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Energy storage systems are considered one of the key components for the large-scale utilization of
renewable energy, which usually has an intermittent nature for production. In this case, vanadium redox
flow batteries (VRFBs) have emerged as one of the most promising electrochemical energy storage
systems for large-scale application, attracting significant attention in recent years. To achieve a high
efficiency in VRFBs, the polymer electrolyte membrane between the positive and negative electrodes is
expected to effectively transfer protons for internal circuits, and also prevent cross-over of the catholyte
and anolyte. However, the high cost of membrane materials is currently a crucial factor restricting the
large-scale application of VRFBs. In this review, key aspects related to the polymer electrolyte membranes
in VRFBs are summarized, including their functional requirements, characterization methods, transport
mechanisms, and classification. According to its classification, the latest research progress on the polymer
electrolyte membrane in VRFBs is discussed in each section. Finally, the research directions and develop-
ment of next-generation membrane materials for VRFBs are proposed, aiming to present a future per-
spective of this component in full batteries and inspire the ongoing efforts for building high-efficiency
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1. Introduction

With the increasing energy consumption, it is imperative to
develop efficient methods for the production of energy to
avoid the depletion of fossil fuels and reduce greenhouse gas
emission. In this case, renewable energy sources such as solar
and wind energy are abundant and have much lower green-
house gas emissions and high sustainability compared to
fossil fuels. However, their inherent intermittent nature and
volatility affect their large-scale integration into the power
grid." Among the currently developed large-scale energy
storage systems, electrochemical energy storage systems have
attracted significant attention owing to their advantages such
as short construction period and flexible usage scenarios.*”
The most widely used lithium-ion batteries (LIBs) have an
excellent specific energy and small volume, making them suit-
able for portable applications; however, their thermal runaway
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issue poses serious safety risks particularly for large-scale
applications.®” Therefore, redox flow batteries have received
considerable attention because of their high reliability, fast
response time, long lifespan and performance decoupling of
capacity and power.®™°

As shown in Fig. 1a, a typical redox flow battery system is
mainly composed of a core stack, two external storage tanks
for storing electrolytes (catholyte and anolyte), pumps for
transporting the electrolytes, and liquid flow pipelines. The
core stack consists of several repeating units including five
main components, ie., electrodes, membrane, bipolar plates,
current collectors, and end plates, as shown in Fig. 1b. In this
stack, the polymer electrolyte membrane is one of the critical
components because this membrane separates the catholyte
from the anolyte during the operation of the flow battery and
functions to conduct charge carriers. Moreover, another func-
tion of the membrane is to minimize the cross-over of the
active materials and prevent short circuits.”**** Furthermore,
the polymer electrolyte membrane should have excellent
mechanical and chemical stability to ensure the long-term
durability of the battery.™ Finally, it must be affordable for the
economic feasibility and market penetration potential of redox
flow battery systems.' "

Among the various flow battery chemistries, the vanadium
redox flow battery (VRFB) designed by Skyllas-Kazacos et al. pre-
sents effective suppression of cross-over of the positive and nega-
tive electrolytes because it employs different valence vanadium
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Fig. 1 Schematic diagram of (a) a vanadium redox flow battery (VRFB) system and (b) single cell.

elements in the positive and negative cells to realize redox reac-
tions."” Nowadays, VRFB has received continuous and extensive
research interest and has been configured in the power grid for
output regulation.’®® However, VRFB face the same challenge
with the polymer electrolyte membrane as other redox flow bat-
teries, including iron-based,'®*® zinc-based,*"** organic-
based*** and other novel flow batteries.*>>” Specifically, only
perfluorosulfonic acid proton exchange membranes (Nafion)
exhibit excellent stability and proton conductivity at room temp-
erature, but they are expensive and exhibit poor ion selectivity
and mechanical properties simultaneously.®**° Thus, in recent
years, tremendous effort has been devoted to the continuous
development of polymer electrolyte membranes due to their

selectivity, conductivity, stability and reduced cost.

2. Evaluation criteria of membrane

The properties of polymer electrolyte membranes are strongly
associated with the performance of full batteries, and thus sys-
tematic characterization using standardized evaluation criteria
is essential for the comparison of various membranes. As
shown in Fig. 2, the evaluation criteria of membranes mainly
include water absorption, swelling ratio, ion exchange capacity,
ionic selectivity, proton conductivity, mechanical properties,
chemical stability, and cost. High-performance vanadium flow

4050 | /norg. Chem. Front., 2024, 11, 4049-4079

batteries with promising development prospects require mem-
branes that exhibit high ionic conductivity, low cross-over of
active substances, low solvent absorption, good mechanical and
chemical stability and economic feasibility for large-scale appli-
cations. In this section, we summarize the key indicators and
testing methods of the membrane. In addition, the utilization
of polymer electrolyte membranes is discussed, and the electro-
chemical performance of the full battery is also discussed.

2.1 Water uptake and swelling ratio

Hydrophilic polymer electrolyte membranes usually have a
high swelling ratio, which greatly reduces their ionic selecti-
vity. To ensure the reliability of membranes, it is necessary to
evaluate their water uptake and swelling ratio. The water
uptake rate (WU) of a membrane is defined as the rate of
weight change of the wet membrane (immersed in electrolyte)
relative to the dry membrane, while the swelling ratio (SR) is
defined as the rate of change in length from the dry membrane
to the wet membrane. WU and SR can be calculated using the

following equations:***?
Wwet — W,
WU = T4 5 100% (1)
dry
—L
sr = Dwet ZHay 40007 (2)

dry
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Fig. 2 Schematic of membrane classification, structure, and evaluation criteria of membranes for vanadium redox flow batteries.

where Wy and Wy, are the weight of the wet membrane and
dry membrane, respectively. Ly and Lqr, are the length of wet
membrane and dry membrane, respectively.

