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Abstract

Redox flow batteries are promising technologies for long-duration, large-scale energy storage
applications. Among them, non-aqueous redox flow batteries (NARFB) represent a transformative
flow battery system since NARFBs potentially offer a higher energy density than aqueous flow
batteries. However, many technical challenges remain for NARFBs, including the lack of high-
performance membranes, low solubility of redox materials, and poor cycling efficiencies.
Membranes serve a vital function in NARFBs, as they allow for selective ion transport while
providing separation between the anolyte and catholyte. NARFB membrane development is an
emerging research area, and this article reviews their design and critical factors that influence
membrane properties, including solvent uptake, ion transport, and redox species permeability. A
greater understanding of membrane behavior in non-aqueous solutions provides design principles
for developing next-generation membranes for NARFB. Finally, we summarize the challenges,
target metrics, and future perspectives for NARFBs.

The Bigger Picture

Many countries have enacted renewable energy targets of 32% or more by 2040 to reduce their
carbon footprint. However, due to the intermittent nature of renewable energy sources, stationary
energy storage systems are vital for providing a secure and stable electricity supply. Redox flow
batteries (RFBs) are well suited for grid storage applications due to their modular design and ability
to decouple energy and power. Furthermore, non-aqueous redox flow batteries (NARFBs) show
great potential as next-generation RFBs due to their flexible material selection and wide operating
voltage window. This review highlights several key challenges and future perspectives of
NARFBs, with a focus on membrane development. Understanding membrane design strategies
and challenges provides a path forward for the widespread adoption of next-generation RFBs.
Moreover, insights into the design principles of membranes for non-aqueous systems lay a strong
foundation for the development of electrolyte separators for solid-state batteries and other energy
storage systems.

Keywords Redox flow battery, ion exchange membrane, non-aqueous, long-duration energy
storage

Introduction

Large-scale, long-duration energy storage (LDES) is a key technology to enable widespread
adoption of renewable energy resources (solar, wind, etc.) and to meet the growing demands of an
energy intensive economy. Further, increased renewable energy penetration in the electric grid is
essential for decarbonization to address global climate change. Several governments and states
have mandated targets to increase electricity generation from renewable sources. For example, the
European Union set a 32% renewable target by 2035,! and California plans to achieve net-zero
carbon by 2040.2 The switch to renewables requires a diverse and flexible energy storage portfolio
to meet the power demands of the grid and energy-intensive manufacturing processes. A recent



techno-economic study suggests that for storage between 10-100 hours at rated power, the
levelized cost of storage (LCOS) should be > $0.05 kWh'!.3> Furthermore, The United States
Department of Energy (DOE) long duration storage shot’s recent announcement sets an aggressive
goal of reducing grid-scale energy cost by 90% within the next decade for systems delivering 10
plus hours of storage.* This target is based on the $162 kWh! 2020 capital cost of a 100 MW
lithium-ion battery. To meet this demand, new battery technologies utilizing earth-abundant and
low-cost components are necessary. The majority of energy storage systems on the grid utilize
lithium-ion batteries, and redox flow batteries (RFBs) occupy less than 1% of the market.> Current
Li-ion batteries thrive mainly at shorter durations (less than 4hr), where their value can overcome
their high cost. However, the LCOS for Li-ion batteries increases with storage duration.’* In
addition, the use of Li-ion batteries in large-scale installments introduces engineering complexity
and safety challenges. For example, a single cell or pack failure can lead to thermal runaway
propagating through the entire system.® Thus, it is imperative to advance alternative battery
chemistries for large-scale stationary applications. RFBs are well suited for LDES due to their
modular design and ability to decouple power and energy performance.’-3

Non-aqueous RFBs (NARFBs) have emerged as alternatives to aqueous RFBs (Figure 1). The use
of an organic solvent can offer a much higher operating voltage than aqueous RFBs, which in turn
can increase the system’s energy density. NARFBs show great potential as next-generation RFBs,
with some systems having theoretical specific energies over 200 Wh kg'!, almost 10 times greater
than aqueous vanadium RFBs.” A DOE report predicts the LCOS of utility-scale installments for
a chromium/iron-based NARFB ($0.20-0.25 kWh!) to be half that of an aqueous vanadium RFB
($0.42-0.48 kWh!).!° However, many challenges still need to be addressed before NARFBs can
reach commercial viability, including the development of redox-active species with improved
stability/solubility and higher performance membranes.
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Figure 1. Schematic of a non-aqueous redox flow battery, with examples of organic-based redox
couples. Anolyte contains benzophenone (BP), and catholyte contains 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO).

To achieve stable NARFB performance, membranes must provide high mechanical strength, high
ionic conductivity and selectivity, and excellent chemical and electrochemical stability.!! The
development of membranes designed explicitly for NARFBs has only occurred within the last
decade. A recent review by Li et al. summarizes membrane performance and characterization
techniques useful for NARFB applications.!”> The most widely used membranes for NARFBs
include microporous separators (e.g., Celgard) and polymer membranes originally designed for
aqueous systems (e.g., Nafion). Unfortunately, microporous porous separators are unable to
prevent anolyte/catholyte crossover, and commercially available membranes for aqueous systems
often exhibit poor mechanical and chemical stability in the organic solvents used in NARFBs.

This review is comprised of three parts: (i) a brief overview of redox-active materials and their
performance in NARFBs, (ii) a detailed discussion on membrane development, chemistry, and
synthesis techniques and how these factors govern membrane performance, and (iii) an in-depth
discussion into factors controlling electrolyte uptake, ion transport, and redox species permeability
in non-aqueous systems. The effect of organic solvents on membrane properties in non-aqueous
systems is complex and not well-understood. Greater insight into the impact of organic solvents
on membrane properties will provide design strategies for improved membranes for NARFBs and
other battery technologies.

Overview of NARFB Chemistries and Performance

NARFBs allow for the use of a large variety of redox couples, and several comprehensive reviews
have been recently published, covering both metal and organic-based redox materials.”-!*> A brief
overview of selected redox couple systems is covered here and summarized in Table 1. Metal-
ligand-based redox species consist of a transition metal center and ligand. The most widely
employed transition metals are iron, cobalt, vanadium, ruthenium, and chromium. Common
ligands include acetylacetonate (M(acac);) and cyclopentadienyl anions (metallocene-type
compounds, e.g., ferrocene, Fc) (Figure 2a-b). Metal-ligand-based complexes tend to have low
solubility in organic solvents, reducing the energy density of the battery. M(acac); redox species
(M= Cr, V, Ru) typically have solubilities in the range of 0.05 to 0.1 M in acetonitrile.'* The
solubility of metallocene complexes can be improved by adding functional groups to the
cyclopentadienyl rings.!> For example, the solubility of Fc in a carbonate mixture (ethylene
carbonate (EC)/propylene carbonate (PC)/ethyl methyl carbonate (EMC)) increased from 0.04 M
to 0.85 M with the addition of a quaternary ammonium group to one of the cyclopentadienyl rings
(Figure 3a).!> With the increase in solubility of the Fc complex, battery performance was reduced
at the higher concentration (90% Coulombic efficiency (CE) at 0.8 M compared to 99% CE at 0.01
M). The decrease in efficiency was attributed to increased solution viscosity and the need to utilize
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a lower current density (1.5 mA c¢cm™ compared to 3.5 mA cm2) and highlights the challenges
faced with high concentrations of active material.

