM).**® It was found that, the
introduction of this catalyst layer on the membrane surface reduces the reaction over-potential
due to the excellent electrochemical reactivity of the catalyst, which further results in a voltage
efficiency of 85.9 % and an energy efficiency of 81.2 % at 120 mA cm while the battery with
pristine Nafion membrane only presented a voltage efficiency of 81.3 % and an energy
efficiency of 76.9 %. Apart from the improved efficiencies offered by the CCM, the membrane

also showed an excellent stability with no obvious drop in energy efficiency for 300 cycles.

Utilizing the methods and materials discussed in this section, the modified Nafion-based
membranes facilitated the performance improvement of batteries, even at low cost. However,
the real application of all these modified Nafion-based membranes is still being held back as
their performances are yet to satisfactorily meet the requirements for actual application. One
of the major limitations is the poor capacity retention ability of these membranes after a long-
term operation. Therefore, these Nafion-based membranes still require further studies before
their real applications. More intensified efforts on efficient modifications of Nafion membranes

are also needed.

5.1.3 Other polymeric cation-exchange membranes

Although the Nafion membranes can provide an acceptable battery performance for flow
batteries, their high cost has greatly restricted the large-scale application of flow batteries.
Therefore, many efforts have been devoted into the preparation of new polymeric cation-
exchange membranes that could compete with or replace the Nafion membranes. Materials

including SPEEK, 70 85 94,124,148, 171-205 g )| fonated polyimide (SPI),1%7: 206222 gyifonated poly
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(fluorenyl ether ketone) (SPFEK),’h 223227 pTFE 84 228231 pEg 232-234 py/pF, 103, 235 236
sulfonated poly(phthalazinone ether ketone) (SPPEK),'4! 237:238 and many others have been
used for membrane preparation and their performance have been examined. Many of these
materials are discussed in the following sections together with their performance and

limitations.

5.1.3.1 Sulfonated poly(ether ether ketone) (SPEEK)-based

SPEEK, as a sulfonated aromatic polymer, has drawn a lot of attention for membrane
preparation in VRFBs due to its low cost, ease of preparation and superior chemical and thermal
stabilities.*?* Unlike the structure of Nafion, SPEEK has a less hydrophobic backbone and less
acidic sulfonic acid group and therefore leads to a weaker separation between hydrophobic and
hydrophilic region. Such a different microstructure hence results in a narrower ion channels
and has been proven to exhibit a lower methanol crossover rate when applied in direct methanol
fuel cells, in comparison to Nafion series.> Therefore, the SPEEK is regarded as a promising
candidate for cation-exchange membrane fabrication and have been extensively applied and
studied in VRFBs. The properties of SPEEK are highly dependent on the degree of sulfonation
(DS).200 202, 205 The SPEEK-based membranes with high DS always possess a better ion-
conductivity and IEC, although they also show high vanadium-ion permeability and poor
mechanical stability which limits their real applications.!”* To gain a better performance and
render the SPEEK feasible for real application, a lot of modification methods have been carried
out. The major modification methods including the combination of SPEEK with other
polymers®: 94 171174 "and the addition of additives!?* 148 175-178,196-199 haye peen successfully

reported to improve the performance of SPEEK-based membranes.

As discussed above, one of the major factors hampering the real application of the SPEEK-
based membrane with high DS is its poor mechanical strength. Therefore, in order to improve
the mechanical properties of SPEEK-based membranes, the hydrophobic PVDF polymer,
which has superior mechanical strength, has been introduced into SPEEK to prepare a series
of SPEEK/PVDF blend membranes with various mixing mass ratios.®* The results indicated

that, the mass ratio of the PVDF in the blend membrane would influence its water uptake,
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swelling behavior, IEC, and proton conductivity, which finally resulted in a satisfactory balance
between proton conductivity and vanadium-ion permeability and also achieved stable cycle
performance for 80 cycles. Beyond enhancing the mechanical properties, a thin layer of
polydopamine (PDA) has been coated on the SPEEK membrane and was found to improve
both the chemical stability and thermal stability of pristine SPEEK membrane.t’? It further
reveals that, the coated PDA layer can as well effectively function as a block layer to drastically

reduce the vanadium-ion permeability of the membrane.

Other than combining with other polymers, addition of additives has also been studied and
proven to be an effective method. GO is a well-studied material.**® Kong et al. used the p-
phenylene diamine-functionalized graphene oxide (PPD-GO) and combined it with SPEEK for

membrane preparation.t’®

It was pointed out that, the interfacial interaction between -NH>
groups from PPD-GO and -SO3zH groups from SPEEK positively influenced the water uptake
ratio and swelling behavior of the composite membrane to ultimately achieve higher coulombic
efficiency of 96.9 % and an energy efficiency of 82.8 % at 30 mA cm™ compared to Nafion
117 as shown in Fig. 7 (a). In the meanwhile, long self-discharge duration of 56 hours and
stable performance up to 100 cycles were also achieved. In an attempt to achieve an improved
balance between vanadium ions permeability and proton conductivity, ethylenediamine
functionalized GO was later synthesized and introduced into the SPEEK matrix to fabricate a
membrane for VRFBs.2* It was found that the introduced N-based functionalized graphene
oxide (GO-NH?3) successfully restrained the permeability of vanadium ions due to its layered
structures and the Donnan exclusion effect. The membrane also shows high ionic conductivity
with the narrow pathway provided for proton transport due to the electrostatic interaction
between -SO3H groups and N-base groups on the GO nanosheets. With this composite
membrane, an improved battery performance with an energy efficiency of 89.5 % at 50 mA
cm and capacity retention of 92 % after 100 cycles was achieved (Fig. 7 (b)). It is thus
apparent that the introduction of functionalized nanofillers into other polymers is an effective
modification method suitable for enhancing their interfacial interaction and further leads to an

improved battery performance. In summary, the SPEEK-based membranes have been modified

by various methods and materials to provide them with improved performance, with most of
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the recent results summarized in Table S4.70 148 17419 However, more application of the
SPEEK-based membrane is still being hindered as a result of its poor cyclic stability and limited

energy efficiency especially under high operating current densities.

5.1.3.2 Sulfonated polyimide (SPI)-based

Sulfonated polyimide (SPI), as a kind of non-fluorinated aromatic polymer, possesses good
chemical and mechanical properties at low cost. It has been widely investigated for cation-
exchange membrane fabrication and has been applied in VRFBs with most of the performance

achieved summarized in Table S5.211-220

Among these developed SPI-based membranes, one of the successful attempts to effectively
block the permeation of vanadium ions was demonstrated by the SPI/chitosan (CS) composite
membranes, which was prepared using an immersion and self-assembly method.*%” Due to the
crosslinking of CS and sulfuric acid during membrane preparation and the blocked micropores
by CS layer, the crossover of vanadium ions through the membrane was significantly restrained.
The same research group further conducted another experiment to investigate the effect of
infiltration time with CS solution and thereafter prepared a series of SPI/CS composite
membranes with different infiltration time.??2 A longer infiltration time during membrane
preparation would attach more CS molecules onto SPI, which has been proven to significantly
influence the proton conductivity, vanadium ions permeability, and mechanical and chemical
stabilities of the membrane. Through adjusting the infiltration time, the membrane with the
optimum modification time presented a balance between proton conductivity and vanadium
ions permeability to successfully achieve a coulombic efficiency of 97.8 % and an energy
efficiency of 88.6 % at 40 mA cm2, demonstrating the modification time to be an important

factor towards determining the membrane performance.

In addition, additives including Zr0;,% boehmite (AIOOH),2%" Ti0,,% and sulfonated
molybdenum disulfide (s-Mo0S2)?*° have also been added into the SPI to prepare various
composite membranes to yield improved performances. For instance, s-MoSz was found to
exhibit a blocking effect on vanadium ions.?®® This composite SPI/s-MoS; membrane, was also

found to have an improved ionic conductivity due to the unique two-dimensional structure and

30



the sulfonated groups of s-MoS:. In comparison to the VRFBs assembled with Nafion 117, the
battery assembled with SP1/s-MoS. presented a much lower self-discharge rate with a self-
discharge duration of 193 hours. In an attempt to enhance the antioxidant ability of SPI-based
membranes, TiO2, a mesoporous material has been studied for membrane preparation.®® After
the introduction of TiO2, the composite membrane was found to also achieved an improved
ionic conductivity, however with high vanadium-ion permeability. Nonetheless, compared to
Nafion 117, this composite membrane still achieved a higher energy efficiency of 83.2-67.61 %
at 20-80 mA cm with a stable performance for 50 cycles, due to its improved chemical stability.
In summary, although the modified SPI-based membranes showed an improvement on battery
performance compared to the pristine SPI membrane, their proton conductivity and cycle

stability still need to be further improved so as to hasten their real application.

5.1.3.3 Sulfonated poly (fluorenyl ether ketone) (SPFEK)-based

Sulfonated poly (fluorenyl ether ketone) (SPFEK), due to its low-cost and low vanadium ions
permeability, is considered as a suitable substitute material for Nafion membranes. The pristine
SPFEK membrane prepared through casting method was studied for its application in
VRFBs,??" which was found to present a low vanadium ions permeability and self-discharge
rate compared to Nafion 117. However, the energy efficiency of the VRFBs using SPFEK
membrane is only ~50 % which is too low for real application. Therefore, the SPFEK has been
extensively studied and modified for cation-exchange membrane preparation to ensure better
ionic conductivity and mechanical strength during its applications. The performance and

properties of recently prepared SPFEK-based membranes are summarized in Table S6." 22%

226

To enhance the proton conductivity of SPFEK-based membrane, Chen et al.?** blended
fluorinated SPFEK with the 3-aminopropyltriethoxylsilane to prepare a F-SPFEK-APTES
composite membrane. It was found that the fluorinated SPFEK successfully improved the
membrane proton conductivity in comparison to the pristine SPFEK membrane. Moreover,
after the introduction of 3-aminopropyltriethoxylsilane, the vanadium ions permeability of the

composite membrane was reduced in comparison to the F-SPFEK membrane due to the
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Donnan effects between vanadium ions and the cationic groups of APTES. Overall, the cell
using the F-SPFEK-APTES composite membrane finally achieved a coulombic efficiency of
80.4 % at 50 mA cm. To block the crossover of vanadium ions more effectively, the layer-by-
layer deposition technique as discussed in Section 5.1.2.1 was then applied for modification by
depositing the PDDA and PSS onto this SPFEK membrane repeteadly.??® It was found that,
utilizing this technique, the modified membrane successfully demonstrated a coulombic
efficiency of 82.1 % at 30 mA cm™. However, it is worth to mention that, even though the
SPFEK-based membranes have indeed shown an improved battery performance after these
modifications, they are still far from the real applications primarily due to their poor balance
between proton conductivity and vanadium-ions permeability. Hence, it is important for the
properties of SPFEK-based membranes to be carefully adjusted before they can truly achieve

a superior battery performance.

5.1.3.4 Polytetrafluoroethylene (PTFE)-based

Polytetrafluoroethylene (PTFE), as a polymer with superior chemical and mechanical stability,
was widely used for membrane preparation in fuel cells at first.3* Attracted by its great
performance in fuel cells, more and more studies have begun to apply the PTFE-based
membranes in flow batteries, whose performances are summarized in Table S7. 8 228231 One
widely studied modification of PTFE is to produce a composite membrane of PTFE and
SPEEK,34 228 229 and among them, a study was conducted to analyze the effects of solvents on
the membrane performance through preparing a series of SPEEK/PTFE composite membranes
utilizing three different solvents.??®® The SPEEK was dissolved into N-methyl-2-pyrrolidone
(NMP), N,N’-dimethylacetamide (DMACc), and DMF separately and then cast onto the PTFE-
base membranes to obtain the final composite membranes. It was found that the membrane
prepared with NMP achieved high proton conductivity due to the ease of NMP removal, while
the membrane prepared with DMF showed low vanadium-ion permeability and the membrane
that used DMACc presented the best mechanical strength. Hence, it is revealed that the solvents
had a great influence on the membranes’ physicochemical properties which can further affect
the battery performance. Overall, the VRFBs assembled with the SPEEK/DMF/PTFE

membranes presented the best performance with an energy efficiency of 91.2 % at 40 mA cm’
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2, However, while these SPEEK modified PTEF-based membranes have shown improved
battery performance, the studies regarding the PTFE-based membranes are still limited. The

incorporation of more suitable materials can therefore be a potential direction for future studies.

5.1.3.5 Poly(ether sulfone) (PES)-based
Poly(ether sulfone) (PES), with its excellent mechanical stability, has been widely used for

membrane fabrication and applied in separation process like ultrafiltration and
nanofiltration.?*® 2% It has also been used in the preparation of cation-exchange membranes

and employed in VRFBs with its achieved performance summarized in Table S8. 23223

For instance, sulfonated poly(ether sulfone) (SPES) and SPEEK have been employed for
membrane fabrication in a previous study.”®® The obtained membrane was reported to
eventually exhibit improved mechanical stability and high water uptake ratio. Compared to the
battery with Nafion 212, the battery using this SPES/SPEEK membrane achieved a higher
coulombic efficiency of 98 % and energy efficiency of 85 % at 50 mA cm. However, similar
to other aromatic polymer-based ion-exchange membranes, one of the major problems of PES
is its poor chemical stability. Therefore, to improve the membrane stability, a strategy to isolate
the ion-exchange groups from polymer backbone has been demonstrated.?®? After the
detachment, the ion-exchange group was then reconstructed by fixing the phosphotungstic acid
(TPA) into alkaline poly(vinyl pyrrolidone) (PVP) and the VRFB assembled with this
membrane presented a coulombic efficiency of 99.36 % and an energy efficiency of 81.61 %
at 140 mA cm which are higher than those of Nafion 115, as shown in Fig. 8 (a). In the
meanwhile, the membrane also exhibited a superior chemical stability and showed a stable
cycle performance for over 1200 cycles. However, while some of these PES-based membranes
have indeed shown great potential for further applications, it is still necessary for them to attain
improved conductivity while maintaining their low vanadium-ions permeability for high

energy efficiency at high operating current density.