2.2 Ion exchange capacity

During the electrochemical charge-discharge process, charge
carriers need to easily pass through the membrane to reduce
the Ohmic loss, enabling excellent voltage efficiency and
overall battery performance.*® However, excessive ion exchange
capacity (IEC) may aggravate the unwanted crossover of the
active materials through the membrane.'” Therefore, it is
necessary to adjust the IEC value to achieve a compromise
between the ionic conductivity of the membrane and crossover
of the active materials.

The ion exchange capacity of polymer electrolyte mem-
branes can be calculated by back titration.**® In the case of
CEM, it is usually soaked in a certain concentration of hydro-
chloric acid solution to protonate its sulfonic acid groups.
Then, it is thoroughly rinsed and soaked in deionized water to
remove excess hydrochloric acid. For the titration process, the
dried membrane is soaked in an NaCl solution to replace the
protons in the sulfonic acid groups with sodium ions. Next,
phenolphthalein is used as an indicator to titrate the
exchanged H' and the value of IEC is calculated using eqn (3),
as follows:*®

_ CnaoH * VNaoH

IEC(molg ™) = — W (3)

This journal is © the Partner Organisations 2024

where Cnaom is the concentration of NaOH solution and Vyaon
is the volume of NaOH solution consumed in titration. Wy is
the weight of the protonated dry membrane.

2.3 Ionic selectivity

During the operation of a flow battery, the osmotic pressure
and electric field drive the migration of the active materials
through ion-selective membranes, leading to self-discharge
and capacity degradation in the battery.’”*® In asymmetric
flow battery systems, such as organic,® alkaline zinc iron,*®
and polysulfide*"** based redox flow batteries, high ion
selectivity is particularly important given that it determines
the lifetime of the battery system. In addition, low ion selecti-
vity may also cause membrane fouling during the long-term
operation. Taking the Nafion membrane as an example,
vanadium ions with low diffusivity (such as VO," and V**)
deposit on the surfaces of the membrane, while vanadium
ions with high diffusivity (such as VO*" and V**) enter the
channels of the membranes and accumulate inside, both of
which reduce the ionic conductivity of the membrane and
increase the resistance of the battery.*?

The ionic permeability of vanadium ions is usually
measured using an H-shaped permeation cell separated by a
membrane, as shown in Fig. 3.** Both sides of the tank are
filled with an equal volume of VOSO, and MgSO, solutions,
respectively. The MgSO, solution is sampled at regular inter-
vals and the concentration of VO*" is measured using a UV

Inorg. Chem. Front., 2024, N, 4049-4079 | 4051
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Fig. 3 Schematic diagram of H-type osmotic cell for measuring ion permeability.

visible spectrophotometer. The VO>* permeability (P) can be

calculated using eqn (4), as follows:***>
dc;, A-pP
Va =g (G- (4)

where V is the volume of MgSO, solution, A is the effective area
of the membrane, L is the thickness of the membrane, C, is
the initial concentration of VOSO,, and C; is the concentration
of VO** in the MgSO, sampling solution at time ¢.

There are critical steps in the procedure for the measure-
ment of ionic permeability. (i) The concentrations of the two
solutes and the supporting electrolyte must be consistent to
maintain similar initial osmotic pressures. (ii) Magnetic stir-
ring should be applied during testing to prevent concentration
polarization on the surface of the membrane.*® (iii) The device
must be well sealed to ensure the accuracy of the test results.
(iv) The tested solution needs to be refilled to its initial posi-
tion after each test and it is important to maintain a constant
volume of liquid on both sides.

2.4 Proton conductivity

During the cycling of a redox flow battery, the energy barriers
at the interface between the electrolyte and polymer mem-
brane, as well as inside the membrane increases the Ohmic
polarization and energy loss. As the key objectives of redox
flow batteries, high power density and high voltage efficiency
require a low internal resistance, which is dependent on the
proton conductivity of the polymer membrane.*”

Electrochemical impedance spectroscopy (EIS) is the
common method employed to evaluate the proton conductivity
(6) of membranes.*®**° The use of the same cell device and
electrolyte composition as that in the conventional redox flow
battery provides a more realistic evaluation.’®" The resistance
of the cell device is tested with and without a membrane and
the proton conductivity () of the membrane can be calculated
using eqn (5), as follows:*>

L

o(Sem™) = AR —R)

(5)
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where L is the thickness of the membrane, A is the effective
area of the membrane, and R, and R, are the resistance with
and without the membrane, respectively.

2.5 Mechanical properties

During the long-term operation of a redox flow battery, the
membrane is required to have excellent mechanical strength
to resist changes in the battery pressure, which is especially
important for solid mixed redox flow batteries. For instance,
the membrane of a zinc-based redox flow battery needs
sufficient mechanical strength to reduce the risk of pene-
tration by zinc dendrites and further short circuit of the
battery.”*>*

The characterization of the mechanical properties is mainly
carried out using a tensile testing machine. In the case of
Nafion membranes, it is essential to test both wet and dry
samples.”>”® The tensile strength can be calculated using eqn
(6), as follows:*”

— Fm
T WL

(6)

where T refers to the tensile strength of the membrane, Fy, is
the maximum tensile stress, W is the width of the sample, and
L is the thickness of the membrane.

2.6 Chemical stability

Redox flow battery systems generally use strong acid or alkali
as the supporting electrolyte, and their internal components
are also immersed in an environment of strong oxidizing or
reducing active materials during their operation.>®®
Therefore, the membrane need to possess good chemical stabi-
lity to suppress its corrosion and degradation in harsh
environments, ensuring the stable cycling of the battery.

