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Abstract: Composite anion-exchange membranes (AEMs) consisting of a porous substrate and a
vinyl imidazolium poly(phenylene oxide) (VIMPPO)/acrylamide copolymer layer were fabricated in
a straightforward process, for use in redox flow batteries. The porous substrate was coated with a
mixture of VIMPPO and acrylamide monomers, then subsequently exposed to UV irradiation, in
order to obtain a radically cured ion-exchange coating. Combining VIMPPO with low-value reagents
allowed to significantly reduce the amount of synthesized ionomer used to fabricate the mem- brane
down to 15%. Varying the VIMPPO content also allowed tuning the ionic transport properties of the
resulting AEM. A series of membranes with different VIMPPO/acrylamides ratios were prepared to
assess the optimal composition by studying the changes of membranes properties—water uptake,
area resistivity, permeability, and chemical stability. Characterization of the membranes was followed
by cycling experiments in a vanadium RFB (VRFB) cell. Among three composite membranes, the one
with VIMPPO 15% w/w—reached the highest energy efficiency (75.1%) matching the performance of
commercial ion-exchange membranes (IEMs) used in VRFBs (Nafion® N 115: 75.0% and Fumasep®
FAP 450: 73.0%). These results showed that the proposed composite AEM, fabricated in an industrially
oriented process, could be considered to be a lower-cost alternative to the benchmarked IEMs.

Keywords: poly(phenylene oxide); coating; composite ion exchange membrane; UV curing; redox
flow batteries

1. Introduction

Ion-exchange membranes (IEMs) are indispensable materials for a large portfolio
of technologies spanning from water treatment to energy storage, for which electro-
membrane processes are employed. In the context of this paper, IEMs are seen as one
of the key materials in energy storage devices, such as reverse electrodialyzers over
fuel cells [1,2], and in particular, redox flow batteries (RFBs) [3,4]. Beyond energy storage,
IEMs find application in separation processes, such as water desalination, metal recovery
or deacidification by dialysis [5], and electrodialysis [6].

In RFBs, the energy is stored in fluid materials (liquid or gas form), similar to fuel
cells. The membrane that separates the anolyte and catholyte needs to prevent their mixing
in convective and diffusive processes to avoid self-discharge of the electrochemical cell,
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seen as an energy loss [7]. Moreover, in the case of asymmetric RFBs (such as most organic
systems [8] and many employing redox couples of two metals, for example, Fe—Cr [9]),
the cross-mixing of active masses causes irreversible contamination of the electrolytes.
While separating the redox-active species, the IEM inside of the RFB is expected to conduct
common, balancing ions (often protons or chlorides [10,11]). High ion-conductivity of the
membrane is necessary to minimize ohmic losses in the battery [12]. Further, the membrane
has to exhibit good mechanical and chemical stability in the chosen RFB system. The
electrolyte can be highly acidic [13], neutral [14,15], or (more seldom) alkaline [3]. In all
cases, the membrane is exposed to oxidative media of charged electrolyte.

The most commonly used IEMs in the RFB application are the commercially avail-
able Nafion® membranes fabricated out of perfluorosulfonic acid (PFSA) polymers [16].
These ionomers exhibit outstanding chemical stability, and excellent proton conductivity
and ion selectivity [17,18]. However, the high cost of Nafion® membranes significantly
impedes their commercial utilization in RFBs [19,20]. To overcome this problem, alterna-
tive cation-exchange membranes (CEMs) based on sulfonated, non-fluorinated polymers
have been developed. Their list includes sulfonated polyimides, poly(arylene ether)s,
polyethersulfones, and polysulfones [21].

Apart from CEMs, anion-exchange membranes (AEMs) are reported as suitable mem-
branes for those RFB systems that use cationic redox-active species (for example, all-
vanadium redox flow batteries, VRFB [22]). Following the Donnan exclusion mechanism,
the equilibrium concentration of cations in the membrane would be significantly dimin-
ished as a result of the electrostatic repulsion caused by cationic groups present in the AEM.
To obtain chemically and mechanically stable, non-perfluorinated AEM, aromatic backbone
polymers are preferred. Published work identified poly(phenyl sulfone) poly(aryl ether
ketone), poly(benzimidazolium), or poly(phenylene oxide) (PPO) as some of the best candi-
dates [23-25]. In particular, PPO has received significant interest as an excellent material for
IEMs, owing to their hydrolytic stability and versatile functionalization chemistries [26] in
which cationic moieties can be attached to the PPO backbone [27]. Quaternary ammonium,
pyridinium, or imidazolium PPO-based AEMs have been reported as well-performing
membranes in various energy storage systems [28-30].

The vast majority of state-of-the-art AEMs are in a form of dense, self-supported films.
They are commonly made of a single ionomer designed to balance the hydrophilic and
hydrophobic interactions for a compromise between material properties—tensile strength,
chemical stability, and ion transport—conductivity and selectivity [31,32]. As a result,
their fabrication process often requires multi-step synthesis and solvent intense processing,
contributing to the high final cost of the membrane and problematic industrial scale-up.
Thus, other solutions have to be investigated.

Composite membranes could be a powerful alternative. They can be either—pore-
filled [33,34] or coated [35,36], obtained by modifying a porous substrate with an ionomer—
in its bulk and on its surface, respectively. In both cases, the use of the porous substrate
has the advantage of decoupling the materials selected for mechanical integrity and for
ionic selectivity [35]. The substrate can serve as a reinforcement of the membrane; hence,
the range of applicable ionomers can be extended to those that do not form dimensionally
stable films.

To explore further opportunities offered by the composite membranes, a coated AEM
was fabricated using a mixture of photocurable precursors applied on a porous substrate
in a blade-coating process, and cross-linked upon UV irradiation. The fabrication methods
are easily scalable as they are widely present in the coating industry, including commodity
sectors such as paper production, packaging, printing, etc. [37,38] and often used in a
roll-to-roll production set-up. The use of speciality chemicals (such as functionalized PPO)
in the ion-exchange coating formulation was kept at a minimum. For the cost advantage,
cheap reagents such as common, non-toxic acrylamide derivatives, were used as the
majority components in the coating formulation. In addition, the final properties of the
ion-exchange membrane could be tuned in a wide range of conductivity and selectivity, by
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adjusting the composition of the mixture of photoreactive precursors, without the need of
repeating dedicated ionomer synthesis for each specimen. The proposed anion-exchange
layers could not be fabricated as self-supported films. A porous substrate is proposed as
a reinforcement and carrier of the ionomer coating. This allowed for including a large
share of low-cost, highly hydrophilic materials in the formulation, which would not allow
reaching the integrity and dimensional stability required for a self-standing film.

To demonstrate the applicability of the new membranes and find the best performing
composition, their performance was evaluated using a laboratory vanadium redox flow
battery (VRFB) cell. The vanadium electrolyte was chosen for the testing system, following
the vast literature available for comparison of the results [39-42]. The prepared membranes
were compared with benchmarked TEMs, such as Nafion® N 115 and Fumsep® FAP 450.
The formulation of the coating for the composite hierarchical membranes was optimized
until the resulting membrane reached performances comparable with these references, in
terms of the VRFB cell efficiency.

2. Materials and Methods
2.1. Chemicals

N-[3-(dimethylamino)propyl]methacrylamide = (DMEA), N-vinyl imidazole,
N-hydroxyethyl acrylamide (HEAA), poly(acrylic acid) (PAA, average molecular weight
1250 kDa), N-bromosuccinimide (NBS), biphenyl peroxide (BPO), chlorobenzene (PhCl),
and N,N-dimethylacetamide (DMAc) were purchased from Merck (Sigma Aldrich Chemical
Co). IGM Resins B.V. (Waalwijk, The Netherlands) provided the 2-Hydroxy-2-methyl-1-
phenylpropanone (Omnirad 1173). The pristine PPO (20 kDa, polydyspersity~2.5) was
purchased from PolySciences, Inc (Warrington, PA, USA). All chemical reagents were chem-
ically of a pure grade and were used as supplied, without further purification. Nafion®
115 (N115) (Chemours, Wilmington, DE, USA) and Fumasep® FAP 450 (Fumatech GmbH,
Bietigheim-Bissingen, Germany) were purchased at Fuel Cell Store Inc. (College Station,
TX, USA). PVC-silica porous substrates (median pore size 60 nm, volume porosity: 60%,
600 um thick) were produced in-house by Amer-sil S.A., Kehlen, Luxembourg [43].