5.1.3.6 Poly(vinylidene fluoride) (PVDF)-based
Poly(vinylidene fluoride) (PVDF), a hydrophobic polymer, has drawn a lot of attentions and

been widely used for membrane fabrication in recent years. It possesses excellent mechanical,
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thermal and chemical stabilities which ensure long-term stabilities for membranes and batteries.
However, the hydrophobic nature of PVDF limits its ionic conductivity when employed in
VRFBs due to the presence of aqueous electrolyte. To enhance the performance of a PVDF-
based membrane, various materials have been grafted onto it to prepare the cation-exchange
membrane. This technique, utilizing radiation sources such as electron-beam and y-rays, allows
ionic chemical groups or free radicals to be induced onto the polymer, to achieve the
combination of properties and advantages of the various materials.>® The performances and
properties of PVVDF-based membranes recently employed in VRFBs are summarized in Table

S9,103.235,236 \yhjle some of the prominent studies are discussed below.

One of the examples of utilizing the grafting technique for PVDF-based membrane
performance improvement is carried out through the electron-beam-induced pre-irradiation
grafting technique, which successfully grafted the styrene (St) and maleic anhydride (MAn)
onto the commercially obtained PVDF.% During the experiment, it was found that the required
dose during the membrane preparation can be reduced effectively through adding the MAn
during the preparation process. Compared to Nafion 117, the obtained membrane possessed
higher IEC and ionic conductivity with a much lower vanadium-ion permeability. However,
the performance study of this membrane on battery-level is insufficient as no charge-discharge
tests were reported. In comparison to this, in another study conducted by Luo et al.1®® more
cell-level tests were reported. They prepared a poly(vinylidene fluoride)-graft-poly(styrene
sulfonic acid) (PVDF-g-PSSA) membrane utilizing a solution grafting method. It was found
that, this PVDF-based membrane exhibits low vanadium-ion permeability and adequate
chemical stability, to achieve an excellent capacity retention ability with no obvious capacity
drop for about 250 cycles as shown in Fig. 8 (b). Moreover, the battery using PVDF-g-PSSA
presented higher coulombic efficiency of ~75-90 % at 10-60 mA cm and energy efficiency of

75.8 % at 30 mA cm than the ones with Nafion 117.

However, it should be noted that, while the above mentioned studies have proven grafting as a
promising method for membrane performance improvement, the radiation techniques such as

UV and plasma always require specific reactors, which demands high capital and energy
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costs.>® Moreover, in order to further improve the membrane and system performance, the
grafting yields, as a crucial factor, requires careful adjustment during membrane fabrication.
This is because while high grafting yields (GY) can lead to high IEC and membrane
conductivity, it could also result in polymer degradation and further reduces the battery life-
time.>* Hence, for the PVDF-based membranes, further studies to carefully adjust the grafting
yields and material compositions are still needed before it can truly achieve a better trade-off

between membrane conductivity and vanadium ions permeability.

5.1.3.7 Sulfonated poly(phthalazinone ether ketone) (SPPEK)-based

Sulfonated poly(phthalazinone ether ketone) (SPPEK) is a polymer considered to possess the
level of chemical, mechanical and thermal stabilities required in a membrane. Attributed to the
rigid unsymmetrical phthanlazinone moiety contained in its backbone, the polymer has a high
glass transition temperature and a low swelling ratio.?*® With these compelling properties, the
SPPEK has been successfully applied for fabrication of membranes used in VRFBs. However,
similar to other sulfonated aromatic polymers such as SPEEK, the performance of the pristine
SPPEK membrane with high DS is unsatisfactory, therefore various modification methods have
been applied for performance enhancement as well as further applications. Most of these

prepared membranes with their respective performance are summarized in Table S10.14% 237

238

In order to improve the proton conductivity of SPPEK-based membrane, Wang et al.%’ applied
hydrothermal method to fabricate a SPPEK/WO3 hybrid membrane. The introduction of the
hydrated WOg3 fillers successfully improved the water uptake of the membrane, which further
improved the proton conduction channels and resulted in an enhanced membrane proton
conductivity and a slightly higher energy efficiency of 78.6 % when compared with Nafion 117
at a current density of 50 mA cm. However, influenced by the increased proton conductivity
of membrane, its vanadium ions permeability also increased which further lead to a larger self-
discharge rate compared with the pristine SPPEK membrane. Other than introducing inorganic
materials, a better performance of the SPPEK-based membranes was achieved by a membrane

fabricated using a series of sulfonated poly(phthalazinone ether ketone)s containing pendant
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phenyl moieties (SPPEK-Ps).}*! The sulfonic functional groups on the side chain of the
SPEEK-Ps are considered to improve the proton conductivity of the membrane, while its
mechanical strength was also observed to be relatively stable even after the membrane was
treated with 1.5 M VO?* and 3 M H2S0O4 solution for 60 days. The VRFBs assembled with this
membrane achieved a comparable performance with Nafion 115 with an energy efficiency of
83 % at 60 mA cm?, as shown in Fig. 9 (a). In summary, the SPPEK-based membranes provide
the battery with a lot of improved performance, even though their capacity retention ability and
rate performance still require further enhancement in the future. The SPPEK could be a

promising candidate for real application in the future after further modification.

5.1.3.8 Other polymers-based

Other than the materials mentioned above, many other materials including the poly(aryl ether
ketone) (PAEK),?42-%44 sulfonated poly (arylene ether),* poly(p-phenylene),?* sulfonated poly
(diallyl-bisphenol ether ether ketone),?*” polysulfone (PSF),?*-25° poly(fluorenyl ether ketone
sulfone)s, ! poly(propene)®? 2 and others!?® 24263 have also been used in membrane
preparation. Here, the performance of these membrane materials for application in VRFBs are

discussed.

In one of these studies, a PAEK-based membrane with long aliphatic pendant sulfonated groups
was prepared towards obtaining a membrane suitable for application in VRFBs.?*? It was found
that the long aliphatic side chains can protect the membrane from vanadium ions, which not
only ensure a low vanadium-ions permeability, but also enhance the chemical stability of the
membrane. Such design hence allows the composite membrane with a stable performance for
100 cycles achieving a capacity retention rate of ~55 %. In another work, a membrane with
better chemical stability was demonstrated using a synthesized poly(p-phenylene)-based
copolymers with controlled molecular weights.?® It was found that, due to the rigid polymer
structure, this obtained membrane not only achieved a stable and high efficiency for over 100
cycles at 50 mA cm2 but further achieves a capacity retention rate of 43 % after 1000 cycles

as shown in Fig. 9 (b).

Other than these materials mentioned above, the importance of DS on the membrane
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performance has again been proven by another material.®” 24" A series of membranes using
crosslinkable sulfonated poly (diallyl-bisphenol ether ether ketone) membranes with various
DS were prepared, which were later employed and tested in VRFBs.?*’ It was found that the
ionic conductivity of the membrane is greatly influenced by the DS, while the vanadium-ion
permeability is affected by both the membrane thickness and DS. Compared to Nafion 115, the
obtained membrane presented a much lower vanadium-ion permeability with a higher
coulombic efficiency of 98 % at 50 mA cm and a lower self-discharge rate. In addition, the

membrane also achieved a stable performance for 900 hours.

In summary, many different materials have been employed for the purpose of preparing cation-
exchange membranes for flow batteries. However, there are still no suitable cation-exchange
membrane with excellent battery performance and facile production method that can
completely replace or compete with the commercial Nafion membranes. Therefore, more
efforts are still needed towards the development of suitable cation-exchange membranes other

than the Nafion membranes.

5.2 Anion-exchange membranes

Anion-exchange membrane is another type of polymer electrolyte membrane that have
received considerable attentions for application in flow batteries due to the beneficial ion
selectivity of the membrane.?®* Unlike the cation-exchange membranes, anion-exchange
membranes are made up of fixed cationic groups on the polymer backbone to effectively restrict
the transport of vanadium ions which in turn leads to improved coulombic efficiency of battery
system, as shown in Fig. 4 (b). As a result of this, the anion-exchange membranes have been
employed in a number of investigations and studies in VRFBs. However, the wide application
of anion-exchange membranes in flow battery systems is hindered by poor ionic conductivity
and chemical stability. A lot of research efforts have been put into the development of anion-
exchange membranes for flow batteries through the development and investigations of various
materials such as polysulfone (PSF),8: 126 264-272 noly(phthalazinone ether ketone) (PPEK),%
poly(phthalazinone ether ketone ketone) (PPEKK),?" 274 poly(aryl ether ketone) (PAEK),2">-
278 PES, 279 280 noly(fluorenyl ether),?8t PBI,282 283 polyvinyl chloride,® poly(phenylene),?84
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PE,?® poly(phenyl sulfone),® poly(arylene ether sulfone) (PAES),?¢ and many others.50 83 10L
105,287301 1n the following sections, we discussed in detail some of the prominent materials for

anion-exchange membranes that have achieved superior battery performance.

5.2.1 Polysulfone (PSF)-based

As discussed earlier, polysulfone (PSF) is a polymer well known for its mechanical, thermal
and chemical stabilities suitable for the preparation of membranes. It has therefore also been
used to prepare some anion-exchange membranes®® 126 264272 for \VRFBs. Some of these PSF-
based anion-exchange membranes recently reported are summarized in Table S11.86 269272
Among these previously reported studies, two of them where extremely high coulombic
efficiency was achieved due to superior blocking effects towards vanadium ions are discussed

below.

In one of these studies, the cross-linking strategy was employed during the membrane
preparation, which is regarded as one of the common modification methods to create reinforced
structure which offers high mechanical stability. This fabricated PSF/PVDF membrane was
crosslinked via the cation- and dication-forming reactions, which was then proven to possess
well-balanced properties.?®® The membrane was further found to achieve a much lower self-
discharge rate, compared to the Nafion membranes, with a stable coulombic efficiency of 99 %
for more than 900 cycles as shown in Fig. 10 (a), demonstrating its compelling performance.
In another study, PVDF was added into quaternized PSF, as presented in Fig. 10 (b).%® It was
observed that due to the Donnan exclusion effect between the fixed anion-exchange groups and
vanadium ions, the vanadium ions are effectively blocked by the composite membrane.
Furthermore, the swelling behavior of the membrane was also greatly suppressed due to the
crystallization of PVDF. Consequently, this PSF-based anion-exchange membrane achieved a
coulombic efficiency of ~100 %. However, it is worth to note that, while the PSF-based
membranes show superior performance and great potential for future applications, their ionic
conductivity are not as good as the commercial Nafion membranes. Therefore, studies to
address this particular limitation of PSF-based anion-exchange membranes, while also

maintaining their battery performance especially under high operating current densities are
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much required.

5.2.2 Poly(aryl ether ketone) (PAEK)-based

Poly(aryl ether ketone) (PAEK) is another kind of polymer that has been used for anion-
exchange membrane development and has been studied and reported for their application in
VRFBs, as summarized in Table S12.25-2® Among all of these studies, the introduction of long
aliphatic imidazolium groups onto PAEK for anion-exchange membrane preparation was
demonstrated to achieve an improved battery performance and capacity retention ability.?’® The
attached positively charged imidazolium groups, with their chemical stability, were majorly
employed to provide the membrane with improved oxidative stability and reduced vanadium
ions permeability. The resulting membrane thus presented a decrease in energy efficiency from
~87 to 78 % as the operating current density increases from 40 to 100 mA cm2, which are much
higher than the performance of Nafion 117. Furthermore, the battery using this PAEK-based
membrane showed a capacity retention ability of ~84 % after 100 cycles, justifying the stability
of this polymer and its promising potentials for membrane preparation suitable for more
applications beyond the VRFBs. However, similar to most of the anion-exchange membranes,
one of the major problems of the PAEK-based anion-exchange membrane is its poor
conductivity, which results in limited voltage efficiency thereby restraining the energy
efficiency of the battery especially at high operating current densities. Hence, further studies
to improve the conductivity of the PAEK-based membranes while effectively blocking

vanadium-ions therefore remains one of the major research directions in the future.

5.2.3 Other polymers-based
Other than PSF and PAEK, many other materials have also been used for anion-exchange

membranes preparation.8® 279 281. 286 gome of these materials and their performance when used

in VRFBs are discussed in this section.