2 &0 dou

(a) (b)

/ )

o
0 _O
Fe—o
N2
~ O O\ /)
b
+e
Q L2
0 .0 .
/Fe\o Fe
-o(l) D <
E°=217V 3.44V

|

O
Ml

N+

35V

N

o

3.74 V

|

|

—~

+e

Oy S

153 V

3.93V

Figure 2. (a-b) Metal-ligand-based and (c-f) organic-based redox-active materials with
approximate redox potentials vs. Li/Li* (a) Iron acetylacetonate (Fe(acac);). (b) Ferrocene (Fc).
(c) 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). (d) benzoquinone (e) fluorenone (FL). (f) 2,5-
di-tert-butyl-1-methoxy-4-[2'-methoxyethoxy]benzene (DBMMB).



Table 1. Summary of several NARFB chemistries and performance.

11 E
Redox cell NCT8Y  CE/EEd | Number | ConoM
Counle ¢ Electrolyte Membrane Potential Density %) of Cycles Density | Ref
P (V)Y | (WhL1y ° Y (mA cm?)
Fe(acac)y 0.4 M Nafion + Si
Cr (acac)3 TEABF, in nanoparticles 1.2 - 99/53 50 5 16
* AN/ Dioxane (CEM)
IM LiTFSI in
FcINI112- lyethyl
C e BC/PC/EMC/  POYETYIENe 35 50 90/76 18 1.5 13
TFSI| Li based (porous)
FEC
15D3GQ IM LiPFg in Celgard
2.4 2 - 1 17
|Li PC (porous) 5 170 ? 0
BP| 0.5M UltrexTM
TEMPO TEAPF; in AMI-7001 2.4 136 81/42 7 0.5 18
AN (AEM)
MePH] IMLiTFSIin  Daramic 175
2 19
DBMMB DME (porous) 3 ? 90/68 >0 39
Me-TEG-
DAAQ TEATFSI in
fi EM 2. 4 - 1 2.1 20
symmetric DME Nafion (CEM) 7 9 96/ 00
1M TEABEF, Daramic
PT3|AQ4 2. . 1/81 1 13.4 21
3]AQ in AN (porous) 8 0.75 91/8 0 3
4 Oxo
TEMPO)| Fumasep
IM TEABF
1S)- pC *  FAP- PP375 2.1 - 71/80 3 1 2
Camphorq (AEM)
uinone
FL| IM TEATFSI Daramic
2.4 1 1 1 23
DBMMB in AN (porous) 3 90770 00 >
1 M LiClIO4  Nafion/ PVDF
BPh|F . 2 .02 24
|Fc in TEGDME (CEM) 3.0 90/56 0 0.025

@acac= acetylacetonate, Fc1N112-TFSI= ferrocenylmethyl dimethyl ethyl ammonium bis(trifl uoromethanesulfonyl) imide,
15D3GAQ= 1,5-bis(2-(2-(2-methoxyethoxy)ethoxy) ethoxy)anthracene-9,10-dione, BP= benzophenone, TEMPO=2,2,6,6-
tetramethyl-1-piperidinyloxy, MePH= N-methylphthalimide, DBMMB= 2,5-di-tert-butyl-1-methoxy-4-[2'-
methoxyethoxy]benzene, Me-TEG-DAAQ=1,4-bis((2-(2-(2-methoxyethoxy)ethoxy)ethyl)amino)-anthracene-9,10-dione, PT3=

derivative of phenothiazine, AQ4= derivative of anthraquinone, 4 Oxo TEMPO= 4-0x0-2,2,6,6-tetramethyl-1-piperidinyloxy,

FL= 9-fluorenone, BPh= biphenyl, Fc= ferrocene, TEABF,= tetracthylammonium tetrafluoroborate, LiTFSI= lithium
bis(trifluoromethanesulfonyl)imide, LiPF¢= lithium hexafluorophosphate, TEAPF¢= tetracthylammonium hexafluorophosphate,
TEATEFSI= tetraethylammonium bis(trifluoromethanesulfonyl)imide, LiClO4= lithium perchlorate, AN= acetonitrile, EC=
ethylene carbonate, PC= propylene carbonate, EMC= ethyl methyl carbonate, FEC= fluoroethylene carbonate, DME=

dimethyloxyethane, TEGDME-= tetraethylene glycol dimethylether, CEM= cation exchange membrane, AEM= anion exchange

membrane. ?Theoretical Values. ¢ Experimental values. ¢ CE= Columbic efficiency, EE= energy efficiency, taken at final cycle

number.



Organic-based redox-active materials can be easily modified to improve their solubility, redox
potential, kinetics, and stability.?>2¢ Examples of redox-active organic molecules include 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO), quinones, fluorenone (FL), and 2,5-di-tert-butyl-1-
methoxy-4-[2'-methoxyethoxy]benzene (DBMMB) (Figure 2c-f). TEMPO is widely studied for
both aqueous and non-aqueous RFBs due to the formation of a stable radical species with high
solubility. A TEMPO redox species was soluble up to 5.2 M in carbonate solvents and had a redox
potential of 3.5V vs. Li/Li*.?” Quinones are relatively inexpensive and commercially available
carbonyl compounds. Many quinones and their derivatives (such as 1,4-bis(2-methoxyethoxy)
anthraquinone shown in Figure 3b) can provide up to two-electron equivalents to achieve a higher
energy density at lower active material concentrations.?!
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Figure 3. Modified redox-active materials with redox potentials vs. Li/Li*. (a) Ferrocenylmethyl
dimethyl ethyl ammonium bis(trifluoromethanesulfonyl)imide (FcIN112-TFSI). (b) 1,4-bis(2-
methoxyethoxy) anthraquinone (AQ4).

DBMMB is an example of an organic-based active species with a high redox potential (3.93 V vs.
Li/Li*),?® and when used in conjunction with FL, a flow battery achieved a cell potential of 2.4 V
and 90 % CE (Table 1). Furthermore, the stability of radical species formed during cycling was
highly dependent on the supporting electrolyte composition (Figure 4).> For example, FL
exhibited poor stability with the electrolyte TEA-BF, (tetracthylammonium tetrafluoroborate) in
acetonitrile, while stability greatly improved by changing the salt to TEA-TFSI
(tetracthylammonium bis(trifluoromethanesulfonyl)imide) in acetonitrile. In addition to
developing anolytes/catholytes with high solubility, another method to increase the energy density
of NARBsS is to utilize electrochemical reactions.?3* Mediated NARFBs have the potential to
dramatically increase the energy density of the battery due to the energy being stored in a solid
active material rather than the soluble redox species. For example, Self et al. utilized a red
phosphorus-based anode mediated by arene anion radical species. The redox-active arenes
electrochemically mediated the sodiation/desodiation of the phosphorus to create an anode with a
demonstrated solid material capacity of 800 mAh g, although parasitic reactions involving the
mediators need to be mitigated to improve system lifetime.’

Many NARFB studies partially attribute challenges in their battery performance to poor stability
and selectivity of the membrane in the system.!®?? Poor membrane selectivity allows for a
significant crossover of the redox species to occur, resulting in low CE. Nevertheless, due to the
limited research on membranes designed for NARFBs, performance improvements are mainly



constrained to modifications of the redox-active species. Furthermore, achieving a high current
density is important to enable high power density and is directly related to the area specific
resistance (ASR) of the electrolyte and separator. The current densities reported for NARFBs with
porous separators (10 to 40 mA cm2) 71923 are generally higher than commercially available
dense membranes (0.025 to 2.1 mA cm2).20222431 Tn comparison, aqueous RFBs operate at much
higher current densities on the order of 100 mA c¢cm=.3? Thus, to improve battery performance and
enable practical current densities, the development of membranes with high ionic conductivity and
low permeability is imperative.
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Figure 4. Radical stability in various supporting electrolytes. (a) Negative side (FL*) and (b)
positive side (DBMMB"). Reprinted with permission from Wei et al.>3 Copyright 2015 Wiley.

