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Abstract

Redox flow batteries (RFBs) are an interesting option for long-term energy storage. A
well-performing membrane sits at the heart of the electrochemical battery cell and should
effectively mitigate crossover of active species while minimizing resistance. However,
current commercial membranes are rather expensive and demonstrate sub-optimal per-
formance, leading to an extensive search for alternatives. Research on membranes for
RFBs has long been dominated by dense ion-exchange membranes and porous membranes,
both potentially with fillers. In recent years, increased interest in alternative morphologies
such as thin-film composites (TFCs) has ignited new research directions. TFCs consist of
a thin dense layer on top of a porous support, aiming to merge the advantages of both.
Traditionally, TFCs are made using polyamide top layers. In this paper, a novel chemistry
is developed with increased chemical stability for REBs. Poly(vinylbenzyl chloride) is
crosslinked interfacially with a diamine, demonstrating for the first time the potential of
support-mediated interfacial crosslinking with two immiscible solvents. Optimization of
the support, amine crosslinker, reaction time and synthesis procedure allowed a shift of the
trade-off between vanadium crossover and proton transport, highlighting the opportunities
for this promising TFC chemistry.

Keywords: vanadium flow battery; thin film composite; membrane; interfacial crosslinking;
PVDF

1. Introduction

The increasing share of renewable energy requires large-scale energy storage to safe-
guard grid stability. One option is lithium-ion batteries, which are better at providing
short-term storage instead of long-term due to cost inefficiencies at a larger scale [1,2].
Redox flow batteries (RFBs) are an optimal candidate for stationary energy storage due to
their decoupled power and capacity and long lifetime. This makes them more cost-efficient
at a larger scale. However, one of the remaining drawbacks is their relatively high price
compared to conventional energy storage devices as well as their sub-optimal performance.
The membrane is an essential cell component that significantly dictates the performance.
Dense ion exchange membranes are the default, with perfluorosulfonic chemistries such as
in Nafion being the benchmark [3-5]. However, such dense ion exchange membranes typi-
cally suffer from a trade-off between conductivity and selectivity due to their morphology.
Here, a thin-film composite (TFC) membrane is developed as an alternative membrane to
improve the selectivity without compromising ionic conductivity.
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A TFC consists of a porous support and a very thin, dense and positively charged
layer on top to seal the pores of the underlying support. TFCs have long been known in
the membrane field and have immensely improved liquid filtration [6,7], but only recently
have they made their way into the RFB field [8,9]. Here, an improved conductivity can be
obtained by the ultra-thin and highly charged top layer combined with the high porosity of
the support, while the crossover of redox-active species can be suppressed upon developing
a sufficiently dense top layer.

TFC morphologies have been exploited to minimize the amount of perfluorinated
polymer present in the membrane [10]. This allows for application-tailored optimization by
separate tuning of the support and top layer, with many polymer chemistries available for
both. Most commonly known is the TFC with a polyamide top layer, already demonstrated
in flow batteries [8,11]. Although Dai et al. showed a stable operation for 1000 cycles [8],
polyamide is theorized to be unstable in acid conditions on the longer term but can be
further stabilized through the addition of other polymers. This is exemplified by the
addition of a polydopamine layer by Teng et al. [9]. Alternatively, different thin-film
chemistries are explored, such as polypyrrole [12], polybenzimidazole [13,14], layered
double hydroxide [15] and polymers of intrinsic microporosity [16,17].

A composite membrane is now introduced based on a poly(vinylidene fluoride)
(PVDF) support and an amine-crosslinked poly(vinylbenzyl chloride) (PVBC) top layer
with quaternary ammonium groups. Although other variations of so-called interfacial
crosslinking exist [18-23], this is the first time that a polymer/oligomer is crosslinked
interfacially on a porous support by the use of two immiscible solvents. This interfacial
crosslinking allows for obtaining much thinner polymer films than conventional polymer
crosslinking. The latter is done before polymer solution casting [24], during phase inver-
sion [25] or after casting as a post-treatment [26,27]. In all cases, membranes for RFBs are
generally cast as free-standing, which requires a higher thickness in order to be mechani-
cally stable. Performing the reaction interfacially allows the formation of a thin layer of
crosslinked polymer, which is anchored in the porous support. The commercial PVDF
support Nadir UV150 is compared to a lab-made PVDF support, which was optimized by
tuning synthesis parameters such as polymer concentration and post-treatment. The PVBC
top layer is modified by varying crosslinker and reaction parameters, such as reactant
concentration, reaction time and synthesis procedure.