The chemical stability of membranes is usually tested by ex
situ methods.®>®® For example, the membrane is soaked in a
sulfuric acid solution containing VO** for 1-3 months after
cutting into an equal size shape. Then, it is taken out for com-
prehensive inspection including macroscopic and microscopic

This journal is © the Partner Organisations 2024
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morphological changes, chemical structure changes, and ion
concentration changes in the soaking solution.*’

2.7 Cost effectiveness

In VRFB, the cost of the ion selective membrane accounts for
about 20% of the total system cost,** while the cost of the
membrane increases to about 38% in iron chromium redox
flow batteries.®> Through the cost analysis of redox flow
battery systems, it is considered that the cost of the membrane
and electrolyte is an important factor hindering their wide
application, and thus developing cost-effective and sustainable
ion-selective membranes is crucial.'®**%”

2.8 Electrochemical battery performance

The influence of the membrane on the performance of VRFB
can be evaluated using the typical electrochemical testing
methods for battery systems. Usually, a constant current
charge-discharge procedure is used to obtain the cycling per-
formance and voltage profile of the battery. In a flow battery,
an ideal polymer electrolyte membrane is expected to provide
a high and stable charge-discharge capacity, low charge
voltage, and high discharge voltage."

The coulombic efficiency, voltage efficiency, and energy
efficiency are the three important indicators to evaluate the
battery performance.®® The coulombic efficiency is a perform-
ance indicator to evaluate the ratio of discharge capacity to
charge capacity, and a high coulombic efficiency requires a
membrane with good resistance to crossover of vanadium
species. The voltage efficiency is an indicator for evaluating the
overpotential losses during the charge-discharge processes, and
a high voltage efficiency is attributed to the excellent ion con-
ductivity of the membrane and the low internal resistance of
the battery.®®’® Energy efficiency is obtained from the product
of the coulombic efficiency and voltage efficiency, which rep-
resents the overall performance of the battery system. These
indicators can be calculated using the following equations:”*

IS AGLL

CE =20 "0 5 100% 7
Joe Ie(¢)de 8 ! @)
td
VE = j"r Gal0dt 009 (8)
i Ua(t)dt
tq )
EE — GE x VE = % Je(0d¢-La(®)de oo, (9)

Jor Ua(e)dt - I(t)dt

where ¢4 and ¢, denote the discharge time and a charge time of
the battery, respectively. Iy and I. denote the current during
charge and discharge of the battery, respectively. Uy and U,
denote the voltage during charge and discharge of the battery,
respectively.

The limitation of polarization loss becomes more remark-
able during the operation of VRFB under an increasing
working current density, which is unfavorable for miniaturiza-
tion and cost reduction of the battery system. A rate capability
test can be performed to evaluate the charge-discharge per-

This journal is © the Partner Organisations 2024
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formance of the battery at different current densities and the
discharge capacity, coulombic efficiency, voltage efficiency and
energy efficiency are observed during the testing process.'?
Extra attention should be given to the discharge capacity and
efficiencies under a high current density, which are crucial in
practical applications."®

In addition, the cycling stability of a battery is also a key indi-
cator to evaluate the membrane performance. The capacity loss
caused by self-discharge during long-term operation can be
recovered by remixing the electrolyte.>® However, the irreversible
capacity loss caused by side reactions and liquid leakage will
lead to the continuous deterioration of the battery perform-
ance.”” During the cycling of VRFB at a fixed current density,
the ratio of the discharge capacity over different cycles can be
measured and the capacity retention rate can be calculated.”

3. Membrane classification

There are various types of VRFB membranes, which can be
divided into two categories of charged membranes and non-
charged membranes according to whether ion exchange
groups are present in the membranes, as seen in Fig. 2. The
charged ion exchange membrane is composed of polymer
chains, which have attached functional ion groups. They are
formed of fixed ions and dissociated ions (counter ions) with
opposite charges.'' Regarding the charge of the ions disso-
ciated by the functional groups, ion exchange membranes can
be divided into cation exchange membranes (CEM), anion
exchange membranes (AEM), and amphoteric ion exchange
membranes (AIEM). CEMs contain functional groups with a
negative charge, such as -SO;~, -COO™, and -PO;~, which dis-
sociate H'. AEMs contain functional groups with positive
charge, such as -NH*", -NRH>*, and -NR,H", which can trans-
port OH™.”* AIEMs contain two functional groups distributed
in the same polymer matrix. In addition, non-charged mem-
branes are made of membrane materials with lower polarity
such as polysulfone, polyethersulfone, and polyvinylidene flu-
oride, which have better solvent resistance and dimensional
stability compared to charged membranes.”

The mass transfer of charged membranes usually relies on
the dissolution/diffusion mechanism, which is related to the
charged ion exchange groups in the membrane. CEMs and
AEMs allow the ions that are the same as that in membranes
to pass through them and repel dissimilar charge ions.
Furthermore, the ions diffuse through the membrane by the
interaction of ion exchange groups and pores, and their direc-
tional transport is the result of osmotic pressure and an exter-
nal electric field.”® Non-charged membranes are usually made
with a porous structure to realize the capability of transporting
charge carriers, and their selective permeability mainly
depends on the screening mechanism. The pore size of non-
charged membranes is a prerequisite for ion transfer in the
membrane. The hydrated ions can migrate from one side of
the membrane to the other along the channels in the mem-
brane when their radius is smaller than that of the pores.””’®

Inorg. Chem. Front,, 2024, 1, 4049-4079 | 4053
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4. Crossover of vanadium ions

During the operation of VRFB, proton transport within the
membrane is mainly achieved through two modes, media
transport and the Grotthuss mechanism.”® Besides proton
transport, transmembrane transport of vanadium ions in
VRFB occurs during the charge and discharge processes. As
shown in Table 1, the unwanted transmembrane transport of
vanadium ions can trigger a series of self-discharge
reactions,®>®! which have a negative influence on the capacity
and lifetime of VRFB. The main driving force for the trans-
membrane transport of vanadium ions is a concentration gra-
dient and electric field.