Membranes for NARFB

The US DOE’s recent announcement sets an aggressive goal of reducing long-duration energy
storage costs by 90% within the next decade. To reach such as aggressive target, achieving
enhanced performance while reducing component costs are necessary. Furthermore, next-
generation RFBs, such as NARFBs, should be able to achieve a minimum of 1250 cycles, or 5



years of operation, to be competitive with Li-ion systems.? Realistically, a lifetime of >10 years
is expected. The membrane, as a critical component in a NARFB, should exhibit:

1. High ionic conductivity

A membrane needs to have low area specific resistance, which requires thin membranes with high
ionic conductivity. Darling et al. recommended a target resistance of < 2.3 Q cm?,3? where for
example, 30 um membrane would require a conductivity of 1.3 mS cm'.

2. Low permeability of redox-active species

Failure to effectively block the transport of the redox-active species through the membrane can
lead to self-discharge and irreversible capacity loss. Maintaining a CE of 99.99% or higher is
necessary to achieve stable long-term performance of a flow battery. To achieve such high CE of
an operating cell, a membrane needs to have an active species permeability of < 10-1° cm?s-!.

3. High mechanical stability/ low swelling ratio

High mechanical and dimensional stability in organic solvents reduces membrane fatigue and
enables thinner membranes to be utilized. Excellent mechanical strength also allows the membrane
to withstand the pressure induced by flowing liquids in the cell. Excessive dimensional swelling
of the membrane reduces its mechanical strength and increases stress when assembled into a
device. Furthermore, a membrane with high mechanical strength allows for facile integration into
large-scale roll-to-roll manufacturing.

4. Chemical and electrochemical stability

Excellent chemical and electrochemical stability mitigate side reactions of the membrane with the
electrolyte, which is critical to enable stable device performance. More specifically, the membrane
needs to be stable in organic solvents and against highly oxidative and reductive redox couples.
Furthermore, to fully utilize the benefits of a non-aqueous system, a wide operating voltage is
needed. A simulation study by Chen et al. indicates that many polymers utilized as electrolytes for
Li-ion batteries have an electrochemical stability window (ESW) of 4.75 eV.3* As redox couples
are developed that can achieve larger potential windows, the electrochemical stability of the
membrane will become a critical factor.



104
> ] Celgard {
= : >
o 10°4 3
<
c <0 1 @ P4VP/PVC ]
)] 10'7__ . . Nafion 212 |
O 7 < aramid nanofiber v Nafion/ PVA E
o £
,-.E” "C—J’ -8 ] |
) 1075 B Neospeta AHA E
® ! |
; 1 0-9_: sPS/ PDDA coated PDDA/ urushi E

1 ¥ aramid nanofiber‘/ thin layer
107+ = PDDA/ urushi pore filed_|

10" 10° 10' 10° 10°
Conductivity (mS cm'1)

Figure 5. (a) Selectivity of various NARFB membranes. All studies measured the permeability of
V(acac);. References for the data points in the plot are: Celgard, Neosepta AHA, and PDDA/
urushi Ref 33; P4VP/ PVC, Ref 3%; aramid nanofiber and sPS/ PDDA coated aramid nanofiber,
Ref 37; Nafion/ PVA and Nafion 212, Ref3!. QPPO= quaternary amine form of poly(phenylene
oxide), PDDA= poly(diallyl dimethylammonium), P4VP= poly(4-vinyl pyridine), PVC=
polyvinyl chloride, sPS= sulfonated polystyrene, and PV A= polyvinyl alcohol.

Unfortunately, there is often a trade-off among these performance requirements. High ionic
conductivity generally comes at the cost of decreased selectivity,’® as demonstrated with reported
values of conductivity and redox species permeability (Figure 5). In addition, many polymeric
systems with high mechanical and chemical stability typically exhibit poor room-temperature ionic
conductivity.3*#! For non-aqueous systems, there are many factors involved that impact a
membranes’ uptake, conductivity, and active species permeability, and these are discussed in detail
later in this review. Here, we provide an overview of works developing membranes for NARFBs,
with an emphasis on membrane chemistry. For this review, membranes are classified into 4 broad
categories: anion exchange membrane (AEM), cation exchange membrane (CEM), porous
membrane, and other functional membranes (Figure 6). Other functional membranes are classified
here as membranes that contain a combination of exclusion methods, such as a porous anion
exchange membrane.

AEMs are the most widely developed membranes for NARFBs. The cation tethered to the polymer
backbone aids the transport of an anion while blocking the transport of positively charged species
by Donnan exclusion. Many redox couples are positively charged (e.g., ferrocenium cation), with
the charge carrier being the anion. Thus, AEMs can serve as the appropriate choice of membrane
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for these systems. On the other hand, CEMs contain an anion tethered to the polymer backbone,
allowing the transport of cations through the membrane while blocking the transport of anions.
Porous membranes are defined here as separators that do not contain any chemical functionality
to inhibit the transport of redox couples or ions. Porous separators block the transport of redox
species via size exclusion, though often, the pore size is larger than the solvated redox compound.
Porous separators allow for transport of both anion and cation, thus offering no selectivity toward
the charge carrier. Other functional membranes, as defined here, are porous membranes with added
chemical functionality to block the transport of redox species via size exclusion and Donnan
exclusion.

- ::':\.'[aca:]%

@ v ' \Viacags . F
Vlacac)s \ .

Figure 6. Schematic of the 4 categories of membranes for NARFBs and their ion transport
mechanism. (a) Cation exchange membrane, (b) anion exchange membrane, (c) porous separator,
and (d) other functional membranes. The arrows represent the relative ease of ion transport through
the membrane: solid fast transport, dash moderate transport, and dotted slow transport.

To date, a handful of ionic groups have been utilized for ion exchange membranes for NARFBs
(see Figure 7a and Table 2). In some cases, membranes containing larger cations (i.e., 1-
methylpyridinium) exhibit lower V(acac); permeability than those prepared with a smaller cation
(i.e., trimethylammonium).*> Examples of potential ionic groups yet to be explored for NARFB
membranes are given in Figures 7b and 7c. While the list of ionic groups in Figures 7b and 7c is
by no means comprehensive, the depicted cations demonstrate improved stability in aqueous
environments, while the anions show improved conductivity lithium-based battery studies.
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Figure 7. (a) Ionic groups utilized in NARFB membrane studies. For ease of comparison, the
abbreviation in parenthesis is the same as that used in Table 2. (b) Examples of potential cationic
groups for anion exchange membranes. (¢) Examples of potential anionic groups for cation
exchange membranes.
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Table 2. Summary of NARFB membrane properties.