The bifunctional amines 1,4-diazabicyclo[2.2.2]octane (DABCO) and N,N,N’,N’-
tetramethyl-1.6-hexanediamine (TMHDA) are used to incorporate positive charge into the
top layer through crosslinking. Both are tertiary amines, creating a quaternary ammonium
upon reacting with the chloromethyl moiety of PVBC according to a Menshutkin reac-
tion [28,29], following an Sy2 mechanism [30]. DABCO and TMHDA have both been used
for charge incorporation and as a crosslinker to create high-performance anion exchange
membranes (AEMs) [31-34]. Though they are mostly used in an alkaline environment
for high OH" conductivity [29,35-42], few studies also prove their potential in acid-based
RFBs [27,33,43-45].

Besides their stability, the general effect of quaternary ammonium groups on the
performance of the membrane has also been studied. Rezayani et al. found that putting
the charge on the end of the pending chain rather than at the beginning did not alter the
shape of the microphase but changed the mobility of anions through the membrane [46].
Additionally, they also found that increased hydrophobic side chain length dangling on
a quaternary ammonium group resulted in steric hindrance and lowered the mobility
of anions through the membrane [46]. Li et al. found that amines with longer alkyl
chains, such as TMHDA compared to trimethylamine, resulted in higher chemical stability,
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attributed to increased steric hindrance [39]. Komkova et al. similarly found a higher
stability with longer alkyl chains [40].

2. Materials and Methods
2.1. Materials

Poly(vinylidene fluoride) (PVDF) (MW ~ 534 000 Da), poly(vinylbenzyl chloride)
(PVBC) (60/40 mixture of 3- and 4-isomers), magnesium sulfate (MgSOy),
1,6-dibromohexane and deuterium oxide (99.9%) were purchased from Sigma Aldrich
(St Quentin Fallavier, France). Toluene (>99%), vanadyl sulfate hydrate and ethanol (>99%)
were purchased from Fischer Scientific (Kandel, Germany), 1,4-diazabicyclo[2,2,2]octane
(DABCO) (>98%) and tetramethyl hexane diamine (TMHDA) from TCI Europe (Zwijn-
drecht, Belgium), dimethyl sulfoxide (DMSO) (99.9+%) from Alfa Aesar (ThermoFischer,
Kandel, Germany), potassium chloride (KCl) (99.995%) and potassium hydroxide (KOH)
(99.98%) from Thermo Scientific (Kandel, Germany), ethanol (97%) from Chemlab NV
(now called ‘AnalytiChem Belgium NV’, Zedelgem, Belgium), sulfuric acid (H,SO4) (96%)
from Acros Organics (Geel, Belgium), hydrogen chloride (HCI) (37%) from VWR (Radnor,
PA, USA), Hollytex 3329 from Ahlstrom (Espoo, Finland) and Nadir UV150 from Micro-
dyn Nadir GmbH (Mann+Hummel, Ludwigsburg, Germany). Commercial ion-exchange
membranes Nafion™ 115 (dry thickness 127 pm) and FAP 450 (dry thickness 50 pm) were
purchased from Sigma-Aldrich and Redox-Flow (Risskov, Denmark), respectively. Prior to
use, both membranes were immersed in 0.5 M H,SOy for 48 h.