Fumasep FAP series from Fumatech GmbH is one of the most widely employed commercial
AEMs in flow batteries. A number of research works have therefore examined the performance
of these types of membrane in the operations of VRFBs.10% 106:302.303 |n comparison to Nafion

112 (CE: 93 %, VE: 87 % and EE: 81 %), FAP-450 has been reported to achieve higher CE
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(98 %), lower VE (84 %), and a comparable EE (82 %) when operated at 40 mA cm 2.3 Such
performance therefore indicates that the commercial FAP-450 AEM is able to effectively
suppress the crossover of vanadium ions while it allows an easy transport of anions. However,
in order to further minimize the vanadium ions permeability of this commercial AEM, the sol-
gel synthesis method has been applied to modify a FAP membrane using silica nanoparticles.
The prepared silica nanocomposite membrane was demonstrated to further hinder the
permeation of vanadium ions, which in turn leads to a longer self-discharge duration. As a
result, the membrane further achieved a 9 % higher CE with a 5 % higher EE compared to the
pristine FAP membrane.'%* However, this FAP membrane even after modification is still found
to present lower VE compared to the Nafion series especially at high operating current density
as a result of its limited ionic conductivity. This therefore restricts the operating current density

range of FAP membranes.

Other than the commercial FAP membranes, imidazolium-based structures, due to their high
ionic conductivity and chemical stability, has been introduced into PAES for membrane
preparation for performance improvement.?®® The obtained membranes were assembled into
VRFBs and the test results showed that, compared to Nafion 117, the fabricated membranes
achieved a slight lower voltage efficiency of 75.6 % with a much higher coulombic efficiency
of 96.1 % at 120 mA cm?, demonstrating the addition of imidazolium-based structures as a

potential strategy to achieve better conductivity for the anion-exchange membranes.

Other than the relatively low voltage efficiency as a result of the low membrane ionic
conductivity, poor chemical stability is another lingering issue that hinders the real application
of anion-exchange membranes. In order to improve the chemical stability of anion-exchange
membranes, Zeng et al.®® therefore prepared a pyridinium-functionalized cross-linked anion-
exchange membrane with chemical inertness backbone. Due to the internal cross-linking
networks of the membrane and the Donnan exclusion effect, the permeation of VO?* ions
through the membrane is greatly hampered, while its chemical stability is greatly improved.
The membrane further presented an improved balance between the ionic conductivity and

vanadium-ion permeability to attain a coulombic efficiency of ~98-99 % and voltage efficiency
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of ~92-77.5 % at 100-250 mA cm. Furthermore, it reveals a cycle stability of operating for
537 cycles at 200 mA cm with a capacity decay rate of 0.037 % per cycle, as shown in Fig.
11 (a). Another example demonstrating an anion-exchange membrane with extremely superior
chemical stability was achieved by a PES-PVP blend anion-exchange membrane.?’® The
combination of PVP and PES successfully retains the advantages of each material to provide
the membrane with mechanical stability, hydrophilicity, and low vanadium-ion permeability.
The battery assembled with the obtained PES-PVP membrane achieved a coulombic efficiency
of 99 % at a rate of 50 C and operated for 26,000 cycles thereby validating its excellent stability
as shown in Fig. 11 (b).

In summary, the anion-exchange membranes have received a number of investigations and
studies in the last decade to showcase their applications and performance improvement in flow
battery technology. However, for the anion-exchange membranes to be widely applied, further
experimental studies are still needed. Not only the ionic conductivity and chemical stability of
anion-exchange membrane need further improvement, but also the fabrication methods and

financial cost of the membrane need to be addressed.

5.3 Amphoteric-ion exchange membranes

To date, several materials and fabrication methods have been developed to enhance the
application of cation-exchange and anion-exchange membranes in flow battery systems.
However, some lingering deficiencies of these membranes have also been pointed out. For
instance, the cation-exchange membranes generally suffer from high vanadium-ion
permeability, while the anion-exchange membranes are of low ionic conductivity. Thus, in
order to achieve a membrane that combines the advantageous properties of these two
membranes - high ionic conductivity and restricted transport of vanadium ions, the idea of
attaching both anionic and cationic functional groups onto a membrane backbone has been
proposed and named the amphoteric-ion exchange membrane. The amphoteric-ion exchange
membrane, shown in Fig. 4 (c), therefore combines the advantages of cation and anion-
exchange membranes while minimizing their respective drawbacks. Some of the various

materials that have been utilized in the preparation of amphoteric-ion exchange membranes for
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VRFBs include PVDF,**-3%7 poly(ethylene-co-tetrafluoroethylene) (ETFE),3% 30 SPEEK, 310-

812 pg 313 and other materials!?” 314318,

5.3.1 Poly(vinylidene fluoride) (PVDF)-based

Poly(vinylidene fluoride) (PVVDF), as discussed earlier, is a widely used polymer for membrane
preparation. It has also been reported for the preparation of amphoteric-ion exchange
membranes.3*=%7 The performance and properties of prominent PVDF-based amphoteric-ion
exchange membranes recently reported are summarized in Table S13%3%4-37 while some of these
materials that have seemingly contributed to the improvement of battery performances are

discussed in this section.

In an attempt to provide the PVDF-based membranes with low vanadium ions permeability, St
and dimethylaminoethyl methacrylate were grafted onto PVDF film using the y-irradiation
technique for amphoteric-ion exchange membrane preparation.3* The obtained amphoteric-
ion exchange membrane was found to maintain the battery voltage over 1.2 V for 68 hours
proving its low vanadium-ion permeability, which was attributed to the Donnan exclusion
effect between the cation groups and the vanadium ions. Elsewhere, sodium styrene sulfonate
(SSS) and N,N-dimethylaminoethyl methacrylate have also been successfully grafted into the
PVDF film using this technique, followed by protonation process to obtain an amphoteric-ion
exchange membrane.®” It was found that the increasing composition of N,N-
dimethylaminoethyl methacrylate can reduce vanadium-ion permeability of the membrane,
which in turn enables the prepared membrane to achieve a low self-discharge rate and allows
the VRFB to be maintained at an OCV higher than 1.4 V for 85 hours as shown in (Fig. 12 (a)).
However, while the y-irradiation technique can introduce ion functional groups into the
membrane, it can also potentially result in their non-uniform distribution. Hence, to allow a
more uniform distribution of ion-exchange groups, the radiation grafting technique and
solution phase inversion method has been combined for membrane preparation (Fig. 12 (b)).3%
During the preparation, the PVDF powder was firstly grafted with St and dimethylaminoethyl
methacrylate and then fabricated into a membrane through the solution phase inversion method.

This membrane, after sulfonation and protonation treatment, becomes the final amphoteric-ion
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exchange membrane needed. It was found that, the membrane prepared with the combination
of radiation grafting technique and solution phase inversion method resulted in a uniform
grafting throughout the membrane structure. This therefore provides the membrane with a
higher conductivity compared to the amphoteric-ion exchange membranes prepared through
performing grafting directly on the PVDF film. However, this also increases the vanadium ions
permeability of the membrane. In summary, the PVDF has been proven to be a polymer with
great potential for the preparation of amphoteric-ion exchange membrane, while its
modification especially through grafting technique needs further attentions to ensure

uniformity of ion-exchange group distribution for improved battery performance.

5.3.2 Other polymers-based

Other than the aforementioned materials, other materials such as polysufone (PS),!
SPEEK 310 311 and PPEK?3!4 315 have also been used for the preparation of amphoteric-ion
exchange membrane. One of these studies examined the effects of GY during the preparation
process, which is an important factor that determines the membrane performance.3® The
radiation-induced grafting technique was employed during the membrane preparation process
while both anionic and cationic groups were successfully introduced into the poly(ethylene-co-
tetrafluoroethylene) (ETFE) film. Through controlling the GY during the preparation process,
vanadium-ion permeability and ionic conductivity of the fabricated membrane can be easily
adjusted. The obtained optimal amphoteric-ion exchange membrane showed a reduced
vanadium ions permeability compared to cation-exchange membranes and an improved ionic
conductivity than anion-exchange membranes. As a result, the VRFB assembled with the
obtained amphoteric-ion exchange membranes attained a coulombic efficiency of 95.6 % and
an energy efficiency of 87.9 % at 40 mA cm. Elsewhere, an improved battery performance
was reported to be demonstrated by a SPEEK and quaternized poly(ether imide) (QAPEI)
composite amphoteric-ion exchange membrane.®'? The introduction of QAPEI was found to
greatly improved the selectivity of the amphoteric-ion exchange membrane. Moreover, it was
found that the membrane possessed a high degree of micro-phase separate structure which is
considered to facilitate ion transport. This obtained composite membrane presented higher

efficiencies than both the pristine SPEEK and Nafion 115 membranes with a coulombic
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efficiency of 96.1 % and an energy efficiency of 88.45 % at 50 mA cm as shown in Fig. 13.

However, the amphoteric-ion exchange membrane is still far from real application up till now.
This is mainly attributed to the following reasons: i) the preparation of these membranes always
involves complex preparation procedures making them unsuitable for mass production; and ii)
the performance of the batteries utilizing these membranes are still unsatisfactory especially
under high charge-discharge current densities. Thus, more efforts are still required towards the
preparation and development of amphoteric-ion exchange membranes suitable for wide

application in flow batteries.

5.4 Porous membranes

Even though several types of polymer electrolyte membrane have been proposed and
developed for application in flow batteries, their high cost and complicated preparation
procedures still hinder their wide applications and thus require further investigations for
improvement. The porous membrane guided by the idea of separating the protons and other
cations via the size exclusion effect has therefore attracted a lot of attentions and

investigations.3°

It is worth to note that porous membranes for VRFBs has received a
considerable research attention, particularly by Huamin Zhang and his research group. 320-328

The ideal porous membrane requires a well-defined ion-transport channel that promotes easy
transport of protons while hindering the transport of other metal ions, thereby providing the
battery with high efficiencies. The working principle of a porous membrane when employed in
VRFBs is illustrated in Fig. 4 (d). Researchers have used various materials such as PBI, 74 3%
328-336 PES, 240, 241, 319, 320, 322-324, 337-343 polyacrylonitrile (PAN),325' 344, 345 porous glass, 346-349

PSF,327,350-352 p\/ D, 116, 321, 353, 354 g others!#® 3 using various preparation methods to obtain

porous membranes.

5.4.1 Polybenzimidazole (PBI)-based

Polybenzimidazole (PBI) is a type of heterocyclic polymers well known for its high glass
transition temperature, superior thermal, mechanical and chemical stabilities®*®. These
properties therefore make it suitable for applications in an acidic and corrosive electrolyte

environment such as VRFBs.* 139 33 While PBI has been widely studied and investigated for
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the preparation of porous membranes for flow batteries, the major challenge of the pristine PBI

membranes is poor proton conductivity.

To enhance their proton conductivity, PBI membranes are commonly treated with strong acid,
so that the imidazole group on PBI backbone could be protonated and form the acid-based
complex which is conductive for proton transport. Moreover, the positively charged imidazole
group can also repel the vanadium ions by Donnan effect, limiting the vanadium ions
permeability. Zhao et al.*® first studied the application of PBI membrane in VRFB in 2015,
after the development of a PBI porous membrane for application in fuel cells. They have deeply
investigated the ionic conductivity, vanadium-ion permeability, chemical stability and battery
performance of the sulfuric-doped PBI porous membrane, to demonstrate the PBI membrane
as a promising candidate suitable for flow battery operation. However, while the acid treatment
could improve the proton conductivity of PBI membrane, its conductivity was still relatively
low, thereby leading to limited voltage efficiency at high operating current densities. To further
improve the performance of PBI-based membrane in VRFBs, a lot of experimental studies have
therefore been conducted to modify the membrane and some positive results have been

achieved.

One of the successful efforts to efficiently improve the proton conductivity of PBI-based
membrane was conducted by Chen et al.3*° where they introduced pyridine groups into the PBI
membrane. The pyridine groups and imidazole rings inside the PBI forms the dual proton
transport channels, which is expected to effectively enhance the proton transport across the
membrane. Moreover, the positively charged acid-doped pyridine and imidazole groups was
found to repel the vanadium-ions to achieve low vanadium ions permeability while still
exhibiting its high ion conductivity. Utilizing this method, a coulombic efficiency of 99 % and
a voltage efficiency of ~80 %, were obtained which are even higher than those of Nafion 115

membrane. Furthermore, the membrane also demonstrates a stable performance for 600 cycles.

Another strategy to control the balance between proton conductivity and vanadium-ions
permeability is by modifying the morphology of porous membranes. Huamin Zhang and his

research group have notably performed extensive studies on controlling the morphology of PBI
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membranes for performance improvement.326 32833 |n 2016, they first prepared a sponge-like
porous PBI membrane using the typical vapor induced phase inversion method.3?® Such
membrane morphology was found to effectively create multiple barriers to vanadium ions,
which hence limits the permeability of vanadium ions and thereby results in high ions
selectivity. The obtained membrane finally achieved an astonishing stable operation of over
13000 cycles at a current density ranging from 80 to 120 mA cm, presenting an energy
efficiency of ~80% as shown in Fig. 14 (a), successfully demonstrating the excellent chemical
stability of the prepared membrane. Considering the difficulties associated with the traditional
vapor-induced phase separation method, the research group later developed a nonsolvent-
induced phase separation method for the preparation of porous PBI membrane. During this
phase separation process, the membrane morphology can be controlled by altering the
concentrations of the salt solution, which is environmentally friendly and suitable for mass

production.3%

It was found that the porous membrane could achieve the balance between
vanadium ions permeability and ionic conductivity through appropriate optimization of
membrane morphology. Moreover, the structure was found to possess high stability, which
enables the fabricated membrane to achieve a similar stable operation for 10000 cycles, with

an energy efficiency of ~80 % at 160 mA cm, as shown in Fig. 14 (b).