Thickness = Type/ Ionic Uptake | Swelling | Conductivity = Permeability®
Membrane (um) IEC*  group Electrolyte (%) | Ratio(%)  (mSem') | (emlsh)x107 RO
Neosepta AEM 0.1IM TEABF, 0.085 - 3143
AHA 220 139 TMA i AN 27 3.5 0.53-5.27 0.0957
Neosepta AEM 0.1M TBABF, 37
AHA 220 139 TMA i AN 27 0.020 0.03
Fumasep AEM 0.5M TEABF, 0.0613 -
55 TMA . 47 - 48 0.481 -3.46 35,44
FAP-450 0.76 in PC 0.0976
PS/DVB on
AEM 0.5M TEABF, “
porous 28 204 TMA in PC 10.1 0.430 0.0445
support
PDDA/
.SM TEABF
Urushi on 30 AEM Pyrrol 05 . N 0 1.37 0.00226 3
in PC
Celgard
PGMA with AEM IM TEABF, "
Si/ PVDF 39 155 TMA in AN 35.9 8.9 0.33 83.5
P4VP with AEM o IM TEABF, "
Si/ PVDF 45 112 pyridine i AN 33.0 9.0 0.39 69.2
P4VP with AEM o 0.1M TEABF, ”
PVC 32 185 pyridine i AN n/a 3.0 0.090 2.56
CEM 0.1M TEABF, 3
Nafion 212 50 0.93 sulfonate i AN 17.1 9.3 10.7 0.733
Nafion 212 55 CEM - fonate  OOMTEABE 4 3.75 0.778 35
0.93 in PC
.IM TEABF
Celgard 25 porous none 0 . N 111 370 - 550 18.4-24.0 3%
in AN
1.0M TEABF,
- PE 1 152 4.1 8 42
W-Scope 8 porous none i AN 5 0 89
Aramid 0.1M TBABF, 37
nanofiber 8.5 porous none i AN 0.10 0.820
PS/PDDA
zrasr; » .,  AEM/ sulfonate 0.IM TBABF, 0.10 0.007 .
CEM  /Pyrrol in AN ’ ’
nanofiber
PNVC with porous 0.1M TBABF, "
Si/ PVDF 60 / AEM Carb in AN 553 9.4 10.1 2150
PDDA/
Urushi pore porous 0.5M TEABF, 3
filled 28 / AEM Pyrrol i PC 0 5.37 0.00141
Celgard
PV A/Nafion porous 0.1M TEABF,
1f . 49.1 . 3
on Celgard 60 / CEM sulfonate i1 AN 80 0.6 9 0.600
POATS- CEM IM LiFSI in
c 45
PPO n/a 117 sulfonate DMC 38 0.06 0.03

PDDA= poly(diallyl dimethylammonium), PGMA= poly(glycidyl methacrylate), PVDF= polyvinylidene fluoride,
P4VP= poly(4-vinyl pyridine), PVC= poly(vinyl chloride), sPS= sulfonated polystyrene, PNVC= poly(N-vinyl
carbazole), PVA= poly(vinyl alcohol), TMA= trimethylammonium, Pyrrol = 1,1-dimethylpyrrolidinium, Pyridine=
I-methylpyridinium, Carb= 9-methylcarbazolium, TEABF,= tetraethylammonium tetrafluoroborate, TBABF,=
tetrabutylammonium tetrafluoroborate, AN= acetonitrile, PC= propylene carbonate.

13



3TEC = ion exchange capacity of the membrane, defined as the mmoles of ionic units per gram of polymer (meq g'),
"Permeability of vanadium acetylacetonate (V(acac)s). °Ferrocene permeability. CEM= cation exchange membrane,
AEM-= anion exchange membrane.

Anion Exchange Membranes (AEMs)

Commercially available AEMs that have been tested in NARFBs include Neosepta AHA and
Fumasep FAP membranes. Neosepta AHA is a thick reinforced membrane (220 um) consisting of
a crosslinked styrene-divinylbenzene backbone with an ion exchange capacity (IEC) of 1.39 meq
g!l. The membrane demonstrates reasonable BF, conductivity (0.53-5.27 mS cm!), and V(acac);
permeability (8.5x10° to 9.57x10° cm? s!) performance (Table 2).314 While the ionic
conductivity is competitive with other dense membranes, the thickness of the membrane leads to
high ASR values (4.1 to 41 © cm?), making it unsuitable for use in high power NARFBs. Using a
similar chemical structure as Neosepta AHA, Kim et al. created a pore-filled AEM of only a 28
um thickness and a higher IEC (2.04 meq g') (Figure 8a).** The crosslinked styrene-
divinylbenzene-benzyl trimethyl ammonium membrane exhibited similar conductivity and
permeability values as Neosepta AHA. With the significant reduction in membrane thickness, the
ASR was reduced to 0.286 Q cm?. Fumasep FAP-450 membranes consist of an unreinforced
fluorinated polymer backbone with a low IEC (0.7 meq g!) and a moderate thickness (50 um).
The FAP-450 membrane demonstrated similar conductivity and permeability values as Neosepta
AHA, even with the 4x decrease in membrane thickness (Table 2).

(a) (b)

g

¥
/N\

poly(diallyl
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PDDA

poly(styrene
divinylbenzene)

Figure 8. Structure of various polymers used as anion exchange membranes.

An urushi/poly(diallyl dimethylammonium chloride) (PDDA) composite membrane containing 40
wt% PDDA (Figures 8b and 9b) exhibited a V(acac); permeability of 2.26x10-1° cm? s”! and a
BF, conductivity of 1.37 mS cm™! (Table 2).3° The theoretical IEC of the PDDA/urushi polymer
was 2.47 meq g!, though the authors did not report an experimental IEC value. In addition, the
cation in PDDA, a 5 membered heterocyclic quaternary ammonium, offers excellent stability in a
fuel cell environment,*® and may also prove to be a suitable choice for NARFBs.
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Figure 9. Illustration for the fabrication of an anion exchange membrane consisting of crosslinked
poly(diallyl dimethylammonium chloride) (PDDA)/urushi on a Celgard support layer. (a) As a
pore-filled membrane (see discussion in Other Functional Membranes) and (b) a thin polymer
layer. Reprinted with permission from Kim et al.>> Copyright 2018 Elsevier.

Shin et al. explored the performance of poly(glycidyl methacrylate) (PGMA)/alkyl trimethyl
ammonium and poly(4-vinyl pyridine) (P4VP)/pyridinium (Figures 10a and 10b, respectively)
crosslinked polymers with a polyvinylidene fluoride (PVDF) support matrix and silica
nanoparticles.*> PVDF provides a strong chemically inert support, while silica nanoparticles
provide additional mechanical strength and reduce the permeability of redox species.*’” The BF,
conductivities of these membranes were similar (~0.3 mS cm!), while the P4AVP polymer exhibited
a slightly lower V(acac); permeability (6.92 x 10 vs. 8.35 x 10 cm? s'! for the PGMA-based
membrane, Table 2). The decrease in permeability for PAVP may be attributed to the membrane’s
higher anion transport number (see transport number discussion below).
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poly(4-vinyl pyridine), P4VP
Figure 10. Chemical structure of various anion exchange membranes.
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Freestanding membranes consisting of crosslinked poly(phenylene oxide) (PPO) and Diels-Alder
polyphenylene have also been studied as separators for NARFBs. Crosslinked PPO membranes
(Figure 10c) of varying crosslink densities were prepared by the addition of 4,4'-bipyridine at
different molar ratios to brominated PPO.*® IEC increases with increasing addition of 4, 4'-
bipyridine, up to an IEC of 1.03 meq g!. However, the highest IEC membrane was too brittle for
testing. Membranes with an IEC of 0.89 meq g-! had a [Tf,N]- conductivity of 0.34 mS cm! in an
AN-based electrolyte with an uptake of 27%. Diels-Alder polyphenylenes consist of a fully
aromatic backbone (Figure 10d), which offers improved chemical stability compared to
heteroatom containing backbones,*-% but also requires a certain amount of electrolyte uptake to
soften the backbone to ensure a usable membrane. In a propylene carbonate (PC) based electrolyte,
Diels-alder polyphenylene AEMs with IEC values of 2.0 and 2.5 meq g'! exhibited dimensional
swelling of 35-40%.°! These membranes could be tested due to the plasticizing effect of PC, while
the membrane with an IEC of 1.5 meq g'! was too brittle and unable to be tested, presumably due
to low PC uptake. As expected, BF; conductivity increased with increasing IEC (1.63 to 1.96 mS
cm! for the 2.0 and 2.5 meq g'! IEC membranes, respectively), while CE decreased. A decrease
in CE is an indication of increased permeability of the redox species.