2.2. Methods
2.2.1. Membrane Synthesis
Support

Supports were either commercial Nadir UV150 or lab-made by dissolving 12-20 wt%
PVDF in DMSO and stirring at 60 °C for 1 day. The solution was left to rest for 1 night
at 60 °C and was subsequently degassed in vacuum for 3 h to minimize pinhole forma-
tion. For polymer concentrations of 12-15 wt%, this was done at room temperature. For
polymer concentrations of 16-20 wt%, this was done at 50 °C to maintain easily castable
viscosities. The polymer solution was cast immediately with an automatic casting machine
(MEMCAST™  Porometer, Nazareth-De Pinte, Belgium) with a doctor blade of 250 um
thickness on a glass plate at speed 2 cm s~! and was immersed in a room temperature
deionized (DI) water bath for 20 min. Afterwards, the support was stored in DI water in a
refrigerator at 6 °C until further use.

Optionally, the support was crosslinked as described by Van Goethem et al. [26]. This
was done by immersing the support in MeOH for 10 min, after which it was immersed in an
HDA solution containing MgO at 60 °C, for 15 min-1 h. After crosslinking, the membranes
were rinsed with MeOH and stored in DI water until further use.

Synthesis of DABCO-Oligomer

DABCO-oligomer was synthesized in a three-neck round bottom flask reacting
1,6-dibromohexane with DABCO, as described by Turrina et al. [47]. A total of 9.6 g
DABCO was dissolved in 30 mL ethanol, and a solution of 2 v% 1,6-dibromohexane in
ethanol was added dropwise under continuous stirring. The reaction mixture was heated
to 50 °C (oil bath) and refluxed for 24 h. Afterwards, the mixture was cooled down to
20 £ 2 °C, and the ethanol was removed with a rotary evaporator until only a white powder
remained. The resulting white powder was washed with diethyl ether at room temperature
and dried overnight at 50 °C. From the recipe, the majority of DABCO-oligomers were ex-
pected to have a pentamer length (being 5x DABCO linked by 4 hexane molecules) (Turrina
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et al. had a 89% yield), thus the MW of this oligomer length was used for concentration
calculations. However, NMR results show that here, the actual length was closer to a
nonamer (9 DABCO linked by 8 hexane molecules) (Figure S1).

Viability of Top-Layer Reaction

To evaluate the possibility of two reagents forming a top layer at the interface of two
immiscible solvents, vial tests were performed. Here, an amine was dissolved in DI water
and brought in contact with PVBC dissolved in toluene in a glass vial. Water has the highest
density and was inserted into the vial first; toluene has a lower density and was calmly
added to the vial without disturbing the forming interface. No support was present, so the
contact of the two reagents was not limited by mass transport through the support. For
DABCO-oligomer as the chosen amine, the vials were tested both at room temperature and
at 50 °C. Different concentrations of PVBC and DABCO-oligomer were tested both at room
temperature and at 50 °C. Experiments with amine variations (DABCO-oligomer, DABCO
and TMHDA) were all performed at 50 °C.

Composite Membrane

The support was immersed in an amine/water solution for 1 to 1.5 h. This
amine/water solution generally consisted of either 10 wt% DABCO-oligomer, 0.83 wt%
DABCO or 1.41 wt% TMHDA. After support immersion in the aqueous solution, the re-
maining droplets were removed from the surface before clasping the support in a lab-made
interfacial cell. A PVBC/toluene solution (generally 2.5 wt%) was added on top, and the
complete set-up was put in an oven (Binder FD 53, Binder GmbH, Tuttlingen, Germany)
at 50 °C with a lid to avoid excessive evaporation. The envisioned top layer reactions are
depicted in Figure 1. After varying times (30 min—4 h), the set-up was taken from the oven,
the PVBC/toluene solution was discarded and the membrane was washed with toluene and
ethanol to remove unreacted PVBC. Optionally, a second crosslinking step was performed
by applying an amine/water solution to the membrane surface after removal of excess
PVBC. Subsequently, the reaction was allowed to proceed in the oven. After the prescribed
reaction time, the membrane was rinsed thoroughly with DI water to remove unreacted
residual amine. The membrane was subsequently stored in DI water until further use.
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Figure 1. Top-layer film-formation reaction of PVBC with (A) DABCO-oligomer, (B) DABCO and
(C) TMHDA.