Mohammadi et al. conducted early research on water
migration in various commercial ion exchange membranes,
and found that water migration occurred from the positive
electrode to the negative electrode in the VRFB equipped with
AEMs, whereas that equipped with CEMs exhibited water
migration in the opposite direction.*” In addition, the
diffusion coefficients of vanadium ions in Nafion 115 follow
the order of V** > VvO*" > vO," > V**. The transport of
vanadium ions and protons is often carried out in the form of
bound water and its amount is dependent on the type of ions.
As shown in Fig. 4a, each V** or V** is connected to 6 bound

Table 1 Self-discharge reactions in a vanadium redox flow battery
(VRFB)

In positive electrode In negative electrode

V' +vO?*" + 2H" - 2V*" + H,0
2V +VO** + 4H' - 3V*" + 2H,0
VO, + V¥ = 2vo**

2V0," + V** + 2H" - 3VO*" + H,0
VO, + V¥ = 2vo*
V2 +vVO* +2H" - 2v¥" + H,0

View Article Online

Inorganic Chemistry Frontiers

water molecules, while VO** is linked to 5 bound water mole-
cules. VO," is connected to 4 bound water molecules and
protons are connected to 2.5 bound water molecules.?*®! The
migration of vanadium ions is driven by the concentration gra-
dient of vanadium ions between the positive and negative
electrodes.®®

In the case of the self-discharge reaction, water transfer is
caused by the migration of bound water with vanadium ions
and protons, and the permeation (approximately 75%). In the
process of charge-discharge, the migration of protons to form
internal circuits and the migration of bound water also play a
crucial role in the water transfer process. However, the
migration of vanadium ions with bound water and their per-
meation are the main reasons for water transfer during long-
term cycling. As shown in Fig. 4b and c, the electrolyte imbal-
ance is enhanced with an increase in the operation time,
leading to the severe degradation of the capacity and output
performance for VRFB.®

Skyllas-Kazacos et al. also highlighted that different charge
states will also affect the direction of water migration.*> VRFB
equipped with CEM exhibits water migration from the negative
electrode to the positive electrode in a high charge state (SOC
= 50%-100%), while the opposite direction is observed in the
low charge state (SOC = 0%-50%). Moreover, the water
migration is more severe in the low charge state compared to
that in the high charge state.

The influence of an external electric field on the transmem-
brane migration of vanadium ions or water also needs to be
considered during the operation of a liquid flow battery. Luo
et al. found that the presence of an electric field accelerates
the transmembrane migration of vanadium ions from the posi-
tive electrode to the negative electrode during the charge
process and inhibits this migration in the reversed direction.”®
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(a) Illustration of chemical reactions, species crossover and water transport in VRFB. (b) Comparison of the coulombic efficiency, voltage

efficiency and energy efficiency of VRFB. (c) Simulation and experimental results of electrolyte volume changes in the catholyte and anolyte tanks
after each cycle. Reproduced from ref. 80 with permission from Elsevier, Copyright 2023.
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Furthermore, the effect of an electric field on the migration of
vanadium ions will be reversed during the discharge process.
The migration coefficient of vanadium ions under the action
of an electric field follows the order of VO** > V** > v** > vO,°,
and the migration effect caused by an electric field is three
orders of magnitude greater than that from a concentration
gradient.”®

5. Nafion-based cation exchange
membranes (CEMs)

CEMs are the most developed and widely used membranes in
redox flow battery systems. Anionic functional groups, such as
-S0O;7, -COO™, and -PO;, are immobilized on the main
polymer chain, resulting in a relatively high migration rate for
protons and other cations. This section focuses on the latest
developments of typical Nafion-based membranes in the large-
scale application of VRFB.

5.1 Pure perfluorosulfonic acid membranes

Nafion was first developed by DuPont. The chemical structure
and its cluster-network model are shown in Fig. 5a.%* Nafion
membranes are thermally and chemically stable, and they have
been widely used in the chlor-alkali production industry,
energy storage and conversion systems.®*>®® Their excellent
chemical stability in various environments, such as acidic, oxi-
dation, and reduction, enables their application in VRFB
systems with high concentration of sulfuric acid. The utiliz-
ation of Nafion membranes is beneficial for the implemen-
tation of a high acid concentration in VRFB, thereby enhan-
cing the solubility of the vanadium active materials and the
conductivity of the electrolyte.”® In addition, the integration of
a polytetrafluoroethylene (PTFE) backbone with sulfonic acid
functional groups in polymer membranes can endow them
with hydrophobicity and hydrophilicity (as shown in Fig. 5b),
ensuring the high chemical and mechanical strength of the
membrane for application in VRFB.

(a) «H—CFZ-CFZ—},(—(|:|=—cr=z+y
o-ferrcrfroterz so
CF,

Fig. 5
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However, Nafion membranes exhibit very low selectivity
towards cations, leading to severe crossover of vanadium ions.
Also, the resulting migration of bound water aggravates the
imbalance in electrolyte volume on the positive and negative
sides, reducing the lifespan of the battery.”®®? In addition, the
high cost of Nafion membranes also hinders the further appli-
cation of redox flow batteries. Thus, extensive effort has been
devoted to addressing the above-mentioned issues and novel
strategies such as the addition of inorganic and organic com-
ponents have been proposed.

5.2 Nafion-based inorganic composite membranes

5.2.1 Modification with inorganic nanoparticles. As shown
in Fig. 6a, utilizing the shielding effect of inorganic nano-
particles, which are embedded into a polymer matrix, can
reduce the permeability of vanadium ions and improve ion
selectivity of Nafion based membranes. It is necessary to con-
sider two main factors for material selection, cost and stability.
Typical selection of inorganic nanoparticles includes silicon
dioxide (SiO,), titanium dioxide (TiO,) and tungsten trioxide
(WOS).88790

Xi et al. doped SiO, in Nafion and obtained a Nafion/SiO,
hybrid membrane with ion exchange capacity and proton con-
ductivity similar to Nafion117.°° However, the incorporation of
nanoparticles in the channels of Nafion membranes not only
inhibits the permeation of vanadium ions, but also reduces
the conductivity of protons, resulting in a significant voltage
and energy loss in the battery.