Cation Exchange Membranes (CEM)

Nafion® is a commercially available membrane widely studied for proton exchange membrane
fuel cells®? and aqueous vanadium RFBs.’? Nafion® is a perfluorinated polymer with a sulfonic
acid ionic group and is available in a variety of thicknesses, with or without a support matrix
(Figure 11). Nafion’s chemical structure can form a phase separated morphology that provides ion-
conducting channels, leading to high proton conductivity (60-90 mS cm!) in aqueous systems.>*>>
When used in non-aqueous media, proton conductivity is significantly decreased (3.6 mS cm! in
dimethyl sulfoxide (DMSO0)).> Permeability of neutral V(acac); through Nafion is relatively high
compared to the commercial AEMs of Neosepta and Fumasep (Table 2). 313344 Despite the
moderate redox species crossover through Nafion, few reports exist on the development of
alternative CEMs for NARFBs. McCormack et al. synthesized a PPO membrane with an ionic
phenoxyaniline tri-sulfonate side chain (Figure 12).% In an electrolyte solution containing 1M
LiTFSI in dimethyl carbonate (DMC), the conductivity increased with the membrane’s IEC, while
permeability of Fc remained relatively constant. While Fc permeability was higher for the PPO
membranes (~3.5 x 10 ¢cm? s7!, Table 2) than that of Nafion (~6.0 x 10-!! cm? s!), electrolyte
uptake and Li* conductivity of Nafion was significantly lower. The PPO membrane with the lowest
IEC (0.75 meq g'") exhibited a conductivity of 0.015 mS cm-!, while the membrane with the highest
IEC (1.17 meq g!") had a conductivity of 0.6 mS cm!.
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Figure 12. Synthesis scheme for the fabrication of a Li-ion conducting poly(phenylene oxide)
membrane. Modified and reprinted with permission from McCormack et al.*> Copyright 2020
Elsevier.

Porous Membranes

Commercially available porous separators such as Celgard have been widely used in NARFBs due
to their good wettability, low cost, and chemical stability.’” The average pore size of Celgard is
approximately 28 nm but can contain pores as large as 40 um,?>-3737 while the size of redox species
such as V(acac); is < 1 nm.3! The porous structure enables high ionic conductivity (Table 2) but
also results in high V(acac); permeability ca. 2x10-% cm? s'1.43 As a side note, a large discrepancy
was found in the conductivity values reported for the liquid electrolyte 0.1 M TEABF,/AN without
Celgard and 0.1 M TEABF,/AN with Celgard from NARFB membrane studies, shown in Table
2. Reported conductivity values of the liquid 0.1 M TEABF,/AN electrolyte are 11 to 55 mS cm-
15839 while those in Table 2 reported 370 to 550 mS cm!, an order of magnitude larger. The
addition of Celgard should decrease the conductivity of the liquid electrolyte. The difference may
be due to the measurement techniques and/or reagent purity used, but indicates that conductivity
values alone are not a good determining factor of membrane performance. A nanoporous separator
consisting of aramid nanofibers with a pore size of 5 nm demonstrated improved blocking of
V(acac); permeability compared to Celgard.3” The permeability rate was 8.2x10-8 cm? 7!, 2-orders
lower than Celgard, though at the expense of a significantly reduced BF, conductivity (0.1 mS
cm!) (Table 2). The performance of porous membranes may be enhanced with the addition of
chemical functionality to the membrane surface or within the pores of the membrane.
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Other Functional Membranes

Several studies have utilized membranes that cannot be categorized solely into one of the groups
mentioned above, such as porous membranes that also include anion exchange functionality. One
study fabricated a PDDA/urushi pore-filled membrane via in-situ polymerization of monomers
within the pores of a Celgard separator (Figure 9a).3> This method reduced the pore volume of neat
Celgard by ~20x. V(acac); permeability of the charged porous membrane decreased by 1.6x
compared to a thin PDDA/urushi layer coated onto Celgard, without a reduction in conductivity
(Table 2). In another system, a porous AEM (average pore size of 607 nm) was fabricated from a
bulky poly(N-vinyl carbazole) (PNVC) polymeric structure (Figure 13) and a PVDF support.*?
The authors attribute the formation of the larger than expected pores to the low compatibility
between PNVC and PVDF, resulting in cavity formation. The porous structure resulted in a
significant increase in the permeability of V(acac); compared to Celgard, even with the presence
of additional functionality (Table 2). Another example of a porous AEM consists of electrospun
Nafion-based fibers on a Celgard support.3! The porous selective layer was fabricated by
electrospinning a 2:1 molar ratio of poly(vinyl alcohol) (PVA) and Nafion. The selective layer was
35 pum thick, and the conductivity of the porous membrane was 5% higher than that of a dense
Nafion membrane while maintaining a similar permeability (Table 2).

crosslinked X
poly(N-vinyl carbazole), PNVC

Figure 13. Structure of polymer used as a porous anion exchange membrane.

Impact of Non-Aqueous Solutions on Membrane Properties

To design membranes for NARFBEs, it is imperative to establish an understanding of the structure-
property relationships and the dynamics of ion transport in non-aqueous systems.>*%0 Considering
the vast combination of supporting electrolytes and redox-active species possible for NARFBs,
developing correlations between the supporting electrolyte composition and membrane properties
(i.e., uptake, ion transport, permeability) is imperative for developing high-performance NARFB
membranes.
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Solvent Uptake.

It is essential to control a membrane’s electrolyte uptake and swelling in flow battery applications.
A large amount of solvent uptake generally increases ionic conductivity, but excessive uptake
results in high permeability and loss of mechanical integrity. On the other hand, when the uptake
is limited, the membrane typically exhibits poor ionic conductivity. Uptake is generally correlated
with membrane dimensional swelling unless a support layer is utilized (see discussion below). In
aqueous solutions, backbone flexibility,%3:% polarity,®>-%¢ and membrane IEC®7-%8 have a significant
impact on electrolyte uptake. Due to the ionic groups being hydrophilic, water uptake increases
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with higher IEC in aqueous systems; thus, there is a balance between ionic conductivity and
swelling of the membrane. In non-aqueous solutions, the relationship is much more complex.
Solvent uptake is affected by the physical properties of the polymer as well as that of the solvent.

The effect of solvent properties on lithiated Nafion (Li-Nafion) uptake has been comprehensively
studied by Doyle et al.>® In general, solvent uptake increased with donor number and dielectric
constant. The effect of backbone structure in non-aqueous solvents is not well understood, though
it is intuitive that a rigid backbone may experience less swelling than a flexible backbone. While
the polarity of the backbone greatly affects water uptake in aqueous solutions, the trend is not well
studied and is unclear in non-aqueous solutions. In water, the highly hydrophobic backbone of
Nafion exhibits less uptake than a non-fluorinated backbone such as styrene-ethylene/butylene-
styrene (SEBS) triblock copolymer.’>¢! In organic solvents, such as PC, AN, and DME
(dimethyloxyethane), Nafion exhibits uptake values of 65%, 19%, and 29%, respectively, while
the sulfonated SEBS copolymer had no measurable solvent uptake.®!

The IEC of the membrane also impacts solvent uptake, though the degree to which this occurs
depends on the solvent dielectric constant and the salt concentration. For Li-Nafion, an increase in
DME uptake only occurred at a high IEC (1.27 meq g!).! On the other hand, a gradual increase
in PC uptake was observed with increasing IEC, with a sharp increase occurring at IECs >1.0 meq
¢! (Figure 14a). The lesser change in uptake for DME may be related to its low dielectric constant.
For example, a high dielectric constant solvent exhibited a greater affinity for the ionic regions of
sulfonated polystyrene, while a low dielectric solvent had similar affinities toward the backbone
and ionic regions.®® Thus, a change in the IEC would have a greater impact with a high dielectric
solvent such as PC than the low dielectric solvent DME. Furthermore, uptake of a PPO membrane
increased significantly when salt was present in an AN-based electrolyte (Figure 14b).*® This trend
is the opposite of many aqueous systems, where the presence of salt generally decreases solvent
uptake (Figure 14¢).%?> Furthermore, the degree to which uptake increases in the non-aqueous
electrolyte solution is more pronounced at higher IEC values (~2x at 0.49 meq g! and ~3.5x at
1.03 meq g!).
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Ionic Conductivity.