2.2. Synthesis of Vinyl Imidazolium Poly(Phenylene Oxide)
2.2.1. Bromination of Poly(Phenylene Oxide)

The bromination reaction was adapted from the protocol reported by Willdorf-Cohen,
Sapir et al.[44]. PPO (15.0 g, 125 mmol structural units) was slowly stirred and heated
up to 136 °C in 300 mL of chlorobenzene, until it was dissolved. Then, BPO (1.6 g,
6.6 mmol) and NBS (16.7 g, 94 mmol) were added to the solution, which was stirred at
reflux for another 5 h. After that, the reaction mixture was chilled to room temperature.
The product was precipitated by pouring it into a 5-fold excess of methanol and stirred
for 24 h. The brominated PPO (Br-PPO) was filtered and washed several times with
methanol. To eliminate the residual impurities, the polymer was reprecipitated from
chlorobenzene/methanol. The product in the form of white powder was dried under
vacuum at 50 °C for 24 h. 'H NMR spectroscopy (Bruker Avance 400 spectrometer)
confirmed 50% degree of bromination—(400 Hz, DMSO), 6 (ppm): 2.09 (s, 9H), 4.34 (s, 2H),
6.47-6.452 (d, 2H), 6.67-6.71 (m, 2H) (Figure S1 in Supplementary Materials). The yield of
the reaction was 92%.

2.2.2. Synthesis of Vinyl Imidazole Functionalized PPO (VIMPPO)

N-vinyl imidazole (10.2 mL, 112 mmol) was added dropwise to the solution of Br-PPO
(12 g, ca. 37 mmol of brominated structural units) in 300 mL of N,N-dimethylacetamide.
The reaction was stirred at 30 °C for 48 h. The product was then precipitated by pouring
into a 5-fold excess of diethyl ether and stirred overnight. The polymer was recovered by
filtration and washed several times with diethyl ether. The powder was dried in vacuum,
for 24 h at 30 °C. The substitution of the -CH,Br groups with N-vinyl imidazole was
complete, as proven by the 'H NMR spectrum: (400 Hz, DMSO), § (ppm): 2.06 (m, 9H),



Membranes 2021, 11, 436

40f17

5.37(m, 3H), 5.91 (t, 1H), 6.47 (d, 2H), 6.72 (s, 1H), 6.93 (m, 1H), 7.22-7.33 (m, 2H), 7.77-7.98
(m, 1H), 8.11-8.18 (m, 1H) (Figure S2 in Supplementary Materials). The yield of the reaction
reached 88%.

2.3. Fabrication of the Composite Anion-Exchange Membrane

PAA (1% w/w) serving as a theology modifier was added to the solution of DMEA
and HEA A-two industrially available, safe, and non-toxic acrylamide monomers (chemical
structures presented in Figure 1).

a) b)
DMEA HEAA

|
NH
NH_~ N /\"/ ~" “OH
0 o

Figure 1. Chemical structure of the off-shelf available acrylamide monomers used for fabricat-
ing the ion-exchange coatings—(a) N-[3-(dimethylamino)propyl]lmethacrylamide (DMEA), (b) N-
hydroxyethyl acrylamide (HEAA).

The mixture was sonicated at 45 °C for 2 h until the polymer was completely dissolved,
resulting in a transparent, highly viscous solution. VIMPPO dissolved in 2 mL of methanol
(viscous, brown liquid) was added, and the mixture was mechanically stirred for 10 min to
obtain a homogeneous solution. Finally, the photoinitiator (Omnirad 1773, 2% w/w) was
added and the mixture was stirred for another 5 min at room temperature. The masses of
compounds used in each formulation are presented in Table 1. The obtained solution was
applied onto the porous substrate, using a blade applicator (BYK GmbH, Wesel, Germany),
with a gap of 60 pm.

Table 1. The compositions of the formulations used for fabricating the ion-exchange coatings.

VIMPPO [g] DMEA [g] HEAA [g] PAA [g] Initiator [g]
VIMPPO_10% 0.7 3.5 2.5 0.08 0.15
VIMPPO_12% 0.85 3.5 2.5 0.08 0.15
VIMPPO_15% 1.1 3.5 2.5 0.08 0.15
VIMPPO_17% 1.3 3.5 2.5 0.08 0.15
VIMPPO_20% 1.6 3.5 2.5 0.08 0.15
VIMPPO_25% 2.1 3.5 2.5 0.08 0.15
VIMPPO_100% 2.5 0 0 0 0.05

A hierarchal membrane with a top anion exchange layer formed of the UV-cured
ionomer alone (sample VIMPPO_100%) was fabricated to compare the properties of
VIMPPO/acrylamide copolymer with a neat VIMPPO.

Radical polymerization and cross-linking of the formulations applied on the substrate
were carried out under UV irradiation in a conveyor, 2-kW iron-doped mercury lamp
(365 nm) (Jenton, UK).

2.4. Morphology Characterization

Surface and cross-section morphologies of the fabricated membranes were investi-
gated using a scanning electron microscopy SEM (JSM IT500HR, JEOL, Tokyo, Japan)
coupled with energy dispersive spectroscopy (EDS, SDD Ultim Max 170 Standard, Oxford
Instruments, Abingdon, UK; software—AzrecLive). Energy dispersive spectroscopy was
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used to assess the elemental composition of the coating surface and to examine the cross-
section of the composite membranes, with particular focus on the interphase between the
anion-exchange coating and the porous support. To avoid deformation of the membranes
during fracture, the samples were cut in in liquid and coated with approximately 5 nm of
Au on their surface.

2.5. Water Uptake (WU), Area Specific Resistance (ASR), and Permeability to VO**
The water uptake (WU) of the anion-exchange layers was determined as previously
reported [24,45], according to Equation (1):
_ Ww—-Wp
D

wu x 100% 1)
where Wy and Wp represent the mass of the layer under wet and dry conditions, respec-
tively. It should be noted that, for this test, anion-exchange layers were coated on PTFE
sheets and UV-cured without a porous substrate, to avoid the contribution of the substrate
to the water sorption. Freshly prepared anion-exchange films were immersed in deionized
water for 24 h. Before measurement, the excess water on the film’s surface was wiped off
using absorbent paper.

The area-specific resistance (ASR) of the membranes was measured in a standard
1 M HCl aqueous solution. The acidic environment was selected for consistency, with the
later use of the membrane in acidic VRFB electrolyte. The difference between sulfuric and
hydrochloric acid conductivity may manifest in exact values of ASR but is not expected
to impact the classification of membranes from most to least conductive. The current was
driven from 0 to 1 A (polarization curves), while recording the cross-membrane voltage
(scan rate 10 mA s~ ') using an Origaflex 05A (Origalys SAS, Rillieux-la-Pape, France)
potentiostat. The active surface area (A) of the membrane was 19.63 cm?. Before the
test, membranes were equilibrated in the electrolyte solution for 24 h. The ASR of the
membrane was determined as the difference between the cell’s resistance, with and without
the membrane (Rwith membranes Ruwithout membmne)/ fOHOWing Equation (2):

ASR = (Rwith membrane — Rwithout membmne) X A (2)

In VRFB, one of the key roles of the IEM is to prevent the crossover of vanadium
species, such as VO?*, VO,*, V?*, and V3*, between the positive and negative electrolyte.
In literature, VO?* is commonly used as a model, stable vanadium cation allowing to assess
the permeability of the membrane in an ex-situ experiment, and thus, gain an indication of
the membrane performance in terms of self-discharge and coulombic efficiency, in later
REB cell operations [45,46].

The permeability of vanadium ions (VO?*) across the membrane was observed using
a diffusion cell. The cell was divided into two compartments (half cells) by the membrane
(active area 19.63 cm?). One of the half-cells (feeding) was filled with 200 mL of 0.15 M
vanadyl sulphate (VOSO?) in 3 M H,SOy. The other half-cell (receiving) contained 200 mL
of 0.15 M magnesium sulphate (MgSOy) in 3 M H»SO4, to compensate for osmotic pressure.
The number of vanadium ions (VO?*) that permeated across the membrane into the
receiving solution was monitored over time, by recording the UV-vis spectra (Thermo
Scientific™ Evolution 60S UV-visible spectrophotometer).