Therefore, it is an advanced strategy to prepare composite
membranes with functionalized nanoparticles, which are
mixed with the polymer solution before the formation of the
membrane. Nanoparticles with hydrophilic groups, such as
hydroxyl, amino and sulfonic acid groups, can provide intense
pathways for proton transport and promote the ionic conduc-
tivity.”’ Lin et al. prepared Nafion/amino silica composite
membranes via the sol-gel method, as shown in Fig. 6b.°> The
results of the potentiometric titration and self-discharge tests
showed that the exchange capacity of vanadium ions through

(b)

(a) Structure of Nafion and the cluster-network model. Hydrophilic clusters are connected by short narrow channels. Short curves represent

Nafion side chains and dots represent sulfonic acid groups. Reproduced from ref. 84 with permission from Elsevier, Copyright 1983. (b) Proton con-
duction mechanism in hydrophilic region of hydrated proton exchange membrane. Reproduced from ref. 87 with permission from John Wiley and

Sons, Copyright 2023.
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(a) Schematic illustration of Nafion/inorganic hybrid membrane. (b) Preparation of Nafion/amino-SiO, hybrid membrane. (c) Effect of Nafion

and Nafion/amino-SiO, membrane on intracellular VO?* and VO,* concentration. (d) OCV of VRFB over time using Nafion and Nafion/amino-SiO,
membrane in the charged state of 75%. Reproduced from ref. 92 with permission from Elsevier, Copyright 2015.

the hybrid membrane is only 26.8% of that in the original
Nafion membrane. Fig. 6¢c and d suggest that the self-dis-
charge rate of the battery was also greatly reduced, and Teng
et al. reported the similar results.”>**

5.2.2 Modification with inorganic nanowires/nanotubes.
The above-mentioned inorganic nanoparticles/Nafion compo-
site membranes are effective to reduce vanadium ion per-
meation and improve ion selectivity. However, nanoparticles
with a high specific surface area tend to agglomerate, leading
to a decrease in the membrane stability and accelerating the
penetration rate of vanadium ions.”> Therefore, inorganic
nanowires/nanotubes have been introduced to modify ion
exchange membranes.

Aziz et al. prepared ZrO, nanotubes (ZrNT) with a diameter
of less than 50 nm and incorporated them in Nafion to
prepare a Nafion/ZrNT composite membrane via the solution
casting method.”® Two-dimensional inorganic nanofillers serve
as barriers to the permeation of vanadium ion, delivering a sig-
nificant increase in ion selectivity. Similarly, Ye et al. prepared a
Nafion/TiO, nanotube composite membrane (Fig. 7a-c).”?
The super-hydrophilic TiO, nanotubes significantly inhibited
the permeability of vanadium ions without a decrease in
proton conductivity. The battery with the composite mem-
brane maintained 55.7% discharge capacity after 1400 cycles
(Fig. 7d), while the battery using commercial Nafion mem-
brane could only deliver 20% discharge capacity after 410
cycles. Aziz et al. further mixed TiO, and ZrO, nanotubes to
prepare a Nafion/TiZrO,NT composite membrane (Fig. 7e).

4056 | /Inorg. Chem. Front., 2024, 11, 4049-4079

The Nafion/TiZrO,NT composite membrane exhibited excel-
lent proton conductivity (75.9 mS cm™") and impressive ion
selectivity (3.61 x 10° S min cm™) at room temperature. This
proves the superiority of inorganic co-doping in membrane
materials for high-performance redox flow batteries.’®

5.2.3 Modification of inorganic nanosheets. Besides solu-
tion casting, spin coating is another common method to
modify polymer membranes and the direct coating of nano-
particles on the surface of the membrane can form an even
barrier layer, hindering the permeation of vanadium ions
(Fig. 8a and b). Furthermore, the utilization of nanosheets
with a large transverse size can significantly improve the per-
meation blocking efficiency (Fig. 8c). The typical nanosheet
materials include graphene oxide (GO)>® and graphite nitride
carbon (g-C;N,).”” Zhang et al.®® successfully constructed a
composite membrane with an enhanced interface, which con-
sisted of cross-linked graphene oxide (CLGO), as shown in
Fig. 8d. The cross-linked GO layer and angstrom-scale chan-
nels significantly reduced the vanadium ion permeability, and
the composite membrane showed good mechanical and
chemical stability, improving the electrochemical performance
of the assembled battery.

5.3 Nafion-based organic composite membranes

Based on the bonding between the organic components and
Nafion polymer matrix, Nafion-based organic composite mem-
branes can be classified as covalent-modified membranes and
non-covalent-modified membranes. There are two typical con-

This journal is © the Partner Organisations 2024
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Fig. 7 (a) Top, (b) bottom and (c) cross-sectional SEM images of TiO, nanotube arrays. (d) Coulombic efficiency, energy efficiency and discharge
capacity retention of VRFB single cells with Nafion and Nafion/TiO, membrane for cycling at 120 mA cm™2. Reproduced from ref. 73 with permission
from John Wiley and Sons, Copyright 2020. (e) Schematic diagram of proton transfer and vanadium ion diffusion mechanism in the fabricated
Nafion/TiZrO4NT composite membrane. (f) VO?* permeability and H*/VO?* selectivity of the Nafion and composite membrane. Reproduced from
ref. 96 with permission from the American Chemical Society, Copyright 2021.
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Amino-functionalized Nafion212

Fig. 8 SEM images of (a) surface and (b) cross-section of graphene oxide/Nafion membrane. (c) Schematic diagram of permeation of vanadium
ions in pure Nafion and graphene oxide/Nafion composite membrane. Reproduced from ref. 55 with permission from Elsevier, Copyright 2017. (d)
Process for the preparation of amino-functionalized Nafion212 covered with graphene oxide nanosheets. Reproduced from ref. 98 with permission
from Elsevier, Copyright 2019.

figurations, the sandwich structure and blending organic com-
ponents with Nafion. Between them, the sandwich structure is
composed of a Nafion inner layer sandwiched by organic
surface layers. The performance of this type of composite
membrane is synergistically improved by the excellent chemi-
cal stability and high ion conductivity of the Nafion layer, as
well as the high ion selectivity of the surface Ilayer.