In non-aqueous systems, many factors contribute to the ionic conductivity of a membrane,
including the solvent type, functionality of the tethered anion or cation, as well as the counter-ion.
Proton transport in aqueous systems generally occurs via the Grotthus mechanism, based on H-
bonding between the proton and water molecules. It is difficult to match the proton conductivity
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of aqueous systems to ion conductivity in non-aqueous systems due to the lack of Grotthus-type
of transport. In non-aqueous systems, ion diffusion is a much slower process; thus, developing
clear correlations between membrane conductivity, solvent type, and other factors is crucial for
improving the entire cell performance in NARFBs.

In general, membrane conductivity in non-aqueous solvents increases with the solvent’s donor
number and dielectric constant (Figure 15a and 15b). Li-Nafion has a Li* conductivity of 5.4x10-
3mS em! in AN 367374 and 2.2x102 mS cm! in PC.3%7374 In contrast, in water, Li* conductivity
reaches 16 mS cm™!, ~two orders higher than in non-aqueous solvents.’¢62 The difference between
aqueous and non-aqueous conductivity values is partially attributed to the constriction of Nafion’s
ionically conductive channels. In water, the pore size of Li-Nafion is estimated to be 2.9 nm,”>7
which decreases to 0.53 nm in PC.7> Another reason for the decrease in ionic conductivity is the
poor solvation of the Li* cation and the perfluoro sulfonate functional group by organic solvents,
causing the Li* to be more tightly bound to the anion.%77 A further decrease in Li* conductivity
was observed in PC for more Lewis basic anions of perfluoro carboxylate and styrene sulfonate.
Thus, to promote ion disassociation in organic solvents, a very weak Lewis basic anionic group,
such as a sulfonylimide, is a promising route to explore for NARFBs.%! In Li-ion batteries, the
sulfonylimide functional group is proven to provide an order of magnitude increase in Li"
conductivity due to the highly delocalized charge on the anion.”® Another method to promote ion
disassociation is the use of an organic cation instead of an alkali metal cation.

In non-aqueous solvents, organic cations demonstrate much higher ionic conductivity than
Li*.%670.77 The conductivity of organic cations increases with increasing size, contrary to the trend
observed in aqueous systems (Figure 16a). A perfluorinated 3M membrane (similar chemical
structure to Nafion) exhibits a conductivity of 2.4 mS cm™ to 18.3 mS cm™! in AN with an increase
in cation size from tetramethylammonium (TMA) to tetrabutylammonium (TBA).”® In this work,
the 3M membrane in lithium form had a conductivity of 1.1 mS cm!, similar to some reports for
Li-Nafion,”” but also several orders of magnitude higher than values reported elsewhere for Li-
Nafion.’%7374 The conductivity of Nafion can depend on pretreatment conditions and equilibration
time, so values here are only compared within the same work. The increase in conductivity for
organic cations is attributed to the weaker electrostatic interactions between the larger TBA cation
and the sulfonate groups of the polymer. In addition, the membrane in TBA™ form exhibits a higher
AN uptake (127%) than when in TMA™ (81%) and Li* (16.4%) forms, which also contributes to
the increase in conductivity (Figure 16b).

The effect of supporting electrolyte concentration on membrane conductivity is well documented
for aqueous flow batteries, where an increase in proton conductivity is observed at low acid
concentrations, then steadily declines at higher acid concentrations.”’-’® Reasons behind the decline
in proton conductivity include an increase in solution viscosity and dehydration of the membrane.
In neutral pH aqueous electrolytes, the conductivity of Nafion 117 depends strongly on the alkali
metal cation (Figure 17a).°> Conductivity increased with increasing salt concentration for both
NaCl and LiCl, though the conductivity of NaCl was higher across the concentration range
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measured (0 M to 3 M). For KCl, the conductivity slightly decreased with increasing salt
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Figure 17. (a) The conductivity of Nafion-117 equilibrated in various alkali metal chloride aqueous
solutions as a function of concentration. Modified and reprinted with permission from Stenina et
al.®2 Copyright 2004 Elsevier. (b) The conductivity of Nafion-117 equilibrated in various organic
electrolyte solutions as a function of LiPF4 concentration. Modified and reprinted with permission
from Su et al.”? Copyright 2016 TIOP Science.

In a non-aqueous solution, a study utilizing Nafion 117 demonstrated that a decrease in Li*
conductivity is observed with increasing LiPF¢ concentration in PC. On the other hand, LiPFq
concentration (0 to 1.5 M) in DMSO electrolytes had little impact on conductivity (Figure 17b).”?
In PC, the decrease in conductivity is attributed to fewer solvent molecules within the membrane
as the salt concentration increases. For DMSO, the solvent uptake by Li-Nafion is considerably
higher than in PC (136 wt% compared to 65 wt%).°%7? Thus, a small decrease in the number of
solvent molecules in the ion channels of Nafion soaked in LiPFs DMSO solutions has little effect
on ionic conductivity. The higher viscosity of concentrated electrolytes may also play a significant
role. However, there is likely a more complex set of interactions causing the decrease in
conductivity that is not yet well understood. Considering that the supporting electrolyte plays such
a pivotal role in NARFBs, more research into the effect of the supporting electrolyte composition
on membrane conductivity is needed.

Transport Number.

Membrane selectivity for the transportation of the desired charge carrier is an important parameter
for NARFB performance. The transport number is the fraction of current which arises from the
movement of a given charge carrier. Typically, a high transport number for the desired ion reduces
cell polarization.®® The charge carrier can be the anion or cation depending on the redox couples
utilized, but generally, an AEM is utilized for an anion charge carrier and a CEM for a cation
charge carrier. From the few studies that have reported the transport number in non-aqueous
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electrolytes, there appears to be a significant decrease in the transport number from aqueous to
non-aqueous environments. These studies utilized the electromotive force (emf) method to
estimate the transport number. Briefly, the cell potential is measured between compartments
containing high and low concentrations of the supporting electrolyte separated by the membrane.

The anion transport number (t_) through the membrane is then calculated using V = (1 — ZE_)g
In( g—L) where V is the cell potential, R is the gas constant, T is the temperature in Kelvin, F is the
H

Faraday constant, and C; and Cy are the low and high electrolyte concentrations, respectively.*
While relatively dilute solutions are generally utilized to limit the impact of the activity of the
electrolyte solution, studies in aqueous systems suggest that the contribution of the non-ideal
thermodynamic portion may be significant in certain cases.®! This is especially true in situations
where the ion activity coefficient of the solution increases with increasing electrolyte concentration
and needs to be considered for non-aqueous systems. Furthermore, developing methods to
accurately determine the ion transport number in more concentrated solutions, such as those
utilized in NARFBs, would provide additional insight into improving membrane performance in
non-aqueous electrolytes.