2.6. Ex-Situ Chemical Stability in VO,*

The chemical stability of the membrane was evaluated by immersing a specimen (3 cm
by 0.5 cm, mass of the samples: VIMPPO_10% 0.076, VIMPPO_15% 0.081 g, VIMPPO_20%
0.079 g) in 8 mL of solution of vanadium (VO,¥), in sulfuric acid, at room temperature. A
commercial vanadium electrolyte (Gesellschaft fiir Elektrometallurgie GmbH, Niirnberg,
Germany, containing 0.8 M VOSO4/0.8 M V3(504)3 in 2 M HySO4 and 0.05 M H3POy)
was used to obtain the solution of VO,*, by charging it in the VRFB cell to 1.70 V and
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holding the voltage until the current dropped down to 10 mA. After this, the catholyte
was used as a source of oxidative species for testing the stability of the membranes. Before
the immersion, the membranes were washed in deionized water to remove the possibly
remaining unreacted initiator or solvent. The VO?* cations resulting from VO,* reduction
accompanying membrane oxidative degradation were detected using UV-vis spectroscopy.
After the chemical stability tests, the cross-sections of the membranes were observed
under SEM.

2.7. VREFB Single-Cell Performance

For cycling performance testing, the VRFB single cell was assembled with two pieces
of thermally activated carbon felt electrodes (48 h at 400 °C, 50 mm x 40 mm x 4.6 mm). A
total of 60 mL of commercial electrolyte was used for the anolyte and the same volume
was used for the catholyte (120 mL in total, vanadium electrolyte solution, Gesellschaft fiir
Elektrometallurgie GmbH, Niirnberg, Germany, containing 0.8 M VOSO, /0.8 M V5(SO4)3
in 2 M H,S0, and 0.05 M H3POy,). These were circulated at a flow rate of 40 mL min—.
The negative electrolyte was kept under nitrogen to prevent undesired oxidation of V2*.
The cycling tests were carried out using Origalys potentiostat, at constant current densities
of 20 mA cm~2, 50 mA cm 2, and 80 mA cm—2. The upper and lower limits of the
charge/discharge voltage were set at 1.75 and 0.80 V, respectively. The coulombic efficiency
(CE), energy efficiency (EE), and voltage efficiency (VE) of the membrane were calculated,
based on Equations (3)-(5):

I dt
CE(%) = f Id = X 100% 3)
c
Vy Iy dt
EE(%) = ff ‘j Iddt x 100 % @)
ctc
VE(%) = % x 100 % )

where I; and I, stand for the discharging and charging current, respectively, while V; and
V. are discharging and charging voltages.

To observe the crossover of the vanadium species in an RFB device, open-circuit
voltage (OCV) of the charged VREB cell (after a complete charge up to 1.7 V) was observed,
until the voltage of the cell decreased below 0.8 V. The cell was filled with a total amount of
20 mL of vanadium electrolyte, recirculated with a flow rate of 40 mL min~—!. The volume
of electrolyte was reduced, as compared to the cycling experiments, in order to limit the
batteries’ electrical capacity and obtain the discharge results in a shorter period of time.
The drop of the OCV of the cell was directly related to the diffusion of the vanadium ions at
various oxidation states across the membrane, separating the two half-cells, and resulting
in the self-discharge reactions.

3. Results
3.1. Synthesis of Vinylimidazolium Poly(Phenylene Oxide)

Quaternary ammonium poly(phenylene oxide) was obtained in a two-step synthesis,
following the protocol described in the experimental section; presented in Figure 2. The
aim was to obtain an ionomer with a high ion-exchange capacity, to guarantee excellent
ionic conductivity and selectivity of the membrane. Therefore, in the first step, 50% of
polymer structural units were brominated. In the quaternarization step, all benzyl bromide
groups were successfully substituted with N-vinyl imidazole, resulting in an ionomer with
a theoretical ion-exchange capacity of 2.4 mmol g~ (H NMR data confirming the synthesis
products are available in Supplementary Materials Figures S1 and S2). Crosslinked vinyl
imidazolium poly(phenylene oxide) self-supported membranes were reported in the works
on fuel cells [47]. In this study, N-vinyl imidazole was selected for the functionalization
of PPO, due to the presence of vinyl moiety, which allows VIMPPO to react with other
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radically reactive monomers in the process of UV curing. Effectively, VIMPPO is used to
introduce positively charged groups and act as a cross-linker for the coating. In this way,
it contributes to ionic conductivity and stability of the ionomer layer. Unlike the state-of-
the-art imidazolium PPO-based membranes [48,49], herein, the AEMs were obtained by
diluting the VIMPPO with acrylamides, significantly diminishing the amount of needed
ionomer, which could be seen as an economical benefit.

_ Br
NBS,BPO _
0 PhCI, 135°C,3h | o 0
n
L 05 05|

Ve
Br_ND

~
(I

DMAc, 30°C, 72h 0 0

0.5 0.5
n

Figure 2. Synthetic route for obtaining the poly(phenyl oxide) quaternarized with N-vinyl imida-
zole (VIMPPO).

3.2. Membrane Fabrication and Morphology Characterization

The VIMPPO obtained in the synthesis described above reached an excessively high
cross-linking degree when UV-cured alone. Such coating layers were expected to exhibit
remarkably low permeability of cations, at the cost of a low overall ionic conductivity.
Diminishing the content of VIMPPO in the coating to below 25% w/w by introducing
acrylamide derivative monomers in the formulation, led to a decreased cross-linking
density caused by the incorporation of a large fraction of hydrophilic polyacrylamide, in
the resulting, cross-linked polymer. DMEA monomer has a tertiary amine group in its
chemical structure. This weakly basic group (-NR;) possess a lone pair of electrons which
becomes protonated in the acidic electrolyte of VREB [50]. The resulting -NR,H* moiety
facilitates a labile proton, which can be transferred to another amine group participating
in the Grotthus mechanism of proton hopping, contributing to the ionic conductivity [51].
Hence, the anion exchange membrane can also be considered to be a proton exchanger.
Effectively, formulating VIMPPO in a mixture of acrylamide monomers enabled to control
the trade-off between the cation permeability and the resistivity of the coating. The
VIMPPO content ranged from 10 to 25% w/w in the fabricated coatings.

VIMPPO/acrylamide copolymers were found to be highly hydrophilic in the studied
range of formulations and would not be able to form self-supported membranes. The
lowest content of VIMPPO providing sufficient cross-linking for obtaining a stable coating
layer was 10% w/w. The VIMPPO_10% sample reached water uptake values of 74%.
During attempts to fabricate the membrane samples with VIMPPO content in the coating
below 10% w/w, the coating layers were found to be unstable in aqueous electrolyte and
separated from the substrate in the form of a soft gel. In such cases, crosslinking was found
to be insufficient to secure the integrity of the ionomer film.

Taking the advantage of the dimensional and mechanical stability of the porous PVC-
silica substrate, the anion exchange layers were kept at a maximum of 50 um. The final
thickness of the coating layer was determined by the gap of the blade applicator, the
viscosity of the applied mixture and shrinkage occurring during the radical polymerization.
Varying the content of VIMPPO (10-25%) could potentially affect the viscosity and cure
shrinkage of specific formulations. The fabricated anion exchange layers had an overall
average thickness in a range of 20-40 pm when cured and dried. Within one sheet of the
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membrane, thickness deviation due to the uneven surface of the substrate were present.
As a result, the thickness of the coating layer could be locally different (minimum of 15 um
and a maximum of about 50 um were noticed in the analyzed dataset). The ununiform
surface of the substrate additionally rich in the exposed grains of silica particles was found
to be advantageous. Such surface provided for very good adhesion between the substrate
and the polymeric coating. Other types of porous materials such as thin poly(ethylene) or
poly(propylene) porous sheets (stretched foils) or cellophane membranes did not provide
sufficient adhesion between the substrate and coating. When coating attempts were taken
on such supports, the ionomer formulation would not distribute evenly during the coating,
and despite curing, delaminate upon wetting and swelling. This was not an issue in the
case of the PVC-Silica heterogeneous porous membrane used in this work. The use of
thick PVC-silica substrate (0.6 mm) was not expected to cause substantial ion transport
limitations, since the VRFB electrolyte is highly conductive (2 M H;SOj4). In such an
environment, effective current transport in electromigration is expected, even in areas
inside the substrate that are free of convective transport. The same type of PVC-Silica
separators were used before as porous separators in vanadium and copper RFBs [52,53],
and analogue examples of PE-Silica separators were also found [54].

SEM images and EDS analysis confirmed a hierarchical, layered, structure of the
fabricated membrane, as illustrated with the cross-sections view and elemental map in
Figure 3 (SEM image of the surface and corresponding elemental map are available in
Supplementary Materials Figure S3).

b)

Anion
r exchange layer 4

Porous
substrate

Nitrogen content

o . B
i

100 ym

Figure 3. SEM/EDS micrographs showing the hierarchical structure of the coated composite membrane. (a) SEM cross-

section image; (b) EDS Nitrogen map of the cross-section.