This journal is © the Partner Organisations 2024

Alternatively, blending composite membranes are fabricated
via the direct mixing of organic materials with Nafion.

5.3.1 Covalently modified composite = membranes.
Covalently modified composite membranes form a functional
layer through the chemical reaction between the modified
components and the Nafion membrane, effectively reducing
the permeation of vanadium ions and improving the ion
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selectivity and chemical stability of the membrane. Luo et al.
introduced a polyethylene imine (PEI) layer on the surface of a
Nafion membrane by interface polymerization.”® Due to the
presence of a large number of amino groups in PEI, the
vanadium ion permeability of the composite membrane sig-
nificantly decreased due to its positive charge repulsion effect.
Similarly, Ma et al. grafted copolymerized N,N-dimethyl-
aminoethyl methacrylate (DMAEMA) on a Nafion substrate
through radiation induction and protonated it to reduce the
crossover of vanadium ion (as shown in Fig. 9a)."% Dai et al.
used surface-initiated atom transfer radical polymerization
(SI-ATRP) technology to graft zwitterionic sulfobetaine meth-
acrylate (SBMA) on Nafion to form a composite membrane
(N115-g-PSBMA).'®" The amphoteric layer of the N115-g-
PSBMA membrane had low vanadium permeability and the
VRFB assembled with this membrane showed high coulombic
efficiency and energy efficiency.

It is worth noting that the dense surface layer formed by
covalent modification can significantly reduce the vanadium
ion permeability, water absorption and water migration in the
membrane, but it inevitably leads to a decrease in proton con-
ductivity and an increase in cell resistance.

5.3.2 Non-covalent modified composite membranes. The
methods for the preparation of non-covalent-modified mem-
branes include blending, layer-by-layer self-assembly, and
coating. Due to the absence of covalent bonds between the
additives and the Nafion matrix, the water absorption and
expansion behavior of the Nafion membrane will intensify the
permeation of the vanadium ions in the composite membrane,
leading to the degradation of battery performance. Therefore,
it is crucial to obtain a uniform and stable composite
membrane.

To suppress the water absorption and swelling of Nafion
membranes, they can be blended with some hydrophobic com-
ponents. There is a strong dipole-dipole interaction between
the polar carbon fluorine bond of polyvinylidene fluoride
(PVDF) and the carbonyl group of ester-containing polymers,
which promotes the miscibility of PVDF with other polar
polymers.'®>'%® Mai et al. first blended PVDF with Nafion to
prepare ion exchange membranes for VRFB. The addition of
PVDF with high crystallinity and hydrophobicity effectively
limited the swelling behavior of the Nafion membranes.”® The
VRFB assembled with PVDF/Nafion membrane exhibited a
higher coulombic efficiency at different current densities and

VA, V™, VO, VO,*

s = 2 — T
s i
Tl YU Yy

Fig. 9
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had a longer open circuit voltage retention time (80 h) compared
to the battery with the original Nafion membrane. Similarly,
Teng et al. blended hydrophobic polytetrafluoroethylene (PTFE)
with Nafion to prepared a Nafion/PTFE composite membrane
via the solution casting method,'**'%> which improved the crys-
tallinity and thermal stability of the Nafion membrane and
decreased the permeability of vanadium ions. However,
although the above-mentioned polar polymers have high misci-
bility with Nafion, their hydrophobicity also reduces the ion
exchange capacity and conductivity of the composite membrane.

As shown in Fig. 9b, another commonly used method for
non-covalent modification is layer-by-layer self-assembly. Lu
et al.”® prepared Nafion-[CS-PWA], by the self-assembly of cat-
ionic chitosan (CS) and negatively charged phosphotungstic
acid (PWA). The Nafion-[CS-PWA], membrane exhibited much
lower vanadium ion permeability and the battery with this
membrane showed a higher coulombic efficiency and energy
efficiency, and slower self-discharge rate in comparison to that
with Nafion 212. ]J. grosse Austing et al. also obtained an N117-
(PEI/Nafion); composite membrane using the same method
and this membrane was used in a vanadium/air redox flow
battery.'°® However, the process of self-assembly is based on the
electrostatic interaction between different layers with opposite
charges. Therefore, delamination or detachment of the multi-
layer composite membranes may occur during the operation of
VREFB, leading to the degradation of battery performance.

In recent years, several organic materials for the modifi-
cation of Nafion membranes have emerged, which are usually
immiscible with the membrane substrate, thus exhibiting
good dispersion and chemical stability. Yang et al. found that
PWA is beneficial for proton transport, while nano Kevlar
fibers (NKF) inhibited the permeation of vanadium ions.'”
Therefore, NKF were immobilized on PWA by hydrogen
bonding, and then NKF@PWA was dispersed in a Nafion
matrix to prepare a Nafion-(NKF@PWA) composite membrane
via the solution casting method. Yang also coupled PWA with
ammonified UiO-66 to prepare a Nafion-(UiO-66-NH,@PWA)
composite membrane.'*® In addition, Ye et al. utilized lignin,
a natural polymer rich in hydroxyl groups with excellent dis-
persibility, to prepare a Nafion/lignin composite membrane
through simple solution casting, and the assembled batteries
could stably cycle 1000 times.'*® Lee et al. doped organic sulfo-
nated copper phthalocyanine in Nafion to improve its resis-
tance to vanadium ions.**°

SHS S S

i £
5 5

R

Nafion-CS

(b)::

Nafion Nafion-[CS-PWA], Nafion-[CS-PWA],

(a) Preparation of radiation-induced grafted Nafion-g-PDMAEMA and protonated Nafion-g-PDMAEMA. Reproduced from ref. 100 with per-

mission from Elsevier, Copyright 2013. (b) Schematic diagram of layer-by-layer self-assembly of Nafion-[CS-PWA],, membrane. Reproduced from ref.