Kim et al. measured the BF,~ anion transport through two AEMs in PC and found that both
exhibited a decrease in the anion transport number (0.79 and 0.87) from the CI- transport number
in water (0.96 for both membranes).** Shin et al. observed an even more drastic decrease in the
anion transport number of several membranes.*> The PGMA and P4VP crosslinked membranes
containing a PVDF/Si support demonstrated Cl- transport numbers of 0.96 in aqueous solution,
consistent with other reports of aqueous transport numbers.%? 32 When immersed in a dilute 0.05
M TEABF, AN solution, the anion transport number decreased to 0.36 for the PGMA and 0.64 for
the PAVP membranes. The commercial AEM, Neospeta AHA, exhibited an anion transport
number of 0.98 in an aqueous electrolyte and 0.80 in the non-aqueous electrolyte 0.05 M TEABF,
in AN.#?
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Figure 18. Schematic of ion transport through a membrane (a) with charge inversion (poly(glycidyl
methacrylate) (PGMA)) and (b) without charge inversion (poly(4-vinyl pyridine) (P4VP)).
Modified and reprinted with permission from Shin et al.#?> Copyright 2015 Elsevier.

A decrease in transport number could be partially due to the difference in the salts utilized. Stienna
et al. demonstrated that the cation transference number is relatively size-dependent in 1M aqueous
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solutions of NaCl, LiCl, and KC1.%> The transport numbers of Li* and Na" were very similar at
0.96 and 0.97, respectively, while the transport number of the larger K* ion was 0.89. Furthermore,
when the counter-ion was changed to the larger SO, ion, all the transport numbers remained
above 0.98. However, even with variations in salt type, the transport numbers in aqueous systems
remain significantly higher than that of the transport numbers in non-aqueous systems. Shin et al.
attributed the low transport number of the PGMA membrane to charge inversion. The flexible
cation in PGMA was proposed to be more accessible to the uptake of the BF4~ counter-ion to form
a Stern layer (a layer of ions counter to those tethered to the membrane) in comparison to the rigid
aromatic cation of P4VP (Figure 18). Thus, charge inversion was prevented for the P4VP
membrane, and a higher transport number was maintained. Even so, the ability of the membrane
to exclude excess ions from entering is reduced in non-aqueous solvents compared to aqueous
solutions. The poor exclusion of counter-ions implies that the effect of Donnan exclusion is weaker
in organic solvents than in water. The membrane transport number behavior in non-aqueous
systems needs to be further investigated to improve ion transport and reduce the redox species’
permeability.

Permeability.

Reducing or eliminating the permeation of the redox couples through the membrane remains one
of the greatest challenges for NARFBs. A high crossover rate of the redox species leads to low CE
and EE.*?> The most widely studied redox couple to test membrane performance is V(acac);, which
is positively and negatively charged when used as the catholyte and anolyte, respectively. The co-
presence of charged and neutral species poses a problem for developing membranes for NARFB’s,
as many membranes are either cation or anion exchange, as discussed above. A few reports have
utilized an aramid nanofiber support coated with layers of cation and anion exchange polymer to
create a dual functionality membrane. The membrane exhibits one of the lowest V(acac);
permeabilities reported (7x10-1° ¢cm? s'!Table 2).37 On the other hand, ferrocene (Fc, a smaller
molecule than V(acac);) had several orders of magnitude higher permeability through the dual
functionality aramid nanofiber membrane.?>-3” In addition, the neutral Fc species permeability was
found to be higher than Fc¢* (1.1x107 ¢cm? s*! compared to 2.8x10-% cm? s1).25 The decrease in
permeability of Fc* is attributed to electrostatic repulsion from the ion exchange layers in the
membrane.

Maurya et al. measured V(acac); permeability in its cationic, neutral, and anionic forms. The
authors found that the permeation rate of V(acac); increased with decreasing ionic size (ionic size:
V(acac); > V(acac); > V(acac);") in low crosslink density/high IEC AEMs. However, the
permeability of all three species was relatively constant for a high crosslink density/low TEC
membrane.® If Donnan exclusion were the main factor in determining the permeability of a
charged species, one would expect the highest [IEC membrane should have the lowest permeability
for V(acac);", as seen with AEMs in aqueous systems.?? Furthermore, Mushtaq et al. found that
the molar flux of Fc¢™ was similar for an AEM (FAP-450) and CEM (Nafion) at ~5 pmol h!-cm-
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2,83 These studies suggest that Donnan exclusion is not the major determining factor in redox
species permeability for ion exchange membranes.

For neutral species, the polarity of the redox species and the polymer backbone correlate strongly
with permeability. In a study utilizing a PPO backbone, neutral species permeability was found to
occur through the PPO phase of the membrane rather than the ionic rich regions, thus largely
unaffected by the membrane’s IEC.4>3* Furthermore, the transport of more polar molecules
through the membrane was decreased compared to their less polar counterparts. The reduction in
permeability of the more polar compounds is due to less favorable interactions with the PPO
backbone. This study suggests that the permeability of redox species, especially that of neutral
species, may be decoupled from membrane conductivity. Thus, careful design of backbone polarity
in addition to ionic groups will be necessary for controlling redox species’ permeability.
Surprisingly, the permeability of neutral V(acac); is an order of magnitude higher in Nafion than
Fumasep FAP, even though both polymers have a similar perfluorinated backbone.>>#* This
discrepancy may be due to differences in membrane microstructure and/or the sidechain ionic
groups.

The concentration of the supporting electrolyte also impacts the permeability of redox species. The
permeability of Fc', Fc, and I- decreased by 1.5 to 2 orders from a 0.01 M LiPF¢/ PC solution to a
IM LiPF¢/ PC solution.”” The reduction in redox species permeability can be attributed to a
decrease in electrolyte uptake with the 1M solution. These works demonstrate the complexity of
redox species permeability through a membrane in non-aqueous systems. Systematic studies of
permeability through polymers of varying polarities with different ionic groups are necessary. In
this manner, the permeability of positive, negative, and neutral redox species could be systemically
studied to gain greater insight into the factors governing their permeability through a membrane.
To control redox species permeability, multiple modes of exclusion may be necessary, such as
combining size exclusion with Donnan exclusion (i.e., a nanoporous substrate coated with an
AEM).

Design of Membranes for NARFBs

Considering the vast combination of solvents, salts, and redox species candidates for NARFBs,
designing a membrane that meets all the performance requirements mentioned above is a highly
challenging task. As material selection is narrowed to fewer high-performing candidates,
membrane design will also be optimized for these systems. As mentioned in the previous sections,
many factors contribute to the overall performance of a membrane in a non-aqueous environment,
including backbone polarity, IEC, electrolyte composition, and counter-ion. The polarity and
charge of the redox species and composition of the supporting electrolyte all need to be considered
when designing a membrane for a NARFB. For relatively non-polar redox species, a polar
backbone may be advantageous to mitigate crossover.®* The membrane’s IEC appears to have less
of an impact on the permeability of redox-active species but can significantly alter the ionic
conductivity of the membranes.* Thus, a membrane with a higher IEC may be more beneficial for
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non-aqueous systems. In addition, compared to aqueous systems, increasing membrane [EC
impacts uptake to a lesser extent in non-aqueous systems, especially for non-polar solvents.®! But
an upper limit often exists on the achievable IEC of a polymer membrane. This upper limit is due
to ionic aggregation that causes the polymer to become brittle.*®3> The brittleness is especially
problematic for non-aqueous systems since the polymers need to be dried thoroughly before use
to remove any residual moisture. Methods employed to aid in reducing the brittleness of ion
exchange membranes include crosslinking, the formation of a graft or block copolymer, and
polymer blending.