3.3. Area-Specific Resistivity (ASR) and Water Uptake (WU) of the Membranes

Figure 4 shows how the water uptake (WU) and the area-specific resistance (ASR) were
changing, depending on the content of VIMPPO in the coating layer. The VIMPPO_100%
membrane exhibited the highest ASR (1.4 Q) cm?) and the lowest WU (20%) among the
fabricated membranes, due to its densely cross-linked structure (values marked with blue
arrows in Figure 4). When the content of VIMPPO was reduced and the ionomer was used
as a functional crosslinker for the formulation of polyacrylamides, the ion conductivity
of the membrane was significantly improved. The ASR value dropped from 1.4 Q) cm? to
1.1 Q em? at 25% w/w of VIMPPO, and further down to 0.55 Q) em? at 10% w/w.
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Figure 4. Area-specific resistance measured in 1 M HCl,q at a current scan rate of 10 mA s~ and
water uptake of the membranes in a function of VIMPPO content in the anion-exchange coating.

The ASR trend following the diminishing content of VIMPPO in the coating is under-
standable. Formulations with the lower content of VIMPPO are expected to reach a lower
density of cross-linking, allowing for a higher water uptake. The water uptake trend was
also confirmed by the experimental data shown in Figure 4.

Figure 4 allows comparing the resistivity and water uptake of the composite mem-
branes, with results obtained for FAP 450, the commercial benchmark (WU—15%, ASR—
0.58 Q) cm?; red arrows in Figure 4).

In the case of the composite membranes, both the anion-exchange coating and the
porous substrate contributed to the overall ASR of the membrane. To isolate these contri-
butions, the ASR of the porous substrate was measured, giving 0.37 Q) cm?. This value
could be subtracted from the ASR of the entire coated membrane reported in Figure 4 to
estimate the resistivity of the coating alone. For example, the ASR value of VIMPPO_10%
membrane was 0.55 Q) cm?, out of which only 0.18 cm? was related to the coating after
subtracting the ASR of the substrate. This value was remarkably below the ASR of the
FAP 450 membrane. Two properties of the coating layer could be seen as sources of this
advantage in the ion conductivity. High water uptake of the VIMPPO_10% coating facili-
tated ion transport. In addition, the coating layer was only 20 um thick, less than half of
the thickness of the FAP 450 membrane (nominal thickness of 50 pm). A similar calculation
could be computed for the VIMPPO_25% membrane; this coating contributed 0.73 Q) cm?
to the overall membrane ASR. Its water uptake was 26%, closer to that of FAP 450. The
above argumentation indicates that a further decrease of the resistivity of the composite
membrane could be achieved by further optimizing the porous substrate.

3.4. Permeability to Vanadium lons

The lowest permeability of the vanadium species (VO?**) among all tested mem-
branes was observed for the neat VIMPPO coating (VIMPPO_100% sample, grey circles in
Figure 5). High cross-linking density allowed neat VIMPPO to form an exceptionally effec-
tive barrier for cation transfer. When the cross-linking density was diminished by reducing
the VIMPPO content in the coating to 20% w/w, the coated membrane reached vanadium
permeability matching that of FAP 450. At lower contents of VIMPPO, the permeation of
vanadium through the corresponding membranes increased gradually. In the case of the
lowest amount of VIMPPO (10% w/w), the transfer of vanadium species through the mem-
brane was still more than ten times slower, in comparison to a bare substrate. Slopes of the
vanadium concentration in the receiving cell as function of time changed from « = 0.01902
for the substrate to a = 0.0014 for VIMPPO_10% and down to & = 0.00054 for VIMPPO_25%.
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Exact permeability coefficients could be calculated but because of the hierarchical structure
of the coated membrane and uncertainty related to the exact uniformity and thickness of
the coating layers, they are reported in the Supplementary Materials Table S3.

010 VIMPPO_15% (48 h) x Substrate o = 0.01902
o124 % 4 VIMPPO 10% a = 0.0014
a " - VIMPPO 12 % a = 0.0011
8 0.09 = VIMPPO 15 % a = 0.00093
_‘:; x VIM PPO 17% a = 0.00082
E 0.06 +VIM PPO 20% o = 0.00074
S * FAP 450 o =0.00071
O 0.03
S + VIM PPO 25 % a = 0.00054
0.00 o VIMPPO 100 % a = 0.00035

Figure 5. Changes in VO?* absorbance (measured at 775 nm) recorded for the receiving solution
over 48 h (initial solutions—receiving: 0.15 M MgSOy in 3 M H,50, donor: 0.15 M VOSO, in 3 M
H,SOy). The picture inset presents the diffusion cell used for the permeability test assembled with
VIMPPO_15% after 48 h of the experiment. Slopes of the absorbance curves (x) were calculated and
used to quantify the permeation rate of vanadium cations.

Three composite membranes—VIMPPO_10%, _15%, and _20% were chosen for further
study of vanadium crossover under the VRFB cell conditions. Self-discharge curves of
a cell assembled with the three listed membranes and FAP 450 were recorded after an
initial, complete charge. The experiments were performed with the minimal possible
volume of electrolyte (10 mL in each of the two half cells, 20 mL total), in a test cell with
20 cm? of active area. The results are shown in Figure 6. The curve obtained for FAP
450 was considered to be a reference value for interpretation. Among the composite
membranes, VIMPPO_20% allowed for the slowest self-discharge, the cell retained charge
for 79 h. Self-discharge of the cell with FAP 450 took 92 h. For membranes with a lower
content of VIMPPO in the coating layer, 39 h and 28 h were recorded for VIMPPO_15%
and VIMPPO_10%, respectively. The results of the self-discharge test come in a trend
qualitatively matching VO?** permeability experiments. The discrepancies between the
relative self-discharge and results of the vanadium permeability experiments could be
explained by the migration of vanadium ions other than VO?* Indeed, cations such as
VO,* and V?* play a significant role in the self-discharge process.
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Figure 6. Open-circuit voltage in function of time (self-discharge curves) recorded for FAP 450 and
three composite membranes—VIMPPO_20%, VIMPPO_15%, and VIMPPO_10%.

3.5. Ex-Situ Chemical Stability in Vanadium (V) Electrolyte

The chemical stability in acidic and oxidative media was tested for 10, 15, and 25%
w/w of VIMPPO in the coating layers. The membranes were placed in a 1.6 M solution
of VO,* in 2 M H;,SOy for over 1500 h. The results presented in Figure 7a shows that the
concentration of VO?* rose faster for the coatings with a lower content of VIMPPO (the
UV spectra after 1500 h and 48 h are available in Supplementary Materials, Figure 54).
Upon completing the 1500 h oxidation tests, the coatings were found to be intact. Figure 7b
shows a cross-section image of the VIMPPO_15% membrane after the test.

o
~—
w
o

[\N]
o
1

Concentration of VO2*
[mmol L]
o

-&-VIMPPO_10% -=VIMPPO_15%
-+-VIMPPO_20% -e-FAP 450
-x-substrate d Anion
exchange
_____ T layer
______ ]
————————————— - o -
""""""" T Porous
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e T e s
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Figure 7. The results of oxidative stability test performed by the ageing membrane samples (VIMPPO_20%, VIMPPO_15%,
VIMPPO_10%) in 1.6 M VO,* in 2 M sulfuric acid solution. (a) Change in the concentration of VO?* measured over 1500 h;
and (b) SEM cross-section image of VIMPPO_15% after 1500 h of ageing.

The short-term stability test (48 h) conducted for individual components of the
coating—cross-linked VIMPPO and polymerized acrylamides (VIMPPO free) demon-
strated that no degradation occurred for VIMPPO, while oxidation took place for the
polymerized acrylamides (relevant UV spectra are available in Supplementary Materi-
als, Figure S5). The oxidation of polyacrylamide was likely to originate from the methyl
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and hydroxide groups present in N-[3-(dimethylamino)propyl]lmethacrylamide and N-
hydroxyethyl acrylamide. Future formulation optimalization will focus on the replacement
of these components.

Figure 7a demonstrates that the oxidation of the tested coated membranes happened
mostly within the first 200 h of the test. At later times, the reactions were majorly slowed
down or nearly stopped, especially in the case of the VIMPPO_15% and VIMPPO_20%
membranes. The slower rate of degradation observed for the membranes with a higher
amount of VIMPPO could be also attributed to the denser cross-linking. Such coatings also
exhibited lower water uptake and swelled less, therefore, the attack of oxidative species
could be additionally impeded by steric hindrance.