Considering the recent applications of PBl-based membranes in VRFBs as summarized in
Table S14.74 326328336 these compelling performances have suggested efficient direction for
PBI improvement, thereby promoting the PBI as a promising candidate for preparing porous
membranes for viable applications in the future. It is worth to note that while some of the
modification methods can improve the proton conductivity of PBI, they may on the other hand
affect other properties of the membrane, such as ions selectivity and mechanical strength.
Hence, further investigations are still required to achieve an optimal balance between the

various properties.

5.4.2 Poly(ether sulfone) (PES)-based
Poly (ether sulfone) (PES), with its excellent chemical and mechanical stability, has been

widely used for membrane preparation as well as in separation processes such as ultrafiltration
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and nanofiltration.?*® A summary of the properties and performance of the recently reported
PES-based porous membranes is presented in Table S15.24% 319,320,322, 337342 Among the PES-
based membranes, tuning the membrane pores is one of the most common strategies with the
aim to obtain an optimal trade-off between vanadium-ion permeability and proton conductivity.
Some of such cases where this strategy was utilized and achieved satisfactory battery

performance are discussed in this section.

Hydrophilic PVP was incorporated into PES for membrane morphology adjustment, which
results in a membrane with more pores and bigger pore size distribution.?*® After the
modification of the membrane morphology, it was found that the membrane achieved a voltage
efficiency of 82-85 % at 80 mA cm™ and a stable performance for 150 cycles, demonstrating
that the pore size and pore distribution play an important role in influencing the performance
of porous membranes. In another attempt for pore structure modification, a series of porous
PES/SPEEK membranes with a structure made of hydrophobic porous PES matrix and
interconnected hydrophilic small pores were prepared.®® It was found that with the
introduction of SPEEK, the membrane with a more uniform pore structure and improved ionic
conductivity was achieved. After solvent treatment, the polymer chains were reorganized,
which led to the shrinkage of membrane pores to achieve low vanadium-ion permeability with
improved ion selectivity. The VRFBs assembled with this membrane finally present a
coulombic efficiency of 99 % and an energy efficiency of over 91 % at 80 mA cm™ as shown

in Fig. 15 (a).

Apart from blending with other polymers, the PES membrane can also be modified by
introducing hydrophilic layers onto the pore and surface of the membrane to create well-
defined ions transport channels and therefore result to high ionic conductivity. Xu et al.®?3, for
the first time, introduced multilayered PDDA and poly (acrylic acid) (PAA) complexes on the
inner pore and surface of the PES/SPEEK membrane through a solvent-responsive layer-by-
layer assembly technique as shown in Fig. 15 (b). After the modification, the pore size of the
membrane decreased while its hydrophilicity improved, to indicate its ions selectivity and

conductivity improvement. Moreover, by placing the PES/SPEEK-based membrane in various
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solvents (isopropanol, methanol and ethylene glycol) so as to swell before introducing other
polymers, it was proved that the swelling effect of solvent can adjust the free volume of
polymer and provide more opening space for the deposition of other layers on the membrane
pores. The obtained membrane successfully achieved an improved balance between vanadium-
ion permeability and ionic conductivity thereby exhibiting an improved performance at various

charge/discharge current densities.

With these achieved performance and properties, the PES-based porous membrane is therefore
considered to possess great potential to achieve real application after further improvement.
Specifically, future studies should focus more on providing the membrane with better balance

between ionic conductivity and vanadium-ions permeability.

5.4.3 Polyacrylonitrile (PAN)-based
Other than the PES and PBI, polyacrylonitrile (PAN) is another material that has been

commonly used for porous membranes preparation. Some of their properties and performances
in VRFBs are summarized in Table S16.32% 334 To understand the properties of PAN-based
nanofiltration membrane, the pore sizes of the membrane have been tuned and investigated
using strategies such as adjusting polymer concentration and adding volatile cosolvents.®** The
experimental results revealed that the decrement of pore sizes leads to an increase in ion
selectivity. The VRFBs assembled with the obtained membrane achieved an energy efficiency
of 76 % at 80 mA cm™. Using another method, the same research team modified the PAN-
based membrane in order to reduce the membrane pore size while maintaining its ionic
conductivity. They therefore introduced various silica contents into the pores and surface of
another PAN-based nanofiltration membrane via in situ hydrolysis of tetraethylorthosilicate
(TEOS).3% It was found that after the introduction of silica, the ion selectivity of the membrane
is greatly enhanced, thereby results in an improved energy efficiency of 79 % at 80 mA cm™.
It was also found that, for the rate performance, the membrane with the optimized hydrolysis
treatment is reported to exhibit a coulombic efficiency of 91-98 % at current densities of 40-80

mA cm2, as shown in Fig. 16 (a).

Apart from the modifications as discussed above, the coating of microporous polymer on PAN
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for membrane fabrication has also been examined and proven to be an effective method. The
PIM-1 polymer, which is the first generation polymer possessing the intrinsic microporosity
has been coated onto PAN ultrafiltration membrane for membrane preparation.3*® With the
small pore size and water molecules inside the membrane, the membrane showed a higher
permeation rate for protons than vanadium ions. Following this, the VRFB equipped with PIM-
1/PAN showed extremely high energy efficiency of ~98.7 % at a low current density of 1 mA
cm?, and maintained the energy efficiency above 85 % within the low current density ranging
from 1 to 40 mA cm?, which outperforms the Nafion series as shown in Fig. 16 (b). While
such results prove the potential of involving inherent microporosity materials for membrane
fabrication, it is worth to emphasize that, due to the high resistance of this particular membrane,
large ohmic loss is a key limitation for its cell-level performance, especially when operating at
high current densities. Hence, up till now, the relatively poor ionic conductivity of the PAN-
based membranes is still one of the lingering challenges before achieving their real applications,

which therefore requires more research attentions.

5.4.4 Porous glass-based
Porous glass is another notable material that has been used for porous membrane fabrication.

Some major studies on the application of porous glass membranes in VRFBs are summarized
in Table S17.3%3% The usage of porous glass for membrane preparation allows the
modification of pore sizes and pore surface to reduce the crossover of vanadium ions. The
porous glass membrane can be obtained by modifying the pristine non-porous glass via the
specific heat treatment with suitable acidic and alkaline leaching steps. After the treatment, the
modified membrane can generally maintain superior chemical and thermal stability as a result
of the high ratio of silica composition.3*” 3¢ Furthermore, such material possesses large
geometrical flexibility and allows manufacturing of various shapes and with thickness down to

150 pm. 347

The first application of porous glass for membrane preparation was reported by Fang et al. in
2003,34 where Wcor glass with a pore size of around 4.5 nm was used. The investigations on
the membrane showed that it advantageously possesses low vanadium ions permeability.

During the discharge tests carried out, the porous glass membrane was found to maintain a
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coulombic efficiency of ~97 % with an open circuit voltage of about 1.5 V for over 72 h,
indicating the negligible self-discharge effect due to the low crossover of vanadium ions.
However, the ohmic resistance of this membrane was still relatively high, which hence limited
the voltage efficiency of the system. Later, Mdgelin et al.3* investigated series of porous silica
glass membranes with pore sizes ranging from 2 to 50 nm and thickness of 300 and 500 um.
While a smaller pore size can effectively limit the crossover of vanadium ions through the
membrane, the transport of protons is more likely to be hindered, which could reduce the ionic
conductivity of the membrane. Overall, the membrane with an optimal pore size (8 nm)
achieved the highest energy efficiency of 76.3 % at 20 mA cm™. Besides, porous glass
membrane also shows stability at high operating temperatures, as it possesses adequate thermal

tolerance due to the rigid and non-swelling pore structure.3#

While these advantages show great prospects for porous glass membranes for further
applications in flow battery systems, the membrane still has its own shortcomings such as low
ionic conductivity, and poor mechanical stability. In an attempt to improve the ionic
conductivity of the membrane, the pore surface of a porous glass membrane was modified with
sulfonic acid groups.3*” However, while the involvement of sulfonic acid groups was supposed
to facilitate protons transport through the membrane, the pores of the membrane were observed
to be blocked which in turn reduce the ion conducting channels. Consequently, satisfactory
improvement in the ionic conductivity of the membrane was not achieved even after these
modifications. In this case, further studies are therefore still required to fully address the poor
ionic conductivity of the porous glass membranes, while their poor mechanical stability is

another barrier that should also be considered for further investigations.

5.4.5 Other polymers-based
Other materials including PVDF,16: 353 354 pgF 350-352 and many others!#% 327 3% have also been

used for the preparation of porous membranes. Among these materials, the use of PVDF for
porous membrane has been reported to enhance battery performance to certain level as

discussed below.

As introduced in previous sections, PVDF is a polymer with excellent mechanical, chemical
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and thermal stabilities. Its application for preparing porous membrane for VRFBs was first
reported by Zhang and his research group.!!® They fabricated a PVDF-based ultrafiltration
membrane using the phase inversion method. Owing to the hydrophobic membrane pore walls
and the effects of pore constriction, the membrane achieved a coulombic efficiency of 95 %
and an energy efficiency of 78.6 % at a current density of 80 mA cm™. In addition, the
membrane attained a stable operation for 1000 cycles due to the excellent chemical stability of
PVDF thereby providing the VRFB with improved stability. However, due to the hydrophobic
nature of the PVDF polymer, poor ionic conductivity plays an important role in limiting the
battery performance. Hence, in order to ease the proton transport through the membrane, a
highly hydrophilic poly(vinyl pyirolidone) (PVP) layer was introduced into the pores and onto
the surface of PVDF membrane via cross-linking reaction and grafting polymerization with a
solvent swelling pre-treatment.3?! The modified PVDF membrane combined the compelling
properties of different materials together, and thus exhibited adequate chemical and mechanical
stability after over 300 charge-discharge cycle tests. Moreover, as expected a high energy
efficiency of 83.3 % was achieved at the same current density (80 mA cm) demonstrating its
improved battery performance. Hence, with the comparable battery-level performance of
PVDF-based membrane and its much lower cost against those of the conventional Nafion
membranes, the PVVDF-based membrane is considered as a potential substitute to Nafion in the
future. Based on all of these results, the porous membranes have been proven suitable to
contribute to the performance improvement of flow batteries. However, before their real
applications in the future, further studies especially on their performances under high charge-
discharge current densities are still needed, which should be regarded as one of the major

research focus on porous membranes.

5.5 Summary

In this section, the different types of membrane that have been developed for VRFBs, based on
the major materials used, have been divided into different sub-sections and extensively
discussed. Following this, a comprehensive table (Table 1) summarizing the major membrane-
materials discussed and their performance is presented. It can be seen that, among the various

Nafion series membranes, the commercial Nafion 115 membrane,®’ have been reported to
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possess the best balance between its various properties to produce excellent performance in
VRFBs with an energy efficiency of 54 % at 320 mA cm™ and a capacity retention ability of
50 % after 152 cycles. Another commercial membrane, named, VANADion'® has been
reported to achieve a higher energy efficiency of ~72 % at the same current density with a
capacity retention ability of ~93.2% after 85 cycles operation compared to the commercial
Nafion 115 membrane. Other than the Nafion-based membranes, SPEEK is another material
that has been mostly studied for its usage in the fabrication of cation-exchange membranes and
have achieved notable performance in VRFBs. One of the SPEEK-based cation-exchange
membranes'® has been reported to present the best performance, with an energy efficiency of
80.1 % at a current density of 180 mA c¢m, while another SPEEK-based membrane!®? is
reported to achieve an outstanding operation stability of 1000 cycles with a capacity retention
ability of ~60 %. However, while some of the cation-exchange membranes have been reported
to achieve an impressive performance on some levels, the major downside of most cation-
exchange membranes still remains the high vanadium ions permeability. This needs to be
significantly reduced while simultaneously maintaining its high ionic conductivity to ensure
high capacity retention ability after long-term operation and high energy efficiency under high

operating current density range.

For the anion-exchange membranes, PSF has been pointed out as the material with the most
promising potential for further study. One of the membranes prepared using this material
achieved an energy efficiency of ~78 % at a current density of 180 mA cm2,2% while another
PSF-based membrane successfully operated for an astonishing 6000 cycles.?’?> The anion-
exchange membranes have been commonly reported to possess high capacity retention ability
due to their low vanadium ions permeability. However, one of their major drawbacks remains
poor ionic conductivity, which should be addressed through further studies so as to attain high

voltage efficiency under a wide operating current density range.

Regarding the amphoteric-ion exchange membranes and porous membranes, it may be difficult
to point out the membrane material with the most promising potential for further applications

due to the limited studies that have been carried out on these materials. Nonetheless, the PBI
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and PES seem to be the dominant materials for the preparation of porous membranes at present.
It is also worth to note that a particular PBI-based porous membrane has successfully
demonstrated a stable operation with a capacity retention ability of 68 % after 1350 cycles,>?
and a PES-based porous membrane has been reported to exhibit an energy efficiency of 80%
at a current density of 260 mA cm with a capacity retention of 93% for 100 cycle operation.>%
These results achieved from these materials, particularly for porous membranes, provide an
insight that better and improved performance could be attained with further investigations.
Moreover, the methods to accurately tune the concentration of anion-exchange groups and
cation-exchange groups in an amphoteric-ion exchange membrane as well as tune the pore
sizes and pore structure for a porous membrane still require further investigations. Such

methods would definitely play important roles in determining the membrane performance

towards obtaining the ideal membrane suitable for VRFBs.