50 with permission from The Royal Society of Chemistry, Copyright 2014.

4058 | Inorg. Chem. Front., 2024, 11, 4049-4079

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00520a

Open Access Article. Published on 14 kvtna 2024. Downloaded on 24.11.2025 9:36:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

As mentioned above, in recent years, there have been many
studies on the modification of Nafion membranes aimed at
improving their performance. The research results are sum-
marized in Table 2. It cannot be ignored that the high cost of
Nafion greatly limits the large-scale application of flow bat-
teries, and thus the development of CEM without Nafion has
become a research hotspot in recent years.

6. Other cation exchange
membranes
6.1 Polytetrafluoroethylene (PTFE)-based CEM

The perfluorocarbon structure of PTFE ensures the high
chemical and mechanical strength of membranes, but PTFE
membranes have low proton conductivity due to the lack of
ion exchange groups. Therefore, previous studies aimed to
introduce components with high proton conductivity in the
PTFE matrix to improve its proton conductivity.

Teng et al. used a solution impregnation method, in which
a PTFE membrane was first impregnated with Nafion to
prepare a PTFE/Nafion (P/N) composite membrane, and then
the P/N membrane was further impregnated in tetraethoxysi-
lane (TEOS) solution to fabricate the PTFE/Nafion/SiO, (P/N/S)
composite membrane.’®*''" Ye et al. proposed a solution
casting method by first dispersing functionalized silicon
carbide nanowires (f-SiC) or acid-etched graphene oxide
(d-GO) nanosheets in a perfluorosulfonic acid (PFSA) matrix,
and then coating them on both sides of an ultra-thin PTFE
layer to prepare a composite membrane.**''* As shown in
Fig. 10a and b, the uniformly dispersed d-GO nanosheets or
f-SiC nanowires provide more pathways for proton transport,
and thus enhance the proton conductivity of the membrane
(14.3 mS em™" for d-GO@PFSA-PTFE composite membrane).
The PTFE layer as the core layer can effectively suppress the
expansion rate and improve the stability of the membrane. As
shown in Fig. 10c and d, the battery assembled with the
PTFE@PFSA/f-SiC membrane had a lower self-discharge rate
(with an open circuit voltage holding time of 113.1 h), endow-
ing the battery with a higher efficiency and cycle stability in
1000 cycles. In addition, Teng et al. used a layer-by-layer self-
assembly method to prepared ultra-thin (~30 pm) polycation
poly(diallyl dimethylammonium chloride) (PDDA)/polyanion
poly(sodium styrene sulfonate) (PSS) (named as P/S) films on
PTFE."? The membrane showed good ion selectivity and the
VRFB with the P/S-(PDDA/PSS), membrane exhibited improved
cycling stability.

6.2 Sulfonated polyetheretherketone (SPEEK)-based CEM

SPEEK is a polymer obtained by sulfonating polyetheretherke-
tone (PEEK), and thus SPEEK membranes usually exhibit
sufficient proton conductivity. In addition, they are easy to
prepare and cost-effective, and present lower permeability to
vanadium ions. However, SPEEK exhibits high swelling, poor
mechanical stability and high vanadium ion crossover when
the polymer matrix is highly sulfonated.******

This journal is © the Partner Organisations 2024
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Previous reports have shown that the addition of inorganic
nanoparticles, such as WO;,'*® and TiO,,"”**® is a feasible
way to limit the swelling of SPEEK and reduce the per-
meability of vanadium ions due to the formation of hydrogen
bonds. Wang et al. demonstrated that doping of hydrophilic
TiO, nanoparticles in a SPEEK membrane could improve its
proton conductivity (14.3 mS cm™")."*® Myures et al. also pre-
pared a hydroxy boron nitride (OH-BN)-reinforced SPEEK
composite membrane using a simple phase conversion
technique."*°

Carbon materials are also good candidates for the modifi-
cation of SPEEK by doping. Luo et al used functionalized
carbon black (FCB) particles as fillers to obtain advanced
SPEEK/FCB composite membranes.”> As shown in Fig. 11a-c,
the SPEEK/FCB-3 composite membrane exhibited excellent
ionic selectivity (~1.2 x 10° S min em™), low vanadium per-
meability and high proton conductivity compared to the orig-
inal SPEEK and commercial Nafion 212 membrane. Moreover,
Dai et al. prepared SPEEK/GO composite membranes using the
conventional solution casting method."* As shown in
Fig. 11d, the randomly embedded GO nanosheets in the
SPEEK/GO membrane could act as an effective barrier to block
the migration of vanadium ions, and significantly reduce their
permeability. Zheng et al. used the same method to prepare a
SPEEK/SGO composite membrane with sulfonated graphene
oxide (SGO) nanosheets as a filler.'** The layered structure of
SGO and Donnan repulsion effect successfully suppressed the
permeability of vanadium ions and exhibited high proton con-
ductivity. Jia et al. and Ding et al. contributed to the uniform
distribution of functionalized carbon nanotubes in the SPEEK
matrix."*>'** However, despite the significant advances, the
durability of these composite membranes with carbon
materials has not been fully examined in VRFB systems.