The collected information gave sufficient grounds to propose the composite mem-
branes for VREB testing, considering that at least the formulations with a higher content of
VIMPPO would sustain the prolonged exposure to the vanadium electrolyte.

3.6. VREB Single Cell Performance

The RFB cycling test aimed to find the trade-off between the opposite trends of the
ASR and vanadium permeability of the membranes, which allowed for the highest energy
efficiency of the RFB cell. Composite membranes with 10, 15, and 20% w/w of VIMPPO
content in the coating layer were selected for this experiment; FAP 450 and Nafion® N115
served as performance benchmarks [55-59].

The charge—discharge tests were carried out at three current densities—20, 50 and
80 mA cm~2. Performance at a current density exceeding 80 mA cm~2 was not studied,
due to the RFB cell limitations, leading to a poor energy efficiency and a low effective cell
capacity observed, even for the market-proven benchmarks. Exemplary charge—discharge
curves recorded for the VRFB single-cell, assembled with a composite membrane, is
presented in Figure 8a. The cell showed stable cycling performance at all applied current
densities over the experiment duration of 5 days, repeated twice without disassembling
the cell and starting with a fresh electrolyte. In another experiment, the cell was cycled
exclusively at a current density of 80 mA cm 2 for over 50 cycles. These results are available
in Supplementary Materials Figure S6. In this case, a stable operation was also recorded
with energy efficiency in line with the discussion below.

a) 18 VIMPPO_15% 2 b) Current density [mA cm?]
-© 7 S 20 | 50 | 80
] = LR R R T
=" < 2 o214 Eeddgga
— FE— la : :
= L E g faa :
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Figure 8. VRFB cycling performance data—(a) charge-discharge curve recorded for the VRFB single cell (Pinflowes, 20 cm?
of active area) assembled with VIMPPO_15% at three current densities—20, 50, and 80 mA cm~2; and (b) discharge capacity

for each tested membrane.

Figure 8b shows cell discharge capacities of the three listed membranes and commer-
cial IEMs extracted from the charge-discharge curves. The coating layers of the composite
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membrane had a decisive role in affecting the charge retention in the battery. In the
case of the two composite membranes with a higher content of crosslinking ionomer
(VIMPPO_20% and VIMPPO_15%), the results of capacity retention followed the evolution
of data obtained for FAP 450 and N115. Using the VIMPPO_10%, membrane led to a
steep loss of capacity at each applied current density. This was attributed to the signifi-
cantly higher vanadium permeability through the insufficiently crosslinked structure of
the VIMPPO_10% coating layer.

Figure 9 shows the cell efficiencies (energy, voltage, and coulombic) calculated for
all cycling experiments (numerical data are available in the Supplementary Materials
Table S1). As is typical for RFB cells, the coulombic efficiency increased for all membranes,
with increasing current densities; Figure 9c. An opposite trend was observed for voltage
efficiency, Figure 9b. Loss of voltage efficiency with the increasing current density—caused
by ohmic losses—dominated the trend of energy efficiency, which also diminished with
increasing current density; Figure 9a. Among the coated membranes, VIMPPO_15% was
seen as the best performing one, based on energy efficiency data presented in Figure 9a. At
low current density (20 mA cm’z), its result was matched by VIMPPO_20%. The energy
efficiency of VIMPPO_15% at higher current densities, closely followed the values recorded
for N 115 and slightly surpassed the energy efficiency values of FAP 450 at the highest
applied current (75.1% for VIMPPO_15% vs. 75.0% for N 115 vs. 73.0% for FAP 450, at
80 mA cm2).
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a) b) O BT R | | R
= X % TIN L |
11 2 1
=X = A PR = A | all 11
111 11 111 111
o 1 > 111 c 11l
% 1 7 e | | 111 111
= 57 ) 111 -, [ a1 Il
] 1l Lo c 1IN 'S 1INl
= 1l 7 7 111 M L o s
o Lo n o 11l e o e
2 111 NPy S 111l = 1111l
b= o B . 3] 111111l z |G i1t
- 111Nt I 11l ey 11Nl
[T 111Nl 1 st | E 111l e N s
111Nl n 11IFl] I R N s
010 0 g %70 g 8T0y
D 11IEE 1 EI1 R 11l 11l
5 11Nl R 111l il E s
o 11N R 111l il S o s
c 11 NI 11111 El| N 111l
w 11N N 111l il 3 s
11 il 1111l .l o 1|lIFEiITEil
11l 111 11| N il i1l i1 111 1 il
1Nl 111181 Flil| R o e
1l il 1l il 111 o 1] i1 111
so dli L D | s L ol i
20 50 80 20 50 80 20 50 80
Current densitiy [mA cm] Current density [mA cm] Current density [mA cm]

Figure 9. VRFB performances reached by the single-cells with the three tested composite membranes, FAP 450 and Nafion®
N115 cycled at 20, 50, and 80 mA cm2—(a) energy efficiency, (b) voltage efficiency, and (c) coulombic efficiency.

Trends observed for the energy efficiency were interpreted based on coulombic and
voltage efficiencies data of the tested membranes; presented in Figure 9b,c, together with
the characterization discussed earlier.

Coulombic efficiencies achieved by the cells assembled with the tested membranes
(Figure 9c) was in line with the permeability data reported previously. The cell with
the most densely cross-linked membrane (VIMPPO_20%), reached the highest coulom-
bic efficiency among the other tested composite membranes (97.1% and 97.9% at 50 and
80 mA cm ™2, respectively). The high coulombic efficiency was achieved at the cost of low
voltage efficiency, caused by the highest ASR of VIMPPO_20% membranes. Therefore,
the overall performance of the VIMPPO_20% membrane was suboptimal, particularly, at
higher current densities conditions, in which ohmic losses dominated the cell performance
(energy efficiency—76.8% and 67.1% at 50 and 80 mA cm 2, respectively). Diminishing
the VIMPPO content in the coating layer led to a decreased coulombic efficiency—93.3%
for VIMPPO_20%, 91.5% for VIMPPO_15%, and 84.5% for VIMPPO_10% recorded at
20 mA cm~2—current conditions at which coulombic losses were most pronounced. There-
fore, higher permeation of vanadium species across the membrane was observed in the
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case of the less densely cross-linked membranes. This observation was in line with the
permeability and self-discharge experiments.

The voltage efficiency trend of the three composite membranes was found in partial
contrast to the ASR data reported earlier. ASR results correlated accurately to the content
of VIMPPO in the coatings. However, despite the lowest resistivity, VIMPPO_10% did
not allow us to reach proportionally high-voltage efficiencies during the RFB cycling
experiments. This discrepancy is not completely understood but may have been caused
by different conditions during the two experiments. ASR tests were performed in 1 M
HCI with a short-lasting measurement that possibly did not include all concentration
polarization effects that could build up over time, during the charge-discharge cycle in
2 M H,S04. For the other two coated membranes, the results of voltage efficiency were
in line with the ASR data. Undisputedly, the cell with VIMPPO_20% reached the lowest
voltage efficiencies at all applied current densities (91.7%, 79.1%, and 68.5% for 20, 50,
and 80 mA cm~2), resulting in a compromised energy efficiency, particularly at higher
current densities. No transport limitations related to the porous substrate were manifested
during the cycling experiments. The composite membranes—VIMPPO 15% and VIMPPO
10% reached voltage efficiencies comparable to the ones of the think foil commercial IEMs.
Thus, it can be concluded that the ionic transport properties of the composite membranes
are controlled by the ionomer coating layer.

The cell assembled with the middle option membrane, VIMPPO_15%, reached the
highest voltage efficiency values, given the unsatisfactory low voltage efficiency of
VIMPPO_10%. Further it exhibited coulombic efficiencies in between the results of
VIMPPO_10% and VIMPPO_20% membranes. When coulombic and voltage efficiency are
combined into energy efficiency, VIMPPO_15% is considered to be the overall best per-
forming membrane with comparable performance to the N 115 membrane, at the highest
current density.

4. Conclusions

The proposed composite hierarchical anion-exchange membranes were able to reach
the low, area-specific resistance, and low cation (VO?*) permeability, when formulated for
the right level of cross-linking ionomer (VIMPPO). Compiling the characterization and
RFB cell cycling results, VIMPPO_15% exhibited the optimal trade-off between the various
properties determining the performance of a membrane in a VRFB cell. With 75.1% of
energy efficiency at current density 80 mA cm ™2, the VIMPPO_15% membrane closely
matched the performance of the PESA-based benchmark cation-exchange membrane N
115 (75.0%) and exceeded the performance of a commercial anion-exchange membrane
FAP 450 (73.0%). This was seen as an achievement, given that the coated membrane was
fabricated in a straightforward manner and was utilized in the majority (85% w/w), low-
value materials. Acrylamide monomers are readily available at the chemical reagent market
and can be replaced with industrial commodity chemicals—DMAPAA™ or HEAA™ (K]
Chemicals Corporation, Tokyo, Japan). The proposed fabrication method, employing blade
coating and UV curing steps, opens direct scale-up possibilities.