As with aqueous systems, controlling membrane uptake and dimensional stability are vital
engineering requirements. Methods commonly employed to control membrane uptake and
swelling include crosslinking,®® copolymerization,”-%% and the use of a support layer.’
Crosslinking aids in reducing dimensional swelling and improves solvent resistance. Crosslinking
generally reduces solvent uptake and swelling, but can also reduce the membrane’s conductivity.?®
Crosslinking alone does not typically control swelling to a sufficient degree when minimal
dimensional swelling is required. Another approach includes the use of block copolymers to
decouple ionic conductivity and mechanical properties. A block copolymer can have 2 to 5
dissimilar blocks, consisting of ionically conductive block(s) and mechanically robust block(s).
Block copolymers have been investigated for use in aqueous systems and have been adopted with
varying levels of success.?’-%? For non-aqueous systems, a block copolymer would need to be
designed such that the non-aqueous electrolyte has a higher affinity towards the ionic regions
rather than the mechanical blocks. This approach has not been investigated for NARFBs thus far
and is a pathway worth considering.

Of these methods to control uptake and dimensional stability, the use of a porous support layer,
such as Celgard, is the most effective and widely used strategy for NARFB membranes thus far.
Utilizing a porous support layer is effective in minimizing dimensional swelling while allowing
for a reasonable electrolyte uptake. For example, Bang et al. reported the dimensional swelling of
a Celgard/ Nafion composite to be less than 0.5% with an electrolyte uptake (0.1M TEABF, in
AN) of 30%. In comparison, Nafion exhibited a dimensional swelling of 9.3% with a solution
uptake of 17%.3! Methods utilized to prepare composites with a porous substrate include (i) pore
filling with a monomer solution,3>4482 followed by polymerization, (ii) dip coating in a polymer
solution (provides surface coating),** and (iii) infiltration of a polymer solution into the porous
substrate.”® In addition to controlling dimensional swelling, the use of a composite increases the
overall strength of the membrane. The ultimate tensile strength of a composite utilizing a
polyolefin separator may be significantly higher (120-150 MPa) than the neat polymer membranes
(9 to 30 MPa).31:# Notably, the tensile strength of polypropylene-based separators depends on the
direction of elongation (due to the manufacturing process), with values of 100-150 MPa and 5-15
MPa for elongation along or against the casting direction, respectively.”!

A composite system commonly utilized in aqueous systems is the use of a polytetrafluoroethylene
(PTFE) or expanded PTFE (ePTFE) support matrix. A polymer solution is typically cast with the
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support matrix to obtain a membrane of excellent mechanical strength. The use of ePTFE is
standard for the fabrication of Nafion-based fuel cell membranes, though the use of a composite
may increase membrane cost substantially. Another promising pathway for the development of
membranes for NAFRB is the use of a ceramic/polymer composite. Most highly conductive
ceramic separators are brittle and difficult to fabricate as thin films. A ceramic/polymer composite
can offer high single-ion conductivity while maintaining flexibility, providing a mechanically
stable membrane that is potentially scalable with roll-to-roll processing. Furthermore, ceramic
fillers reduce uptake and swelling of the polymer component and have been shown to aid in the
reduction of redox species permeability.!6-92

Conclusions and Outlook

Long-duration electrical energy storage is expected to play a significant role in enabling the
widespread penetration of renewable energy sources into the electrical grid. NARFBs are an
attractive technology for such applications due to their potential for high energy density. While
much research has focused on the development of redox-active species, the development of
membranes for NAFRBs is a relatively recent endeavor. Progress has been made toward achieving
high-performance membranes for NARFBs, with V(acac); permeability values in the range of
~10-1% ¢cm? s! and reasonable room temperature conductivity (0.1 to 5.4 mS cm'). However,
significant improvements still need to be made before this technology can reach the
commercialization stage.

To enable economically viable NARFBs, improvements in the redox-active species, membranes,
and cell performance are necessary. The US DOE’s recent announcement of the long duration
storage shot sets an aggressive goal of reducing grid-scale storage cost by 90% within the next
decade for systems delivering >10 hours of storage.* To fully utilize the benefits of a non-aqueous
flow battery, a high concentration of active species (~4 M) and high operating voltage (3-4 V) are
necessary.’>** Furthermore, an increase in cell voltage to 4.5 V may relax constraints on ASR and
redox species concentrations.’* In addition to active species concentration and cell voltage,
performance metrics for a NARFB include an area specific resistance (which includes electrolyte
and membrane) of under 5 Q cm? ** and a CE value higher than 99.99% for an asymmetric and
97% for a symmetric flow battery (where the same redox-active species is reduced on one side and
oxidized on the other).3> While the actual performance requirements are highly dependent upon
the system specifications, these metrics provide useful targets. To predict the cost and performance
of a flow battery, Crawford et al. reported a chemistry agnostic model based on inputs such as
electrolyte and membrane conductivity and kinetic rate constants.”> Such a model allows for the
rapid evaluation of novel chemistries and will expedite the development of future NARFBs. To
further advance NARFB technology, the following key areas need to be addressed:

1. Redox-active species. The chemical stability of active species needs to be improved to enable
reliable long-term performance of a NARFB. Furthermore, anolytes and catholytes, which operate
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at very negative/positive potentials, are needed for high voltage battery systems, but few redox-
active species for NARFBs have been reported outside the window of 1.5-3.8 V vs. Li/Li". Lastly,
the solubility of active materials needs to be improved to achieve high energy density.
Alternatively, utilizing low molecular weight species capable of multiple electron processes can
improve the gravimetric capacity and decrease the concentration required.?*"

2. Membrane To achieve a CE of 99.99%, a membrane needs to be highly selective with good
chemical and mechanical stability. Active species permeability of < 10-1° cm? s™! is required for
acceptable long-term performance. The chemical durability of membranes in non-aqueous systems
is not well studied. Studying polymers with proven chemical stability in aqueous systems will
provide benchmark values for understanding stability in a non-aqueous environment. In particular,
polymers containing only hydrocarbons in the backbone have proven to be more stable in strongly
basic conditions and against radical species.’*63-989 The target ASR of the membrane is < 2.3 Q
cm? 33190 To achieve this goal, a highly conductive thin membrane is required, where for example,
a 30 pm membrane needs to have a conductivity of 1.3 mS cm! to meet the ASR target.
Furthermore, solvent uptake by the membrane needs to be minimized to maintain high selectivity
and good mechanical properties. Celgard-based composite membranes are among the most
common and effective materials reported to control swelling thus far. However, such composites
are often limited to operating at low current densities (0.5 to 2 mA cm2),3>* and delamination of
the composite is a concern during long-term operation.*® Nanoporous membranes (pore size of
0.1-1 nm) have also been proposed as a possible candidate for NARFB separators.’? Overall,
systematic studies are necessary to develop structure-property correlations for non-aqueous
electrolytes. To achieve the desired properties, a NARFB membrane will likely require a
combination of a support matrix and a high-performance ion exchange polymer.

3. Cell design A reduction in electrolyte resistance is also needed to improve EE and VE of
NARFBs. In addition to improving electrolyte conductivity, a reduction in the inter-electrode gap
and the use of thin porous electrodes will reduce the ionic resistance of the electrolyte in the
pores.”-19 Ultimately, the optimal electrode thickness/porosity will depend on many factors,
including the specific conductivity of the electrolyte, reaction kinetic parameters, redox species
concentration, etc. The adoption of cell designs from well-developed aqueous systems, such as
utilizing a membrane electrode assembly, may provide a route for performance improvements of
NARFBs.

NARFBs represent a promising energy storage option for grid applications, but these systems still
require much research and optimization to become economically viable. Continued study on all
components of a NARFB is necessary, and the membrane, as a key enabler of the technology,
requires significant improvements in durability, selectivity, and conductivity. Furthermore,
targeted research on the effect of organic solvents on membrane transport will provide a deeper
understanding of membrane properties in non-aqueous electrolytes. Establishing these structure-
property relationships will provide design rules for high-performance NARFB membranes to
accelerate system development and deployment.
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