53



Table 1. Performances of membranes according to the major materials used.

EE (%)

Self-

. ot .
Membrane Functional Iom(_: . VO - Wu IEC Mechanical | Thermal | Chemical (current | discharge Ll.ft?
Membrane Type conductivity permeability 4 . - . . stability | Ref.
name group(s) 4 N (%) | (mmolg?) property? stability® | stability® density duration o
(mS-cm™) (10" cm?min™) 2 testing
(mA cm?)) | (hours)
. _ 32.1+ ~54% 50% o7
Nafion 115 SOsH 100 / 29 0.87+0.02 / / / (320) 22 (152)
76.84% 80.2% 151
B20N10 SOszH 111 0.02 23.6 / / / / (100) / (300)
Nafion- . ~72% ~93.2% | 14
based VANADion -SO3H / 127 / / / / / (320) / (85)
- ~76% 154
HPPY-N212 SOsH 53 / / / / / / (150) / 90
Nafion-Ndzr 3 900°C ~76% 80.1% 169
(19)/[P-S]» SOzH 73.7 1x10 21.3 0.891 / (~100%) / (140) 513.7 (200)
68.78 MPa 800°C ~2.7% 80.1% 191
SPEEK- SPEEK-15 SOsH / / 43.63 / 23.33% (~45%) (325 h) (180) / 350
based 39.4 MPa 700°C 71.2% ~60% 192
Cation- SICNT@PDA -SOszH 97.7 8.7 43.3 / 76.3% (23.2%) / (240) / (1000)
exchange CSPI-DMDA 28.6 MPa 700°C ~71% 218
membrane | SPI-based (1:1) -SO3H 39.2 0.93 31.2 1.52 13% (~49%) / (240) 103 1000
SPFEK- SPFEK- 226
based [PDDA/PSS], SOzH 23.8 1.16 445 / / / / / 80 /
~78% 82.8% 228
PTFE- SE3/P SOszH 42.6 7.1 29.8 / 49.5 MPa / / (100) / (200)
based 39.47 MPa 83.7+ 1% o
SPEEK/PTFE -SO3H / / / / 36.89% / / (80) 27 700
PVP; _ ~75% 60.1% 232
PES-based PES-IEC TPA / 0.58 14.60 / 29.17 MPa / / (160) 90 (200)
PVDF-g- ]
PVDF- PSSA-co- ~SOsH; ~80 0.73 ~28 2.56 / / / / 33 / 235
based -COOH
PMAC
SPPEK- 71 MPa 800°C 80% 141
based SPPEK-P-90 SOszH / / 23.2 151 18% (~44%) / (80) 290 100
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lonic \Velas EE (%) Self- Life
Membrane Functional .- - Wu IEC Mechanical | Thermal | Chemical (current | discharge I~
Membrane Type conductivity permeability 1 s N e . . stability | Ref.
name group(s) 1 R (%) | (mmolg?) property stability® | stability density duration I/
(mS-cm™) (10" cm?min™) > testing
(mA cm™@)) | (hours)
~780, ~770
PSf-c-PTA-14 |  -NRs 20.4 257 67 | 171 | 2oMPa / / 78% 58 % o
. 8% (180) (50)
Anion- | PSF-based Imidazole ~825°C ~75%
exchange CMPSF-72 / / / 151 / . / 0 / 6000 212
membrane group (~61%) (160)
PAEK- PAEK-API Imidazole 59 101 / 143 9.04 MPa / / ~78% / ~84% 278
based 2.0 group ' ' ' 87.7% (100) (100)
Amphoteric-
ion PVDF- AIEM (A, -SO3H; _ _ 307
exchange based DOG=42.7%) -NR3+; 67 0.53 145 ! ! ! ! ! 85 !
membrane
Imidazole
group; 2 800°C ~80% 330
B-PBI . / 2.7x10 ~9.5 / / 0 / / 600
PBI-based pyridine (~28%) (160)
group
i Imidazole ~74% 68% 48
PBI-68 group / / / / / / / (200) / (1350)
0 0
Porous 1P2-0.15 -COOH 269 0.73 / / / / / (E;%g)) / (913(')3)) 338
membrane | PES-based 02t o / / / / / 800°C / 78.320% / 85 3% ”
: (~59%) (200) (100)
PAN- i 85% -
based PIM-1/PAN \ / / / / / / / (40) / 100
Porous 0 A0
glass- VPG \ 285 / / / / / / 7:3% 240 68% | ws
(40) (40)
based

a: Tensile strength (MPa) and Elongation at break (%)

b: Terminal testing temperature of the TGA test and corresponding weight loss (%)

c: Reduction of VO2* (%) and testing time of the chemical stability test

d: Capacity retention ability (%) and cycle number
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6. Transport mechanisms

As mentioned earlier, polymer electrolyte membrane, as an integral component of a flow
battery system not only provide pathways for ionic transport, but also prevents cross-
contamination of electrolytes. During the operation of VRFBs, vanadium ions (V2*, V3*, VO#*,
VO_"), protons, and water, all possess the tendency to be transferred across the membrane
through various mechanisms which consequently result to the complex mass transport and
highly coupled transport processes within the battery system. This complex transport
phenomena therefore leads to concentration and volume imbalance between the two
electrolytes, self-discharge, and undesired side reactions which in turn significantly affect the
cycling processes and efficiencies of VRFBs. In this section, the transport phenomena of

vanadium ions, protons, and water through polymer electrolyte membranes are discussed.

6.1 Proton transport

Proton (H") is one of the positive charges present in VRFB electrolytes resulting from the
dissociation of sulfuric acid in the electrolytes. More importantly, protons are the major charge-
carriers which moves across the membrane, particularly for the cation-exchange membranes,
during charge and discharge processes to achieve charge balance between the electrolytes and
also to complete the electrical circuit in the cell.>* 285295357 The direction of proton flux across
a cation-exchange membrane is dependent on the charge and discharge process, and therefore
influences the volume of anolyte and catholyte of the VRFB. In more detail, protons as major
charge-carrying species move from the negative side of VRFBs to the positive side during a
discharge process to ensure electroneutrality, but in the reverse direction during charging

conditions.

For cation-exchange membranes like Nafion and other sulfonated membranes, there are two
major mechanisms, namely Grotthuss and Vehicular, that contribute to proton transport across
these membranes.5% 3% Grotthuss mechanism is the dominant proton transport mechanism and
it involves the transport of protons at the center of membrane pores resulting from the hydrogen
bond network of water molecules in the channels of the membrane.®* The vehicular mechanism,

on the other hand, refers to proton transport by correlated ion-pair motion, which allows the
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transport of protons along the sidewalls of the membrane pores. Consequently, the proton
conductivity of membranes can be greatly enhanced by increasing the pore sizes of membrane.
However, such a design may also result in high vanadium-ion permeability and water transport
which in turn leads to poor battery performance.

In summary, as proton transport is significant in tandem with water and vanadium-ion
transport, it is therefore essential for membranes used in VRFBs to effectively distinguish
vanadium ions from protons. Generally, the ideal polymer electrolyte membrane suitable for
VRFB operations should selectively limit vanadium-ion permeability while allowing the ease

transport of protons.

6.2 Vanadium-ion transport

The continuous circulation of electrolytes during the operation of VRFBs and the concentration
difference of vanadium ions between the two half-cells inevitably leads to the transport of
vanadium ions across the membrane to the opposite compartment, even though, it is desirable
for this crossover process not to take place.*® Vanadium ions crossover consequently triggers
self-discharge, side reactions, and capacity loss. The transport of vanadium ions across polymer
electrolyte membranes varies with the ionic exchange groups attached to the membrane.3°% 360
For instance, a typical cation-exchange membrane readily gives pathways to positively charged
ions, primarily because the membrane composition contains negatively charged groups, such
as -COO", -POs3H™ and -SO3". On the other hand, the anion-exchange membranes contain
positively charged groups, like -NH3*, -SR2* and -NRH2*, in their matrix and therefore allow
the transport of anions while restricting the transport of cations.>®° Asides the attached groups
on the membrane, the morphology and structure of polymer electrolyte membranes also
influence the transport of metal cations.®®* In this section, vanadium-ion crossover in cation-
exchange membranes and porous membranes are discussed. Generally, the various
mechanisms that contribute the transport of vanadium ions through membranes are diffusion,
migration, and convection. These transport mechanisms are influenced and determined by
different factors. Diffusion mechanism is majorly determined by the concentration gradient of
vanadium ions; migration mechanism is largely influenced by the potential gradient of

electrolytes; and convection is primarily driven by pressure gradient of the electrolytes.*: 362
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To investigate the processes and effects of vanadium-ion transport mechanisms in cation-
exchange membranes, as well as the dominant mechanisms in VRFBs under various operating
conditions, several computational and numerical studies have been carried out. Knehr et al 3%
developed a model to investigate the transport of vanadium ions through the membrane used
in a VRFB. The three aforementioned transport mechanisms were all taken into consideration
in the study. It was pointed out that, diffusion, convection and migration influence the rate and
direction of vanadium-ion transport across the membrane during charging and discharging
processes based on the operating conditions of the numerical study. The study further shows
that the net vanadium-ion transport occurs from the positive to the negative half-cell during
charging process and then reversed during discharging process. In another study, the influence
of different membrane thicknesses on these transport mechanisms were later numerically
investigated.®®* Their results showed that the membranes with a thinner thickness present a
higher crossover flux indicating that the ease of vanadium ions transport through membranes
is closely related to the thickness of the membrane as shown in Fig. 17 (a). Asides membrane
thickness, the degradation of membrane also enhances the crossover of vanadium ions through

the membrane.

To compare the transport mechanisms in different types of cation-exchange membrane, Nafion
117 and sulfonated Radel membranes were studied using numerical model.®® The results
indicated that vanadium-ion transport through Nafion 117 was predominated by diffusion.
While vanadium-ion transport through sulfonated Radel membrane was reported to be mostly
dominated by convection as a result of low vanadium-ion permeability and high ionic
conductivity of the membrane. The study also showed that, in the s-Radel membrane, the
direction of convection changes during the charging and discharging process, while it
maintained the same direction in Nafion membranes. This therefore shows that the transport

processes of vanadium ions in different membranes may not be generally the same.

Other than the cation-exchange membranes, Zhou et al.®*® also developed a numerical model
to investigate the three transport mechanisms of vanadium ions through a porous membrane

made of pore size of about 45 nm. Operation parameters including the electrolyte flow rate
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showed a great influence on the crossover rate through the porous membrane. After the
numerical analysis, transport of vanadium ions by convection was discovered as the dominant
transport mechanism in the porous membrane. In addition, their results further indicated
vanadium-ion crossover via convection can be reduced if the pore size of the membrane is
below 15 nm, while the vanadium ion crossover resulting from diffusion and migration modes

can be reduced if the pore size is about 2 nm.

In summary, the direction of vanadium species crossover through membrane due to diffusion
is the same during both charging and discharging processes while the direction of migration

changes, 3%’

as shown in Fig. 17 (b). For different operating conditions and membranes, it is
also important to take all these mechanisms into consideration when analyzing the contribution

of each mechanism to the transport of vanadium ions as they may not always be the same.

6.3 Water transport

The transfer of water through the polymer electrolyte membrane is of vital importance as it
greatly influences electrolyte volume change and the overall performance of flow batteries.
Water crossover may lead to imbalance between the volume of electrolytes, thereby resulting
in the dilution/flooding of one electrolyte and at the same time leading to more
concentration/precipitation of the other electrolyte solution.*® 368371 Apparently, this usually

result in the capacity loss as well as operational difficulties in flow battery systems.

In VRFBs, water is produced in the positive side during discharge while consumed during
charge. Skyllas-Kazacos and her research team>® for the first time investigated water transport
in VRFBs after an unequal level of electrolytes in the two half-cells were observed in their
previous studies.?®® 372 VVarious mechanisms were reported to be responsible for water transport
across the membrane. First, the diffusion of water (bound water) along with the crossover of
electroactive species. Water molecules have been reported to accompany vanadium ions as the
later transport through the membrane during the charge and discharge operations of a VRFB.3"°
Second is water concentration difference between the two half-cells.®”® Third, water transfer
across membrane by electro-osmotic drag. This is the water dragged alongside proton transport

through the membrane as the protons move to maintain electroneutrality and complete the
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internal electric circuit in the cell.3"% 374 Water transport by electro-osmotic drag from proton
flux has been reported to transfer more volume of water across the membrane in comparison
to vanadium ions crossover.3’* Water transport through the membrane also occurs via 0smosis.
This is as a result of the osmotic pressure gradients between the two half-cells, which could
exist due to the difference in the viscosity of the catholyte and anolyte.®”® In a VRFB, the
viscosity of the catholyte is usually greater than the anolyte which leads to pressure gradient
across the membrane.®”® This therefore underlines the convective water transport towards the
negative half-cells in cation-exchange membranes, irrespective of charging or discharging
condition. Generally, electro-osmosis water drag via proton flux and diffusion of water are
considered to predominantly influence electrolyte imbalance as they both majorly contribute
to electrolyte volume change, and in turn influence concentration difference of electrolytes on
both sides of VRFBs. However, Jeong and Jung®’® mentioned that, if equal number of protons
move across the membrane during a cycling process, the electroosmotic drag would not

contribute to electrolytes imbalance.