Despite the use of non-perfluorinated compounds, the chemical stability of the com-
posite membranes was sufficient for their investigation. Indication of oxidation of the
polymerized acrylamide was observed during the VO, " ageing tests but in none of the
experiments did the membrane display visible signs of degradation. Experimental data
showed that other components of the formulation were less resistant to V(V) than the
VIMPPO polymer itself. This aspect will require future attention and possible improve-
ments of the membrane formulation.

This study shows that the ionic transport properties of the composite membrane can
be conveniently controlled by changing the amount of VIMPPO used for the fabrication of
the ion-exchange coating layer. Decreasing the content of VIMPPO in the coating, resulted
in a lower density of cross-linking, and thus, higher water uptake, lower ASR, and higher
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cation permeability. In this way, the balance between coulombic efficiency and voltage
efficiency of the cell could be controlled.

In conclusion, the presented hierarchical membrane is a promising concept for low-
cost IEMs that may be used in energy storage applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/membranes11060436/s1. Figure S1. "H NMR spectrum of the brominated PPO (Bruker
Avance 400 spectrometer). Figure S2. 'H NMR Spectra of vinylimidazolium PPO (VIMPPO) (Bruker
Avance 400 spectrometer). Figure S3. SEM image of ion-exchange coating surface (left), EDS
map—nitrogen distribution (right). Figure S4. UV-vis spectra recorded for the tested solution
(ex-situ chemical stability) comparison between the different composite membranes. Figure S5.
UV-Vis spectra recorded for the tested solution (ex-situ chemical stability—short-term stability
of the coating’s component; matrix UV-cured acrylamides), and VIMPPO-cured alone. Figure S6.
Cycling performance of the VRFB cell assembled with the membrane VIMPPO_15% over 50 cycles at
80 mA cm~2—(a) charge-discharge curves recorded, (b) coulombic, voltage, and energy efficiency of
the cell. Table S1. Performance of VRFB single cells (active area, 20 cm?) assembled with different
membranes. Table S2. Permeability coefficients calculated for the composite membranes and the
commercial AEM-FAP 450.

Author Contributions: Conceptualization, M.C., C.I, G.H., M.E,, PE, and M.L.D.; investigation,
M.C.; methodology, PF, M.C., and M.L.D., data analysis and visualizations, M.C. and M.L.D.;
writing—original draft preparation, M.C. and M.L.D.; writing—review and editing, M.L.D., G.H., PE,
C.I, and M.E,; supervision, M.L.D., M.E., and G.H.; project administration, M.L.D.; funding acquisi-
tion, PF. and M.L.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was executed in the framework of a research and training project “Flowcamp”
funded by the European Union’s Maria-Sklodowska-Curie programme—H2020-MSCA-ITN-2017
grant agreement 765289.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Inquiries regarding data used in the paper can be addressed to the
corresponding authors. All data needed for motivating the conclusions of the paper are available in
the manuscript, additional background information can be found in the Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Villafana-Lopez, L.; Reyes-Valadez, D.M.; Gonzalez-Vargas, O.A.; Sudrez-Toriello, V.A.; Jaime-Ferrer, ].S. Custom-Made Ion
Exchange Membranes at Laboratory Scale for Reverse Electrodialysis. Membranes 2019, 9, 145. [CrossRef] [PubMed]

2. Sharma, PP; Tinh, V.D.C.; Kim, D. Enhanced Ion Cluster Size of Sulfonated Poly (Arylene Ether Sulfone) for Proton Exchange
Membrane Fuel Cell Application. Polymers 2021, 13, 1111. [CrossRef] [PubMed]

3. Chen, H; Cong, G; Lu, Y.-C. Recent Progress in Organic Redox Flow Batteries: Active Materials, Electrolytes and Membranes. J.
Energy Chem. 2018, 27, 1304-1325. [CrossRef]

4.  Prifti, H.; Parasuraman, A.; Winardi, S.; Lim, T.M.; Skyllas-Kazacos, M. Membranes for Redox Flow Battery Applications.
Membranes 2012, 2, 275-306. [CrossRef]

5. Obotey Ezugbe, E.; Rathilal, S. Membrane Technologies in Wastewater Treatment: A Review. Membranes 2020, 10, 89.
[CrossRef] [PubMed]

6. Kariduraganavar, M.Y.; Nagarale, R.K; Kittur, A.A.; Kulkarni, S.S. Ion-Exchange Membranes: Preparative Methods for Electro-
dialysis and Fuel Cell Applications. Desalination 2006, 197, 225-246. [CrossRef]

7.  Weber, A.Z.; Mench, M.M.; Meyers, J.P; Ross, PN.; Gostick, ].T.; Liu, Q. Redox Flow Batteries: A Review. J. Appl. Electrochem.
2011, 41, 1137-1164. [CrossRef]

8. Murali, A,; Nirmalchandar, A.; Krishnamoorthy, S.; Hoober-Burkhardt, L.; Yang, B.; Soloveichik, G.; Prakash, G.K.S.; Narayanan,
S.R. Understanding and Mitigating Capacity Fade in Aqueous Organic Redox Flow Batteries. J. Electrochem. Soc. 2018, 165,
A1193-A1203. [CrossRef]

9.  Sun, C.-Y,; Zhang, H.; Luo, X.-D.; Chen, N. A Comparative Study of Nafion and Sulfonated Poly(Ether Ether Ketone) Membrane
Performance for Iron-Chromium Redox Flow Battery. Ionics 2019, 25, 4219-4229. [CrossRef]

10. Zhang, D.; Xin, L.; Xia, Y,; Dai, L.; Qu, K.; Huang, K.; Fan, Y.; Xu, Z. Advanced Nafion Hybrid Membranes with Fast Proton

Transport Channels toward High-Performance Vanadium Redox Flow Battery. J. Membr. Sci. 2021, 624, 119047. [CrossRef]


https://www.mdpi.com/article/10.3390/membranes11060436/s1
https://www.mdpi.com/article/10.3390/membranes11060436/s1
http://doi.org/10.3390/membranes9110145
http://www.ncbi.nlm.nih.gov/pubmed/31689967
http://doi.org/10.3390/polym13071111
http://www.ncbi.nlm.nih.gov/pubmed/33807485
http://doi.org/10.1016/j.jechem.2018.02.009
http://doi.org/10.3390/membranes2020275
http://doi.org/10.3390/membranes10050089
http://www.ncbi.nlm.nih.gov/pubmed/32365810
http://doi.org/10.1016/j.desal.2006.01.019
http://doi.org/10.1007/s10800-011-0348-2
http://doi.org/10.1149/2.0161807jes
http://doi.org/10.1007/s11581-019-02971-0
http://doi.org/10.1016/j.memsci.2020.119047

Membranes 2021, 11, 436 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Beh, E.S.; De Porcellinis, D.; Gracia, R.L.; Xia, K.T.; Gordon, R.G.; Aziz, M.]. A Neutral PH Aqueous Organic-Organometallic
Redox Flow Battery with Extremely High Capacity Retention. ACS Energy Lett. 2017, 2, 639—-644. [CrossRef]

Yang, Z.; Zhang, ].; Kintner-Meyer, M.C.W.; Lu, X.; Choi, D.; Lemmon, ].P,; Liu, J. Electrochemical Energy Storage for Green Grid.
Chem. Rev. 2011, 111, 3577-3613. [CrossRef]

Hugo, Y.A.; Kout, W.; Sikkema, F.; Borneman, Z.; Nijmeijer, K. In Situ Long-Term Membrane Performance Evaluation of
Hydrogen-Bromine Flow Batteries. |. Energy Storage 2020, 27, 101068. [CrossRef]

Lee, W.; Permatasari, A.; Kwon, Y. Neutral PH Aqueous Redox Flow Batteries Using an Anthraquinone-Ferrocyanide Redox
Couple. J. Mater. Chem. C 2020, 8, 5727-5731. [CrossRef]

Winsberg, J.; Hagemann, T.; Janoschka, T.; Hager, M.D.; Schubert, U.S. Redox-Flow Batteries: From Metals to Organic Redox-
Active Materials. Angew. Chem. Int. Ed. 2017, 56, 686-711. [CrossRef] [PubMed]