To improve the chemical stability and tensile strength of
SPEEK, a polymer coating layer has been commonly used to
reinforce the membrane. Zhao et al. used PVDF with high
mechanical properties and good chemical stability to modify
the surface layer of SPEEK."*° The ion selectivity of the SPEEK/
PVDF composite membrane was significantly improved and
the VRFB with this membrane showed an enhanced perform-
ance. Xi et al. obtained a SPEEK/PDA composite membrane via
the self-polymerization of a polydopamine (PDA) layer on the
surface of SPEEK."”” The PDA film acted as a barrier layer to
protect the SPEEK membrane from corrosion by the high-oxi-
dizing vanadium electrolyte. Recent research also utilized the
reinforcing effect of PTFE to inhibit the water absorption and
swelling ratio of SPEEK. In addition, the chemical and
mechanical stability of PTFE can greatly improve the perform-
ance of the membrane. Wei et al. prepared PTFE-reinforced
SPEEK composite membranes (SPEEK/PTFE)"*® and Yu et al
also demonstrated a PTFE/SPEEK/PTFE sandwich structure.'*®
The VRFB based on this membrane exhibited an ultra-long
lifespan (620 cycles), as shown in Fig. 11e.

In summary, most of the results based on SPEEK are listed
in Table 2. However, due to its poor cycling stability and
limited energy efficiency, especially at high operating current
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densities, the wider application of SPEEK based membranes is
still hindered.

6.3 Sulfonated polyimide (SPI)-based CEM

SPI, as a low-cost fluorine-free aromatic polymer, has been uti-
lized in VRFB because of its good mechanical and chemical
properties.

The introduction of inorganic additives can improve the
performance of SPI membranes and the main additives
include TiO,,'*° Zr0,,"*° AIOOH,"' s-MoS,"* and
s-MWCNTs."** Among them, Li et al. prepared a composite
membrane of SPI and sulfonated molybdenum disulfide
(s-MoS,) using a blending method."**> Due to the enhanced
hydrogen bonding between SPI and s-MoS,, as well as the
barrier effect of s-MoS, sheets, which were uniformly distribu-
ted along the cross-section of the membrane (Fig. 12a and b),
the SPI/s-MoS, membrane was found to enable high proton
conductivity (27.5 mS em™"), lower vanadium ion permeability
(1.21 x 1077 em® min™") and good stability (500 cycles). Also,
the self-discharge time of the cell was longer than that with a
Nafion membrane (Fig. 12c).

In addition, the modification of SPI with polymers has
been achieved by the immersion and self-assembly method.
CS/SPI composite membranes have been proved to be effective
in blocking vanadium ion permeation."**"'*° The cross-linking
structure of CS and the blockage of micropores by CS in CS/
SPI composite membranes significantly inhibit the crossing of
vanadium ions. Li et al. synthesized a sulfonated polyimide
polymer (PFSPI) with polyurea structure, and further modified
PFSPI with polyacrylic acid (PAA) to prepare a novel
PFSPI-PAA-X composite membrane."®” This membrane exhibi-
ted low area resistance and low vanadium permeability. The
assembled VRFB showed a lower self-discharge rate (with an
open circuit voltage holding time of 52.3 h), demonstrating
excellent durability in 500 cycles.

To enhance the proton conductivity of SPI, hydrophilic
polyvinyl alcohol (PVA) can be blended with SPI to form a
microstructure with highly dispersed phase separation, which
keeps the hydrophobic main chain away from water molecules,
thereby improving the chemical stability and proton conduc-
tivity of SPL.'*>*° 1t is worth noting that using the branching
structure of SPI to prepare composite membranes can also
improve the limitation of poor microphase separation in pure
SPI. Li et al. developed a branched SPI-B membrane'*® and 6F-
s-bSPI membrane'*’ via the high-temperature condensation
method. As shown in Fig. 12d, the branched sulfonated polyi-
mide (SPI-B) membrane, consisting of 2-methyl-1,4-bis(4-
amino-2-trifluoromethyl) benzene (FAPOB) as a functional
diamine monomer, exhibited an excellent vanadium ion block-
ing performance and proton conductivity. The SPI-B mem-
brane with a sulfonation degree of 50% (SPI-B-50) exhibited a
higher coulombic efficiency, voltage efficiency and energy
efficiency, and longer lifespan in VRFB compared to that with
Nafion (Fig. 12e and f).

In summary, although modified SPI membranes result in
an improved battery performance compared to the original SPI
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voltage efficiency and energy efficiency and (d) open circuit voltage attenuation curves of VRFB assembled with Nafion 212 and PTFE@PFSA/f-SiC
membranes. Reproduced from ref. 43 with permission from Elsevier, Copyright 2021.
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membrane, as shown in Table 2, their proton conductivity 6.4 Polybenzimidazole (PBI)-based CEM
remains at a relatively low level throughout the ion exchange

membrane, thus further efforts should be devoted to further
optimizing the structural regulation/recombination.
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making it a promising

PBI has a highly stable polymer framework and low cost,

membrane material for application in
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(a) Proton transport mechanism and (b) surface morphology of SPI/s-MoS, composite membrane. (c) Open circuit voltage of VRFB with

SPI/s-MoS,, SPI/MoS, and Nafion 117 membranes. Reproduced from ref. 132 with permission from Elsevier, Copyright 2015. (d) Synthetic pathway of
SPI-B  membranes. (e) Performances of VRFB with SPI-B-50 and NR212 membranes during 100 cycles. (f) Performance of VRFB with
SPI-B-50 membrane during 500 cycles. Reproduced from ref. 138 with permission from Elsevier, Copyright 2023.

acidic and oxidizing conditions. The results show that the pore
size of PBI films is about 0.5-2.0 nm, which is helpful to
reduce the of vanadium ions through the
membrane.'**"** However, the proton conductivity of pure PBI
membranes is very low (~107"* S em™),"** and acid-doping
and protonating N atoms in PBI are needed to improve the
proton mobility.

The dense skeletal structure of PBI and the strong hydro-
gen bonding between the main chains are insensitive to the
general method of acid doping such as soaking pretreatment.
Therefore, adding side chains and copolymerization modifi-
cation are usually adopted to endow PBI with a larger free
volume for higher degree of acid doping. For example, Ding
et al. synthesized a PBI membrane with thiophene ring side
group (TM-OPBI)'*®