Generally, the rate and direction of water transport are determined by the nature and properties
of membranes, electrolyte compositions, and SOC. Hence, when a cation-exchange membrane
is employed in VRFBs, a significant volume of water moves from the negative half-cell to the
positive half-cell during the battery operations, which is attributed to the large volume of water
(hydration water) that accompanies V?* and V3* transport from the negative side. However,
water transport occurs in the reverse direction when an anion exchange membrane is used.®®
376 As for the SOC, Sukkar and Skyllas-Kazacos®™ investigated the effects of SOC on water
transport in cation-exchange membranes. Their results indicated that from SOC-100 to SOC-
0, water moves towards the positive half-cell at first and then reverses the direction at about
SOC-50 and then maintains the new direction till SOC-0. The study further revealed that at
high SOCs, the rate of water crossover has negligible effect on the system operations while it

becomes significant when the battery reaches over-discharge state.

In order to further understand the contribution of different mechanisms of water transport in a

cation-exchange membrane employed in a VRFB, a model on water transport was recently
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developed.®®® The model thoroughly considered the water produced during the redox reactions
at the positive electrode, the side reactions and three water transfer mechanisms namely electro-
osmotic drag (EOD), water diffusion, and vanadium-ion crossover with bound water. The
illustration and contributions of these water transfer mechanisms are shown in Fig. 18 (a).
Specifically, the contribution of the different mechanisms of water transport when the battery
is operated at a current density of 60 mA c¢cm, is shown in Fig. 18 (b) and (c). It was further
concluded that when the battery is operated at a low current density or after longer charge-
discharge duration, the difference between the anolyte and catholyte volumes significantly
increases. A more recent numerical analysis on water transport revealed that electro-osmosis
water drag via proton flux and diffusion have the major influence on water transport across
cation-exchange membranes.®”® Electro-osmosis water drag by protons was further predicted
and presented as the dominant water transport mechanism due to the fact that the direction of
the water flux resulting from electro-osmosis water drag via proton is the same as the direction

of ionic current through the membrane.

In summary, various factors are responsible for water crossover through the membranes
employed in VRFBs. For different polymer electrolyte membranes and working conditions,
the dominant water transport mechanism may change. Even though water transport across the
membrane could be associated with some challenges including capacity degradation, it is worth
noting that the complete prevention of water crossover might not be practicably achievable.
The reason is that, for polymer electrolyte membranes especially cation-exchange membranes,
the transport of protons is always accompanied by water transport. As such, the complete
prevention of water transport will consequently hinder the flow of protons across the membrane
and result in high internal resistance in the battery system. Therefore, it is of vital importance
for the membrane to ensure an optimized water transport ability so as to achieve an appropriate

balance between proton conductivity and low vanadium-ion permeability.

7. Performance-enhancing strategies for membranes
A number of strategies have been developed and applied to enhance the performance of

membranes towards achieving significant performance improvement in flow batteries.
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Irrespective of the membrane preparation method or materials, there are various enhancement
strategies that can be applied to improve the performance of both membrane and battery. Some
of these strategies include adjusting the DS,2% 2% plending/compositing with other
polymers, 14 233 and tuning pore structural parameters,?® 2% 377 Thus, this section briefly
discusses some of these performance-enhancing strategies that have shown significant
improvement on the cycle stability, self-discharge rate and voltage, coulombic and energy

efficiencies of flow batteries.

7.1. Adjusting sulfonation degree

Degree of sulfonation (DS) indicates the amount of sulfonic acid groups contained in a
membrane. Hence, this is closely related to the IEC of the membrane and therefore plays a key
role in influencing the ionic conductivity of the membrane. DS can be adjusted by using
methods such as varying the time and temperature of the reaction during membrane preparation
so as to obtain a desired DS and associated membrane properties.®> Many studies have
attempted to adjust the DS of various materials during membrane preparation process towards

improving the membrane performance.?%% 220

SPEEK, as one of the most widely utilized materials for cation-exchange membranes
preparation have been deeply investigated regarding the influence of DS on the properties of
the SPEEK-based membranes. The investigation revealed that the increment of DS of the
SPEEK increases its proton conductivity, water uptake ratio and 1EC.%% However, it also leads
to increase in vanadium-ion crossover and subsequently reduces the mechanical strength of the
membrane. Other than the SPEEK, the effects of DS on the fluorene-containing poly(arylene
ether sulfone)s have also been evaluated.”? It was found that, similar to the SPEEK membranes,
the resulting membranes with high DS also showed improved proton conductivity and low

mechanical strength.

It should be noted that the influence of DS on different polymers may not always be the same.
For example, research on the SPI and polyvinyl alcohol (PVA) blending membrane revealed
that, while the increase of DS provides the membrane with high proton conductivity and

crossover rate of vanadium ions, unlike SPEEK membranes, its mechanical strength was found
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to increase, due to the improved dispersion of SPI in the blend membranes, which therefore
results in a less stress convergence during mechanical property test.?%® Therefore, for specific
membrane compositions, the optimized DS needs to be specifically analyzed according to
different application requirements. These results proved that adjusting the DS of membrane is
an effective method that has great influence on the ion conductivity, crossover rate, and
mechanical properties of membranes. However, for different materials, the effects of DS are
not necessarily the same. Generally, a high DS would increase the proton conductivity and

vanadium ions crossover of a membrane.

7.2. Blending/compositing with other polymers

Blending/compositing with other polymers is another important method that is widely used for
enhancing the performance of polymer electrolyte membrane.?*® 23 Various polymers have
been composited with other polymers to obtain different membranes including cation-exchange,
anion-exchange, amphoteric-ion exchange and porous membranes.?®> 319 321 Through
compositing various polymers during the preparation process, the merits of different polymers
can be combined while the drawbacks could be compensated for each other and therefore form

a polymer electrolyte membrane that is more suitable for flow batteries.

For example, the introduction of hydrophobic PVDF into SPEEK membrane was reported to
restraint the swelling nature of pristine SPEEK.'* The obtained SPEEK/PVDF composite
membrane was found to exhibit a much lower ion permeability than Nafion 117 and achieved
a better cell performance with reduced self-discharge rate. Other than PVDF, the combination
of PAN and SPEEK has also been investigated, where the properties of the composite
membrane with varied mass ratios are shown in Table 2.8 The water uptake ratio and
vanadium-ion permeability of the membrane were effectively reduced as a result of the
hydrogen bonding between SPEEK and PAN and the acid-base interaction of ionic cross-
linking. Compared to Nafion 117, this composite membrane finally provides the battery with

improved coulombic and energy efficiencies.

Beyond using only two types of polymer during membrane preparation, the combination of

more polymers has also been studied and proven as an effective method. For instance, Wang et
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al.??® deposited the positively charged polyelectrolyte PDDA and negatively charged PSS on
SPFEK membrane layer-by-layer fabricate a PDDA/PSS-SPFEK composite membrane. With
the introduction of the PDDA/PSS bilayer, the chemical stability of the membrane was greatly
improved, and its vanadium-ion permeability was also reduced, compared to the pristine
SPFEK membrane.

Table 2. Data of physicochemical properties, mechanical properties, VO?* permeability, and

ion selectivity of Nafion 117, SPEEK, and SPEEK/PAN membranes.®®> Reproduced with
permission. Copyright 2014, American Chemical Society.

Water Swelling IEC Proton Breaking Elastic Percentage VO
Membranes uptake ratio (mmol g% conductivity | strength modulus elongation permeability
(%) (%) g (mS cm™) (Mpa) (Mpa) (%) (107 cm? s
Nafion 117 37+1 20+1 0.93+0.01 36.2+1.0 19.1+03 | 189+7 149+ 3 37.7+0.4
SPEEK 365 + 18 109+1 2.24+0.01 195+0.3 | 201+0.3 | 696+ 15 97 +2 76.6+2.6
S/IPAN-5% 1837 52+1 2.12+0.01 186+04 | 222+04 | 749+19 91+3 484 +0.8
S/PAN-10% 120+ 4 34+1 2.00+0.01 175+0.3 | 238+05 | 805+20 7914 299+0.2
S/PAN-15% 69 +2 21+1 1.89 £0.01 16.3+04 | 25.9+0.7 | 959+21 57+2 17.8+0.1
S/IPAN-20% 58+1 161 1.78 £0.01 150+0.3 | 283+1.1 | 1043+29 41+1 11.3+£0.1
S/IPAN-25% 51+1 14+1 1.67 £0.01 13.4+0.2 | 329+15 | 1148+25 32+1 7.7+0.1

Other than cation-exchange membranes, compositing different polymers is also considered as
an effective method for the performance improvement of other types of membranes. For
instance, a series of anion-exchange membranes was prepared by pore-filling the PE substrate
with poly(4-vinylbenzyl chloride) followed by amination with pyridyl functional groups.?® It
is found that, with the increasing content of divinylbenzene in this composite membrane, the
cross-linking between polymers increased, which further lead to a more dense membrane
structure and thereby preventing the crossover of vanadium ions. The optimized membrane
finally possessed an improved conductivity with a lower vanadium-ion permeability compared
to Nafion 117. The VRFBs assembled with the obtained membranes presented a 5.4 % higher

energy efficiency than the ones assembled with Nafion 117.

With these results, blending/compositing different polymers is hence proved to be an effective

method for preparing high-performance membrane. However, it is important to carefully adjust
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the content ratio between the different polymers so as to ensure that the membrane achieve

adequate balance among properties for better performance.

7.3. Tuning pore structural parameters

The pore structures of polymer electrolyte membranes such as pore size and porosity have been
proven to greatly influence the transport of species within the membrane.3*> Membranes with
large pore sizes would ease species transport and further provide the batteries with low internal
resistance and high voltage efficiency. However, membranes with a large pore size may also
result in severe crossover of vanadium ions which in turn reduce the capacity retention ability
of the battery. Therefore, tuning the pore sizes of membranes to appropriate dimension can
greatly influence the performance of the membranes and flow batteries. Especially for the
porous membranes, the pore sizes are considered to be one of the most important parameters

that can be tuned to improve their performance.322 3%

Many methods have been proposed for tuning pore structure. One of the pore adjustment
strategies is through blending different polymers. Chen et al.3*? combined the SPEEK with PES
to fabricate a series of symmetric spongy porous membranes. It was found that, with the
increment of SPEEK content, the pore size of this composite membrane can be enlarged,
thereby validating that the content ratio between different polymers in a composite membrane
has significant effect on the adjustment of membrane pore structure. Overall, by adjusting the
pore structure, the obtained optimal membrane with 13 % of SPEEK successfully provide the
battery with stable cell performance for more than 200 cycles. Another successful
demonstration for pore structure control was achieved by Peng et al.3’® by introducing an ultra-
thin defect free skin layer onto the surface of PBI-based porous membranes. In their study, the
adjustment of the porosity and pore size was achieved by varying the porogen content, while it
was found that, with the porogen content increased to 200 wt.%, the membrane achieved the
best balanced performance with a coulombic efficiency of 99 % and an energy efficiency of
82.3 % at 80 mA cm2. However, it was also found that, over increasing the porogen content
has a negative effect on the capacity retention ability of the membrane, as shown by the cycle

performance test conducted. Hence, it has been proven that the membrane pore structure has
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notable impact on the membrane performance. Thus, the pore structure and sizes of membrane
are of vital importance towards determining membrane performance, as well as an effective

strategy for membrane and battery performance improvement.

7.4. Tuning geometric parameters and designs

The performance of polymer electrolyte membranes can be significantly enhanced by tuning
the geometric parameters and designs of the membranes. A lot of studies have shown that the
geometric parameters of membranes such as the thickness have several impacts on the
membrane properties such as ionic conductivity and mechanical strength, and are therefore

considered to be one of the most effective methods for performance improvement.84 37

Membrane thickness is an important geometric parameter that has significant influence on the
performance of both membrane and battery. The effect of the thickness of SPEEK membranes
on the performance has been deeply investigated by a series of SPEEK membranes with
thickness ranging from 30-150 pum.3 The results showed that the thickness of membrane
largely influences the charge and discharge voltage profile of the battery, as membrane
thickness is one of the parameters that determine the ohmic resistance of the membrane. In the
meanwhile, with the increase of membrane thickness, the vanadium ions permeability is found
to decrease, while, the thicker membrane would result in a large resistance, and thereby lead to

low voltage efficiency.

Other than the membrane thickness, tuning the membrane structure design is another effective
method for performance improvement. A novel sandwich-structure membrane proposed by Yu
et al. has proven this idea.!® Utilizing the hydrophilic porous PTFE and SPEEK, a novel
PTFE/SPEEK/PTFE membrane was fabricated. With the introduction of PTFE layer on both
sides of the SPEEK membrane, the external damages from electrolytes, electrodes and sealing
materials were successfully prevented which hence provides the membrane with better
chemical stability. It was found that, with this novel design, the membrane with an appropriate
thickness of PTFE presented an excellent capacity retention ability after running for more than
1000 cycles as shown in Fig. 19. Hence, tuning the geometric parameters and designs of

membranes are typical effective methods that can improve the performance of membranes.
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However, it is worth to emphasize that for different membrane compositions and designs, the

required optimal thickness is not necessarily the same and should be adjusted individually.