Ashraf Gandomi, Y.; Aaron, D.; Mench, M. Influence of Membrane Equivalent Weight and Reinforcement on Ionic Species
Crossover in All-Vanadium Redox Flow Batteries. Membranes 2017, 7, 29. [CrossRef]

Vijayakumar, M.; Luo, Q.; Lloyd, R.; Nie, Z.; Wei, X,; Li, B.; Sprenkle, V.; Londono, J.-D.; Unlu, M.; Wang, W. Tuning the
Perfluorosulfonic Acid Membrane Morphology for Vanadium Redox-Flow Batteries. ACS Appl. Mater. Interfaces 2016, 8,
34327-34334. [CrossRef]

Modestino, M.A.; Kusoglu, A.; Hexemer, A.; Weber, A.Z.; Segalman, R.A. Controlling Nafion Structure and Properties via Wetting
Interactions. Macromolecules 2012, 45, 4681-4688. [CrossRef]

Kim, S.; Yan, ].; Schwenzer, B.; Zhang, J.; Li, L.; Liu, J.; Yang, Z.; Hickner, M. A. Cycling Performance and Efficiency of Sulfonated
Poly(Sulfone) Membranes in Vanadium Redox Flow Batteries. Electrochem. Commun. 2010, 12, 1650-1653. [CrossRef]

Ye, J.; Yuan, D.; Ding, M.; Long, Y.; Long, T.; Sun, L.; Jia, C. A Cost-Effective Nafion/Lignin Composite Membrane with Low
Vanadium Ion Permeation for High Performance Vanadium Redox Flow Battery. J. Power Sources 2021, 482, 229023. [CrossRef]
Shi, Y.; Eze, C.; Xiong, B.; He, W.; Zhang, H.; Lim, TM.; Ukil, A.; Zhao, J. Recent Development of Membrane for Vanadium Redox
Flow Battery Applications: A Review. Appl. Energy 2019, 238, 202-224. [CrossRef]

Mai, Z.; Zhang, H.; Zhang, H.; Xu, W.; Wei, W.; Na, H.; Li, X. Anion-Conductive Membranes with Ultralow Vanadium Permeability
and Excellent Performance in Vanadium Flow Batteries. ChemSusChem 2013, 6, 328-335. [CrossRef]

Zhang, B.; Zhang, E.; Wang, G.; Yu, P; Zhao, Q.; Yao, F. Poly(Phenyl Sulfone) Anion Exchange Membranes with Pyridinium
Groups for Vanadium Redox Flow Battery Applications. J. Power Sources 2015, 282, 328-334. [CrossRef]

Zhang, S.; Zhang, B.; Zhao, G.; Jian, X. Anion Exchange Membranes from Brominated Poly(Aryl Ether Ketone) Containing
3,5-Dimethyl Phthalazinone Moieties for Vanadium Redox Flow Batteries. J. Mater. Chem. A 2014, 2, 3083. [CrossRef]

Maurya, S.; Shin, S.-H.; Kim, Y.; Moon, S.-H. A Review on Recent Developments of Anion Exchange Membranes for Fuel Cells
and Redox Flow Batteries. RSC Adv. 2015, 5, 37206-37230. [CrossRef]

Tongwen, X.; Weihua, Y. Fundamental Studies of a New Series of Anion Exchange Membranes: Membrane Preparation and
Characterization. . Membr. Sci. 2001, 190, 159-166. [CrossRef]

Ran, J.; Wu, L,; Ry, Y,; Hu, M;; Din, L.; Xu, T. Anion Exchange Membranes (AEMs) Based on Poly(2,6-Dimethyl-1,4-Phenylene
Oxide) (PPO) and Its Derivatives. Polym. Chem. 2015, 6, 5809-5826. [CrossRef]

Yang, Q.; Lin, C.X,; Liu, EH.; Li, L.; Zhang, Q.G.; Zhu, A.M,; Liu, Q.L. Poly (2,6-Dimethyl-1,4-Phenylene Oxide)/Ionic Liquid
Functionalized Graphene Oxide Anion Exchange Membranes for Fuel Cells. ]. Membr. Sci. 2018, 552, 367-376. [CrossRef]

Zeng, L.; Zhao, T.S.; Wei, L.; Zeng, Y.K.; Zhang, Z.H. Highly Stable Pyridinium-Functionalized Cross-Linked Anion Exchange
Membranes for All Vanadium Redox Flow Batteries. . Power Sources 2016, 331, 452—461. [CrossRef]

Roh, S.-H.; Lim, M.-H.; Sadhasivam, T.; Jung, H.-Y. Investigation on Physico-Chemical and Electrochemical Performance of
Poly(Phenylene Oxide)-Based Anion Exchange Membrane for Vanadium Redox Flow Battery Systems. Electrochim. Acta 2019,
325,134944. [CrossRef]

Sung, S.; Mayadevi, T.S.; Chae, ].E.; Kim, H.-J.; Kim, H.-].; Kim, T.-H. Effect of Increasing Hydrophilic-Hydrophobic Block Length
in Quaternary Ammonium-Functionalized Poly(Ether Sulfone) Block Copolymer for Anion Exchange Membrane Fuel Cells. J.
Ind. Eng. Chem. 2020, 81, 124-134. [CrossRef]

Si, J; Lv, Y,; Lu, S.; Xiang, Y. Microscopic Phase-Segregated Quaternary Ammonia Polysulfone Membrane for Vanadium Redox
Flow Batteries. J. Power Sources 2019, 428, 88-92. [CrossRef]

Kim, J.-H.; Ryu, S.; Maurya, S.; Lee, ].-Y,; Sung, K.-W.; Lee, J.-S.; Moon, S.-H. Fabrication of a Composite Anion Exchange
Membrane with Aligned Ion Channels for a High-Performance Non-Aqueous Vanadium Redox Flow Battery. RSC Adv. 2020, 10,
5010-5025. [CrossRef]

Kim, D.-H.; Kang, M.-S. Pore-Filled Anion-Exchange Membranes with Double Cross-Linking Structure for Fuel Cells and Redox
Flow Batteries. Energies 2020, 13, 4761. [CrossRef]

Cho, E.; Won, J. Novel Composite Membrane Coated with a Poly(Diallyldimethylammonium Chloride)/Urushi Semi-
Interpenetrating Polymer Network for Non-Aqueous Redox Flow Battery Application. J. Power Sources 2016, 335,
12-19. [CrossRef]

Gubler, L.; Vonlanthen, D.; Schneider, A.; Oldenburg, F.J. Composite Membranes Containing a Porous Separator and a Polybenz-
imidazole Thin Film for Vanadium Redox Flow Batteries. J. Electrochem. Soc. 2020, 167, 100502. [CrossRef]

Javadi, A.; Mehr, H.S.; Sobani, M.; Soucek, M.D. Cure-on-command technology: A review of the current state of the art. Progress
Org. Coat. 2016, 100, 2-31. [CrossRef]


http://doi.org/10.1021/acsenergylett.7b00019
http://doi.org/10.1021/cr100290v
http://doi.org/10.1016/j.est.2019.101068
http://doi.org/10.1039/D0TC00640H
http://doi.org/10.1002/anie.201604925
http://www.ncbi.nlm.nih.gov/pubmed/28070964
http://doi.org/10.3390/membranes7020029
http://doi.org/10.1021/acsami.6b10744
http://doi.org/10.1021/ma300212f
http://doi.org/10.1016/j.elecom.2010.09.018
http://doi.org/10.1016/j.jpowsour.2020.229023
http://doi.org/10.1016/j.apenergy.2018.12.087
http://doi.org/10.1002/cssc.201200561
http://doi.org/10.1016/j.jpowsour.2015.02.070
http://doi.org/10.1039/c3ta14503d
http://doi.org/10.1039/C5RA04741B
http://doi.org/10.1016/S0376-7388(01)00434-3
http://doi.org/10.1039/C4PY01671H
http://doi.org/10.1016/j.memsci.2018.02.036
http://doi.org/10.1016/j.jpowsour.2016.09.065
http://doi.org/10.1016/j.electacta.2019.134944
http://doi.org/10.1016/j.jiec.2019.08.062
http://doi.org/10.1016/j.jpowsour.2019.04.100
http://doi.org/10.1039/C9RA08616A
http://doi.org/10.3390/en13184761
http://doi.org/10.1016/j.jpowsour.2016.10.020
http://doi.org/10.1149/1945-7111/ab945f
http://doi.org/10.1016/j.porgcoat.2016.02.014