7.5. Adding inorganic materials

Similar to blending/compositing with other polymers during membrane preparation process,
adding inorganic materials is another effective and widely-used method that improves the
membrane performance.®® 32° It has been proven in direct methanol fuel cells that the
incorporation of inorganic materials to membranes can help alleviates methanol crossover.>*
Hence, in an attempt to restrict the vanadium ions permeation effectively, researchers have
followed this idea and developed membranes for VRFBs through adding various inorganic

materials.

Carbon-based inorganic materials have been widely employed for membrane preparation. In
section 5, the involvement of GO, which is a famous material with special two-dimensional
layered structure has been extensively discussed as an additive in the fabrication of various
composite membranes with improved performances.?'? In addition to that, nano carbon-based
materials have also been used for membrane fabrication. The short-carboxylic multi-walled
carbon nanotube (SCCT) is an inorganic material which exhibited excellent electrochemical
activity and durability. It has been successfully embedded into SPEEK matrix to fabricate the
SPEEK/SCCT membrane.!®® The introduction of SCCT offers the composite membrane with
a high electro-catalytic activity, which in comparison to Nafion 212 also exhibited higher

mechanical strength and lower vanadium-ion permeability, as shown in Fig. 20.

Other than carbon-based materials, different types of nano oxides have also been used as
additive for membrane preparation. The introduction of Al.O3, SiO2, and TiO2'"® into the
SPEEK is an example. It was found that the introduction of these inorganic particles into
polymers can improve the mechanical property of the membrane while suppressing the
crossover of vanadium ions as the inorganic particles could serve as barrier. The battery test
results showed that in comparison to Nafion 117, the fabricated composite membrane exhibited

a much better cycle stability.
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In summary, adding inorganic particles into other polymers for membrane preparation could
therefore be regarded as an effective performance-enhancing technique. It is also worth to note
that the concentration of these inorganic particles inside the membrane may be an important

factor that could influence the overall membrane performance.

8. Cost and commercialization

High capital cost is one of the crucial factors hampering the wide application of flow
batteries.'# 17> 25° Tg realize the actual application of flow batteries, several cost analysis have
been carried on their structural components so as to identify and reduce the major sources of
the high cost. In the meanwhile, attracted by the impressive performance of flow battery
technology, some large-scale commercial systems have been constructed and developed to

validate their practicality.38" 382

8.1 Cost

The high initial cost of flow battery is one of the major concerns holding back its widespread
commercialization. The cost of flow battery system is closely related to the set-up of the system,
which is determined by the requirement of the power and storage capacity. In 2004, Joerissen
et al.>® comprehensively analyzed the cost of a VRFB as an electrical energy storage system
based on lab-scale cell experiments. Results from the analysis showed that for a 2 kw/30 kWh
system, the cost of VRFB is expected to be slightly lower than € 30000. Their results also
indicated that the cost of a VRFB system is very sensitive to the market price of V205 such

that a reduction in price of V2Os is expected to reduce the cost of VRFB.

In order to further analyze the relationship between the performance and cost of flow battery,
Viswanathan et al.>® later developed a cost and performance model for flow battery. The model
has been used to regulate the operating parameters of the battery system in order to maximize
the efficiency of the system while minimizing the capital cost. Considering VRFB, the model
results showed that the battery using the sulfuric acid-based electrolyte incurs a higher cost
than the system using mixed acid-based electrolyte. For VRFB system using mixed acid
electrolyte, the cost of V2Os takes 8 and 43 % of the total cost, for the system with an energy

size of 0.25 MWh and 4 MWh, respectively. While the cost for the membrane in these systems
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takes 44 and 27 %, respectively. The results indicated that the major cost of the entire flow
battery system largely depends on the cost of membrane and electrolyte preparation. To analyze
the cost of an optimized VRFB system, another model has been developed by Crawford et
al..3 The results showed that the optimized system is estimated to have a system cost < $ 350
kwWh for 4-h application. While, it was also suggested that the cost could be reduced to 160
kWh't when the production scale becomes larger. Furthermore, the costs of different types of
flow battery system have also been compared in order to identify the optimal flow battery
suitable for commercialization. Zeng et al.®! investigated the application of large-scale
electrical energy storage using VRFB and iron-chromium RFB and also analyzed the capital
cost of both flow batteries. It was revealed that for a 1 MW-8h system, the capital cost of a
VRFB is $ 229 kW h%, while an iron-chromium RFB goes for $ 194 kW h*. According to their
study, one of the major contributors to the high cost of VRFB is the electrolyte as it accounts
for about 53 % of the total cost while the membrane takes almost 20 % of the total cost.
Different from VRFBs, the component with the highest cost in iron-chromium RFB is the
membrane as it takes 38 % of the total cost while that of the electrolyte is 9 %. Thus, while the
electrolyte cost varies a lot for different flow battery systems, the cost of membrane is always

high and requires substantial reduction.

With the cost analysis of flow battery system, the cost of the membranes and the electrolyte are
identified as the most important factors that hinder wide application of flow batteries. It is
believed that, reduction in the cost of membranes will accelerate the wide application of flow

battery systems.

8.2 Commercialization

8.2.1 Membrane level

The polymer electrolyte membranes that are commercially available and commonly employed
in flow battery systems are still very limited. The most widely used commercial polymer
electrolyte membranes come from the Dupont including the Perfluorinated Nafion series (e.g.,
Nafion 115, Nafion 117, Nafion 211, Nafion 212 etc.). These membranes possess adequate

stability and provide flow batteries with satisfactory performance. However, the Nafion
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membranes are very expensive and possess low selectivity of protons to other ions which
therefore limit their wide application. To compensate for this, various methods have been
employed for membrane modification to enhance their electrochemical properties.
Notwithstanding, a reduced cost of Nafion membrane materials coupled with improved
transport properties would go a long way in the market widespread of VRFB. Other than the
Nafion membranes, another type of commercial membrane named VANAD:Ion, has also been
used in flow batteries and shows compelling performance. The VANADion membrane is made
of a micro-porous layer together with a thin Nafion layer. VANADiIon 20 and VANADion 20L
are the two available types of VANADion membranes on Nafionstore lon Power Nafion™

Store website.38% 382 |n addition to these cation exchange membranes, some of the common

commerical anion-exchange membranes developed by Fusemap have also been summarised

and compared as shown in Table 3.

Table 3. Summary and comparison of commercial membranes.

S/No Membrane ) Typical Basis weight Ref.
Size Cost
type thickness (um) (9/m?)
. 0.30x0.30 m $165.00 382
1 Nafion 115 127 250
041x1.23m $773.00
. 0.30x0.30m $200.00 382
2 Nafion 117 183 360
0.41x1.23m $1,004.00
0.305x0.305m $130.00 382
3 Nafion 211 0.305x1m $369.00 25.4 50
0.305x5m $970.00
0.305x0.305m $135.00 382
4 Nafion 212 0.305x1m $419.00 50.8 100
0.305x5m $1,360.00
5 VANADion 20 0.30x0.30 m $105.00 254 / 381
6 VANADion 20L 0.30x 0.30 m $215.00 254 / 381
Fumasep® 0.10x0.10 m $17.00 386
7 20 25-38
FAP-420-PE 0.20x0.30 m $50.00
Fumasep® 0.10x0.10 m $19.00 386
8 50 75-85
FAP-450 0.20x0.30m $63.00
Fumasep® 0.10x0.10 m $16.00 386
9 30 35-44
FAS-30 0.20x0.30m $43.00
Fumasep® 0.10x0.10 m $21.00 386
10 70-80 70-90
FAA-3-PK-75 0.20x 0.30 m $72.00
11 Fumasep® 0.10x0.10 m $21.00 130 100-130 386
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FAB-PK-130 0.20x0.30m $72.00
0.20x 0.30 m $72.00

8.2.2 Battery level
In 1993, the first VRFB system developed by the University of New South Wales, conducted

its first field trial in a Solar House in Thailand and since then more and more efforts have been
put into the commercialization of this particular flow battery to further validate and improve
their practical applications.®’ Later, in 1996, a 200 kW/800 kWh VRFB system was installed
by Mitsubishi Corporation for load-leveling at Kashima-Kita Electric Power.® In 2005, another
4 WM/6 MWh VRFB system was installed at Subaru Wind Farm for electrical energy storage
by Sumitomo Electric Industries.3® Following these successful installations and commercial
applications, more and more large-scale VRFB systems have been installed at various locations
across the globe including Japan, Europe and the U.S.A. Some of these installations are

summarized in Table 4.
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Table 4. Summary of some successful installations of large-scale VRFB systems at different locations

S. No Installation site/country Company/project name Year Power output Energy Energy eff. Ref.
Thai Gypsum Solar Demonstration House,
1 University of New South Wales, Australia 1993 1.6-5 kW 12 kWh / 45, 387
Thailand
2 Kashima-Kita Electric Power, Japan Mitsubishi Chemicals 1996 200 kW 800 kwh / 6, 388
3 Tasumi Sub-station, Kansai Electric Sumitomo Electric Industries 1996 450 kw 900 kWh / 388
4 Renewable Energy Dynamics Technology Ltd. Camco Clean Energy 2000 5kW/20 kw 20kWh/100 kWh / 46
5 Kansai Electric, Japan Sumitomo Electric Industries 2000 200 kW 1.6 MWh / 388
6 Stellenbosch University, South Africa VRB Power 2001 250 kW 500 kWh / 388
7 Tottori Sanyo Electric, Japan Sumitomo Electric Industries 2001 1.5 MW 1.5 MWh / 388
8 Hokkaido Electric Power Wind farm, Japan Sumitomo Electric Industries 2001 170 kW 1 MWh / 45
9 CESI, Milan, Italy Sumitomo Electric Industries 2001 42 KW 90 kWh / 388
10 Gwansei Gakuin University, Japan Sumitomo Electric Industries 2001 500 kW 5 MWh / 388
1 High-Tech factory, Japan Sumitomo Electric Industries 2003 500 kW 2 MWh / 388
12 Hydro Tasmania on King Island Pinnacle VRB 2003 250 kW 1 MMWh / 388
13 Pacific Corp in Moab, USA VRB Power 2004 250 kW 2 MWh / 54
14 J Power, Subaru wind farm, Tomahae, Japan Sumitomo Electric Industries 2005 4 MW 6 MWh / 388
15 Australia V-Fuel 2005 5 KW-50kW / / 46
Tapbury Management and Sustainable Energy
16 Some Hill wind farm, Donegal, Ireland 2006 2 MW 12 MWh 45
Ireland
17 Different commercial batteries in Thailand Cellenium Company Limited 2008 10-50 kW / / 389
18 Germany Gildemeister 2010 10 kW/1 MW 40kWh/4 MWh / 46
Dalian Institute of Chemical Physics and

19 Dalian EV Charging Station 2010 260 kW 5 MWh 45

Rongke Power, China
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S. No Installation site/country Company/project name Year Power output Energy Energy eff. Ref.
20 US.A. California Public Utilities Commission 2011 100 kW 300 kWh / 4
21 Zhangbei, China Prudent Energy Corporation 2011 500 kW 1 MWh / 4
22 Austria Gildemeister, Germany 2014 / 300 kWh / 45
23 US.A. Imergy, Silicon Valley 2015 250 kw 1 MWh / 45
24 Pullman, Washington, USA UniEnergy Technologies 2015 1 MW 4 MWh / 4

3.75 kWh/
25 China Golden Energy Fuel Cell Co., Ltd 2003 2.5 kwW/aMW 46
32 MWh
26 China Golden Energy Century Limited 2011 2.5kW/5 kW 40 kWh 46
Pan-tang Group Pang-zhi-hua Iron and Steel
27 China / 0.25-0.9 kw 24Wh dm-3 / 389
Research Institute
. National Energy Research Development
29 Australia ) / 1.33 kw 0.7 kWh 72-90 % 389
Council
30 Austria Austrian Motor and Expressway Operator / 1 kw 50 kWh / 389
. Telepower Australia pty. and Vanteck
31 Australia, and Canada / 250 kW 520 kWh 82-85 % 389
Technology Corp
32 Australia Department of Resources and Energy, Australia / 1 kw 5 kWh / 389
33 Gongju, South Korea Samyoung / 50 kw 0.1 MWh / 390
34 China National 863 programme of China / 1kw / 78 % 389
35 Kongens Lyngby, Denmark RISO Syslab Redox flow battery / 15 kW 0.1 MWh / 390
36 Sumba, Indonesia Sumba Island Microgrid Project / 400 kW 0.5 MWh / 390
37 Evora, Portugal PVCROPS Evora / 5 kw 0.1 MWh / 390
38 Vierakker, Netherlands Fotonenboer’t Spieker Photon Farm Project 10 kW 0.1 MWh / 390

73




9. Remaining challenges and perspectives

Flow batteries, with their independently tunable power and energy storage capacity, are
considered as one of the most promising electrochemical systems for large-scale electrical
energy storage. Coupled with their compelling features and advantages, they have therefore
increasingly attracted global attention. However, the unsatisfactory performance and high
capital cost of polymer electrolyte membrane, one of the major components in flow batteries,
remain a major concern towards achieving the wide application of flow battery systems. This
therefore justifies the need for further studies on performance improvement as well as cost
effectiveness of membranes, especially under high charge/discharge current densities and

extreme operating conditions.

The Nafion membranes, as the most widely used commercial membrane, possess a number of
advantages and have therefore attracted several applications in large-scale systems. However,
their wide applications still suffer from high crossover rate of electroactive species in addition
to its high cost. Though much efforts have been made to design and prepare more polymer
electrolyte membranes suitable for flow batteries to achieve improved battery performance;
without doubt, some challenges still remain. The requirements for an ideal polymer electrolyte
membrane for all-vanadium redox flow batteries can be summarized as follows: i) it should
possess an optimal balance between ionic conductivity and vanadium-ion permeability to
achieve high-power density and excellent cycle retention ability; ii) it should possess adequate
chemical, mechanical, and thermal stabilities to withstand extreme assembling and operating
conditions; and iii) it should be affordable so as to fulfill the needs for large-scale application

and usage.

Although different types of membrane have been developed over the years, yet, it is still
somewhat difficult to obtain a membrane that can fulfill all the aforementioned requirements.
In other words, the ideal performance of the available membranes is being limited by various
challenges. For instance, the major challenge of cation-exchange membranes is high vanadium-
ions permeability which has negative impacts on the capacity retention ability of battery system.

For anion-exchange membranes, the prominent challenge has been its poor ionic conductivity,
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which greatly restricts the voltage efficiency of the battery. Though amphoteric-ion exchange
membrane has a great prospect to achieve effective ions selectivity, however, its complicated
fabrication method and poor accuracy of adjusting the concentrations of anion-exchange
groups and cation-exchange groups mostly hinder the potential performance of this particular
membrane. Similarly, challenges on how to accurately adjust pore size while ensuring a

hydrophilic pore structure, so as to ease proton transport, confronts the porous membranes.

To address and overcome many of these challenges towards obtaining ideal polymer electrolyte
membranes for flow batteries, some directions for further investigations are given here. Firstly,
the development and widespread application of more porous membranes is a viable solution.
Here, the pore structure of the membrane such as the pore size and porosity need to be carefully
adjusted. For instance, the pore size of the membrane is often required to be adjusted within a
range larger than the molecular size of protons while at the same time smaller than the
vanadium ions inside the electrolyte. With this design, the ease of proton transport through the
membrane can be assured while remarkably restricting the transport of vanadium ions.
However, it is worth mentioning that tuning the pore size to this range may still limit the battery
performance to certain level, especially as tuning can potentially limit the ionic conductivity of
the membrane. The introduction of charged groups into the pores of the porous membrane
could be a potential solution. However, the amount to be used needs to be carefully controlled

S0 as to minimize its impact on vanadium-ion permeability.

For the ion exchange membranes including cation-exchange membranes, anion-exchange
membranes, and amphoteric-ion exchange membranes, major strategies for performance
improvement should include further modifications of membranes using currently reported
materials, especially the ones with compelling properties. In addition to this, development of
other novel materials with backbone of excellent chemical stability and simultaneous
conductivity for cations or anions. In summary, further development and study on polymer
electrolyte membranes should concentrate on but not limited to: i) the development of ion-
exchange membranes with excellent balance between ionic conductivity and vanadium-ion

permeability through tuning the material composition, improving the preparation procedures,
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optimizing membrane thickness and pore size distribution; and ii) the development of porous
membranes with appropriate pore structure. In addition, further studies and investigations on
polymer electrolyte membranes suitable for other types of flow battery systems such as hybrid,
organic and semi solid flow batteries should be exploited and developed. With the recognition
of the various challenges confronting the performance of polymer electrolyte membranes, the
promising directions highlighted above are considered useful to facilitate further investigations
for performance improvement, even at low cost, to achieve widespread applications of these

membranes in flow batteries.
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Figure captions

Fig. 1. Schematic of (a) a typical redox flow battery system, (b) a single cell; and (c) a polymer
electrolyte membrane.

Fig. 2. (a) Schematic of a H-cell for vanadium-ions permeability measurement. (b) Schematic
of a tensile test machine.?® Reproduced with permission. Copyright 2017, Elsevier.

Fig. 3. A typical polarization curve of VRFBs. Reproduced with permission.?® Copyright 2013,
Elsevier.

Fig. 4. Schematic of a (a) cation-exchange membrane; (b) anion-exchange membrane; (c)
amphoteric-ion exchange membrane; and (d) porous membrane.

Fig. 5. (a) Vanadium-ions permeability comparison between BlpPBI, B20N5, B20N10, and
Nafion 115; Reproduced under the terms of the CC-BY license.’®® Copyright 2018, The
Authors. (b) Design of a VANADion membrane.1® Reproduced with permission. Copyright
2016, Elsevier.

Fig. 6. (a) Columbic efficiency comparison of recast-Nafion membrane and PVDF/Nafion
composite membranes at 40-80 mA cm?;'® Reproduced with permission. Copyright 2011,
Elsevier. (b) Schematic of the preparation of Nafion-[PDDA-PSS]n membranes;!%
Reproduced with permission. Copyright 2008, The Royal Society of Chemistry. (¢) Schematics
of vanadium-ions transport through the pristine Nafion and GO/Nafion composite
membranes.?® Reproduced with permission. Copyright 2017, Elsevier.

Fig. 7. (a) Efficiencies comparison among SPEEK/PPD-GO-1, SPEEK, and Nafion 117
membranes from 30 to 60 mA cm2.1® Reproduced with permission. Copyright 2016, The
Royal Society of Chemistry. (b) Cycle performance of SPEEK/GO-NH»-2, SPEEK, and
Nafion 115.148 Reproduced with permission. Copyright 2017, Elsevier.

Fig. 8. (a) Cycle performance of a PES-based membrane at 140 mA cm 2.2 Reproduced with
permission. Copyright 2017, Elsevier. (b) Cycle performance of PVDF-g-PSSA-22 membrane
at 60 mA cm.1% Reproduced with permission. Copyright 2005, American Chemical Society.

Fig. 9. (a) Coulombic, voltage, and energy efficiencies of SPPEK-P-90 at 60 mA cm for 100
cycles.**! Reproduced with permission. Copyright 2017, Elsevier. (b) Capacity retention ability
of SPBPSP-8 membrane after 1000 cycles (inset: catholyte and anolyte volume comparison
after 1000 cycles).?*® Reproduced with permission. Copyright 2017, The Royal Society of
Chemistry.

Fig. 10. (a) Efficiencies of the sIPN anion-exchange membrane (DCD= 4%).2%° Reproduced
with permission. Copyright 2013, John Wiley & Sons. (b) Preparation procedures and working
mechanisms of a PSF-based membrane.®® Reproduced with permission. Copyright 2017,
Elsevier.

Fig. 11. (a) Discharge capacity of the BrPPO/Py-56 and Nafion 212 at 200 mA cm?283
Reproduced with permission. Copyright 2016, Elsevier. (b) Cycle stability of the PES-PVP
anion-exchange membrane.?’”® Reproduced with permission. Copyright 2012, Elsevier.

Fig. 12. (a) Open circuit voltage of the amphoteric-ion exchange membrane (A, DOG=42.7%)
and Nafion 117 (B) membrane.®*’ Reproduced with permission. Copyright 2013, John Wiley
& Sons. (b) Schematic of the radiation grafting technique and solution phase-inversion method
for membrane preparation.3%® Reproduced with permission. Copyright 2012, Elsevier.

Fig. 13. Cycling performance comparison between Nafion 115 and SPEEK/QAPEI-15 blend
membranes.3!? Reproduced with permission. Copyright 2015, The Royal Society of Chemistry.
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Fig. 14. (a) Cycle stability of a PBI-68 membrane for over 13000 cycles at current densities
ranging from 80 to 120 mA cm2.32® Reproduced with permission. Copyright 2016, Royal
Society of Chemistry. (b) Efficiencies of the NaCl-5M porous membrane for 10000 cycles at a
current density of 160 mA cm 2.32 Reproduced with permission. Copyright 2019, American
Chemical Society.

Fig. 15. (a) Cycle performance of the PES-SPEEK membrane at 80 mA cm2.3!° Reproduced
with permission. Copyright 2016, John Wiley & Sons. (b) Schematic of the solvent-responsive
layer-by-layer preparation procedure.®?® Reproduced with permission. Copyright 2014,
Springer Nature.

Fig. 16. (a) The efficiencies of a nanofiltration membrane (M3) at 40-80 mA cm 2.3%°
Reproduced with permission. Copyright 2012, The Royal Society of Chemistry. (b)
Comparison of energy efficiencies between PIM-1/PAN and Nafion 112 membrane at 1-40 mA
cm2.3% Reproduced with permission. Copyright 2016, John Wiley & Sons.

Fig. 17. (a) Diffusion and migration fluxes of vanadium species across three membrane of
different thicknesses during (i) charging and (ii) discharging.®** Reproduced with permission.
Copyright 2015, Elsevier. (b) Schematic of species transport across the membrane under
diffusion and migration mechanisms.®” Reproduced with permission. Copyright 2015, Elsevier.
Fig. 18. (a) Schematic of various reactions and water sources and their transport mechanisms
in VRFBs; contribution of different water crossover mechanisms on the water imbalance at the
(b) negative and (c) positive half-cell.*®® Reproduced with permission. Copyright 2018,
Elsevier.

Fig. 19. Cycle performance comparison of Nafion (green), PTFEso/Nafion/PTFE30 (yellow),
SPEEK (blue), and PTFE30/SPEEK/PTFE3 (red) membranes.'® Reproduced with permission.
Copyright 2016, American Chemical Society.

Fig. 20. Comparison of (a) mechanical strength and (b) vanadium ions permeability of Nafion
212, SPEEK and SPEEK/SCCT membranes.'®® Reproduced with permission. Copyright 2014,
Elsevier.
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Table captions

Table 1. Performances of membranes according to the major materials used.

Table 2. Data of physicochemical properties, mechanical properties, VO?* permeability, and
ion selectivity of Nafion 117, SPEEK, and SPEEK/PAN membranes.®®> Reproduced with
permission. Copyright 2014, American Chemical Society.

Table 3. Summary and comparison of commercial membranes.

Table 4. Summary of some successful installations of large-scale VRFB systems at different
locations.
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Supplementary information

Table S1 Properties and performance of pure Nafion membranes.

Table S2 Properties and performance of modified Nafion membranes (combining with other
polymers).

Table S3 Properties and performance of modified Nafion membranes (combining with
organic/inorganic materials).

Table S4 Properties and performance of SPEEK-based cation-exchange membranes.

Table S5 Properties and performance of SPI-based cation-exchange membranes.

Table S6 Properties and performance of SPFEK-based cation-exchange membranes.

Table S7 Properties and performance of PTFE-based cation-exchange membranes.

Table S8 Properties and performance of PES-based cation-exchange membranes.

Table S9 Properties and performance of PVDF-based cation-exchange membranes.

Table S10 Properties and performance of SPPEK-based cation-exchange membranes.

Table S11 Properties and performance of PSF-based anion-exchange membranes.

Table S12 Properties and performance of PAEK-based anion-exchange membranes.

Table S13 Properties and performance of PVDF-based amphoteric-ion exchange membranes.
Table S14 Properties and performance of PBI-based porous membranes.

Table S15 Properties and performance of PES-based porous membranes.

Table S16 Properties and performance of PAN-based porous membranes.

Table S17 Properties and performance of porous glass-based porous membranes.

106



(a) -

® o)
’%?
o Y G

i

Positive
electrolyte tank Pump Current collector Flow field End plate

Negative
electrolyte tank

(b) (c)
— T~
~
N
N\
\
i
il
L
[ ]
/
/
7
~
N
Positive Negative
electrode Bleinbeare electrode

Fig. 1. Schematic of (a) a typical redox flow battery system, (b) a single cell; and (c) a polymer
electrolyte membrane.
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Fig. 4. Schematic of a (a) cation-exchange membrane; (b) anion-exchange membrane; (c)
amphoteric-ion exchange membrane; and (d) porous membrane.
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Fig. 5. (a) Vanadium-ions permeability comparison between BlpPBI, B20N5, B20N10, and
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Fig. 6. (a) Columbic efficiency comparison of recast-Nafion membrane and PVDF/Nafion
composite membranes at 40-80 mA cm?;'% Reproduced with permission. Copyright 2011,
Elsevier. (b) Schematic of the preparation of Nafion-[PDDA-PSS]n membranes;!%
Reproduced with permission. Copyright 2008, The Royal Society of Chemistry. (¢) Schematics
of vanadium-ions transport through the pristine Nafion and GO/Nafion composite
membranes.?® Reproduced with permission. Copyright 2017, Elsevier.
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cycles.**! Reproduced with permission. Copyright 2017, Elsevier. (b) Capacity retention ability
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Fig. 10. (a) Efficiencies of the sIPN anion-exchange membrane (DCD= 4%).2% Reproduced
with permission. Copyright 2013, John Wiley & Sons. (b) Preparation procedures and working
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Fig. 17. (a) Diffusion and migration fluxes of vanadium species across three membrane of
different thicknesses during (i) charging and (ii) discharging.®** Reproduced with permission.
Copyright 2015, Elsevier. (b) Schematic of species transport across the membrane under
diffusion and migration mechanisms.®” Reproduced with permission. Copyright 2015, Elsevier.
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