Membranes 2021, 11, 436 17 of 17

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Aparicio, J.L.; Elizalde, M. Migration of Photoinitiators in Food Packaging: A Review. Packag. Technol. Sci. 2015, 28,
181-203. [CrossRef]

Seo, S.-J.; Kim, B.-C.; Sung, K.-W.; Shim, J.; Jeon, J.-D.; Shin, K.-H.; Shin, S.-H.; Yun, S.-H.; Lee, J.-Y.; Moon, S.-H. Electrochemical
Properties of Pore-Filled Anion Exchange Membranes and Their Ionic Transport Phenomena for Vanadium Redox Flow Battery
Applications. |. Membr. Sci. 2013, 428, 17-23. [CrossRef]

Jung, M.].; Parrondo, ].; Arges, C.G.; Ramani, V. Polysulfone-Based Anion Exchange Membranes Demonstrate Excellent Chemical
Stability and Performance for the All-Vanadium Redox Flow Battery. J. Mater. Chem. A 2013, 1, 10458. [CrossRef]

Lourenssen, K.; Williams, J.; Ahmadpour, E; Clemmer, R.; Tasnim, S. Vanadium Redox Flow Batteries: A Comprehensive Review.
J. Energy Storage 2019, 25, 100844. [CrossRef]

Skyllas-Kazacos, M.; Chakrabarti, M.H.; Hajimolana, S.A.; Mjalli, FES.; Saleem, M. Progress in Flow Battery Research and
Development. J. Electrochem. Soc. 2011, 158, R55. [CrossRef]

Laine, C. Porous Membrane and Method of Production Thereof. U.S. Patent 10,561,992, 18 February 2020.

Willdorf-Cohen, S.; Mondal, A.N.; Dekel, D.R.; Diesendruck, C.E. Chemical Stability of Poly(Phenylene Oxide)-Based Ionomers
in an Anion Exchange-Membrane Fuel Cell Environment. |. Mater. Chem. A 2018, 6, 22234-22239. [CrossRef]

Chen, D.; Kim, S.; Li, L.; Yang, G.; Hickner, M. A. Stable Fluorinated Sulfonated Poly(Arylene Ether) Membranes for Vanadium
Redox Flow Batteries. RSC Adv. 2012, 2, 8087. [CrossRef]

Dai, Q; Liu, Z.; Huang, L.; Wang, C.; Zhao, Y.; Fu, Q.; Zheng, A.; Zhang, H.; Li, X. Thin-Film Composite Membrane Breaking the
Trade-off between Conductivity and Selectivity for a Flow Battery. Nat. Commun. 2020, 11, 13. [CrossRef]

Yang, J.; Jiang, H.; Gao, L.; Wang, J.; Ye, N.; Xu, Y.; He, R. Formation and Investigation of Dual Cross-Linked High Tempera-
ture Proton Exchange Membranes Based on Vinylimidazolium-Functionalized Poly(2,6-Dimethyl-1,4-Phenylene Oxide) and
Polystyrene. Polym. Chem. 2018, 9, 5462-5469. [CrossRef]

Zhang, N.; Huo, J.; Yang, B.; Ruan, X.; Zhang, X.; Bao, J.; Qi, W.; He, G. Understanding of Imidazolium Group Hydration
and Polymer Structure for Hydroxide Anion Conduction in Hydrated Imidazolium-g-PPO Membrane by Molecular Dynamics
Simulations. Chem. Eng. Sci. 2018, 192, 1167-1176. [CrossRef]

Gao, L.; He, G; Pan, Y.; Zhao, B.; Xu, X,; Liu, Y,; Deng, R.; Yan, X. Poly(2,6-Dimethyl-1,4-Phenylene Oxide) Containing
Imidazolium-Terminated Long Side Chains as Hydroxide Exchange Membranes with Improved Conductivity. J. Membr. Sci.
2016, 518, 159-167. [CrossRef]

Tan, Q.; Lu, S.; Si, J.; Wang, H.; Wu, C; Li, X.; Xiang, Y. A Bunch-Like Tertiary Amine Grafted Polysulfone Membrane for
VRFBs with Simultaneously High Proton Conductivity and Low Vanadium Ion Permeability. Macromol. Rapid Commun. 2017,
38. [CrossRef]

Gubler, L. Membranes and Separators for Redox Flow Batteries. Curr. Opin. Electrochem. 2019, 18, 31-36. [CrossRef]

Wei, X.; Nie, Z.; Luo, Q.; Li, B.; Sprenkle, V.; Wang, W. Polyvinyl Chloride/Silica Nanoporous Composite Separator for
All-Vanadium Redox Flow Battery Applications. J. Electrochem. Soc. 2013, 160, A1215-A1218. [CrossRef]

Sanz, L.; Lloyd, D.; Magdalena, E.; Palma, J.; Kontturi, K. Description and Performance of a Novel Aqueous All-Copper Redox
Flow Battery. J. Power Sources 2014, 268, 121-128. [CrossRef]

Wei, X,; Li, B, Wang, W. Porous Polymeric Composite Separators for Redox Flow Batteries. Polym. Rev. 2015, 55,
247-272. [CrossRef]

Cho, H.; Krieg, H.; Kerres, J. Performances of Anion-Exchange Blend Membranes on Vanadium Redox Flow Batteries. Membranes
2019, 9, 31. [CrossRef]

Haisch, T.; Ji, H.; Weidlich, C. Monitoring the State of Charge of All-Vanadium Redox Flow Batteries to Identify Crossover of
Electrolyte. Electrochim. Acta 2020, 336, 135573. [CrossRef]

Haisch, T.; Ji, H.; Holtz, L.; Struckmann, T.; Weidlich, C. Half-Cell State of Charge Monitoring for Determination of Crossover in
VRFB—Considerations and Results Concerning Crossover Direction and Amount. Membranes 2021, 11, 232. [CrossRef]
Diierkop, D.; Widdecke, H.; Schilde, C.; Kunz, U.; Schmiemann, A. Polymer Membranes for All-Vanadium Redox Flow Batteries:
A Review. Membranes 2021, 11, 214. [CrossRef] [PubMed]

Poli, N.; Schiffer, M.; Trovo, A.; Noack, J.; Guarnieri, M.; Fischer, P. Novel Electrolyte Rebalancing Method for Vanadium Redox
Flow Batteries. Chem. Eng. J. 2021, 405, 126583. [CrossRef]


http://doi.org/10.1002/pts.2099
http://doi.org/10.1016/j.memsci.2012.11.027
http://doi.org/10.1039/c3ta11459g
http://doi.org/10.1016/j.est.2019.100844
http://doi.org/10.1149/1.3599565
http://doi.org/10.1039/C8TA05785K
http://doi.org/10.1039/c2ra20834b
http://doi.org/10.1038/s41467-019-13704-2
http://doi.org/10.1039/C8PY01148F
http://doi.org/10.1016/j.ces.2018.08.051
http://doi.org/10.1016/j.memsci.2016.07.012
http://doi.org/10.1002/marc.201600710
http://doi.org/10.1016/j.coelec.2019.08.007
http://doi.org/10.1149/2.087308jes
http://doi.org/10.1016/j.jpowsour.2014.06.008
http://doi.org/10.1080/15583724.2015.1011276
http://doi.org/10.3390/membranes9020031
http://doi.org/10.1016/j.electacta.2019.135573
http://doi.org/10.3390/membranes11040232
http://doi.org/10.3390/membranes11030214
http://www.ncbi.nlm.nih.gov/pubmed/33803681
http://doi.org/10.1016/j.cej.2020.126583

	Introduction 
	Materials and Methods 
	Chemicals 
	Synthesis of Vinyl Imidazolium Poly(Phenylene Oxide) 
	Bromination of Poly(Phenylene Oxide) 
	Synthesis of Vinyl Imidazole Functionalized PPO (VIMPPO) 

	Fabrication of the Composite Anion-Exchange Membrane 
	Morphology Characterization 
	Water Uptake (WU), Area Specific Resistance (ASR), and Permeability to VO2+ 
	Ex-Situ Chemical Stability in VO2+ 
	VRFB Single-Cell Performance 

	Results 
	Synthesis of Vinylimidazolium Poly(Phenylene Oxide) 
	Membrane Fabrication and Morphology Characterization 
	Area-Specific Resistivity (ASR) and Water Uptake (WU) of the Membranes 
	Permeability to Vanadium Ions 
	Ex-Situ Chemical Stability in Vanadium (V) Electrolyte 
	VRFB Single Cell Performance 

	Conclusions 
	References