2.2.2. Area Ohmic Resistance

The membrane area ohmic resistance (AOR) was measured with potentiostatic electro-
chemical impedance spectroscopy (PEIS)(BioLogic SAS SP-200, Seyssinet-Pariset, France)
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after 2 days of storage in 0.5 M HySO,4. The membrane was clasped in a lab-made resis-
tance cell with 0.5 M H,SO;4 solution and copper electrodes on each side of the membrane
(Figure 2A). Resistances were read from the low-frequency intercept of the Nyquist plot
and were compared to the resistance of a membrane-free cell, according to Equation (1):

AOR = (1 —15) X A (1)

where 1y, is the resistance of the cell with the membrane and electrolyte solution, 7; is the
resistance of the cell containing only the electrolyte solution, and A is the active surface of
the electrode and membrane.

A Conductive B
Membrane / plate
Sampling inlet Membrane
Electrolyte Electrolyte
with redox pair without redox pair

Electrolyte

Figure 2. Scheme of (A) lab-made resistance cell and (B) lab-made diffusion cell.

2.2.3. Diffusion Coefficient

The crossover is measured in a lab-made diffusion cell (Figure 2B). The membrane
is clasped in the middle, and a solution with a redox-pair is added on one side, while an
osmotically balanced solution without a redox pair is added on the other side. Both sides
are stirred to minimize concentration polarization. Samples are taken from the non-redox
pair side, through the vertical inlet, at set time intervals, and the concentration of the redox
pair is measured through UV-Vis. From this, the diffusion coefficient of the redox pair
through the membrane can be measured according to the following formula (Equation (2)):

dc —Vxlncoc—_ocf
]——DaﬁD—iAAt 2)

where V is the volume of the diffusion cell, x is the thickness of the membrane, ¢y is the
initial concentration of the redox pair, ¢; is the concentration at time of measurement, A is
the active surface area of the membrane, and At is the time passed between the start of the
experiment and the measurement. In essence, a minimum of 5 samples were taken and

co—Ct

plotted in In =2~ vs. time. The slope was then multiplied with
0

coefficient. When reporting the crossover of the composite membranes, permeances are

Xx to obtain the diffusion

reported instead of thickness-normalized permeabilities, to account for the multi-layered
structure and the different thicknesses of composite layers.

2.2.4. Selectivity

The membrane selectivity (S, mS.s cm~3) was calculated using the formula below:

5= ©)

g
P

where ¢ is the conductivity (mS cm~1) and P is the vanadium permeability (em? s71).
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2.2.5. Physicochemical Characterization
Scanning Electron Microscopy (SEM)

Membrane morphology was characterized with SEM (JEOL JSM-6010LV, JEOL Eu-
rope, Zaventem, Belgium). The membranes were dried overnight, cryofractured in liquid
nitrogen and coated with an Au/Pd conductive layer (JEOL JFC-1300 Auto Fine Coater,
JEOL Europe, Zaventem, Belgium) before measurement.

Proton Nuclear Magnetic Resonance ('H-NMR)

Liquid-state 'H-NMR was performed to determine the average length of the DABCO-
oligomer crosslinker. A solution with a concentration of 20 mg/mL in D,O was made, of
which 0.5 mL was put in an NMR vial and tested with a Bruker Avance II+ 600 spectrometer.
Data analysis was performed with Bruker TopSpin software (version 4.5).

Zeta Potential

Zeta potential was measured on Anton Paar SurPASS 3 (Anton Paar GmbH, Gen-
tbrugge, Belgium). The membrane samples were stored in milli-Q water before measure-
ment. After blotting the support side of the membrane, the samples were cutin2 cm x 1 cm
rectangles and attached to the sample holder with carbon tape. Each measurement was
performed in 150 mL of 1 mM KCl solution (in milli-Q water). This solution was first acidi-
fied to pH 2 by using a 0.1 M HCl solution. The electrolyte solution was purged with argon
gas to remove dissolved CO,, which would cause a buffering effect and consequent pH
drift. Prior to the pH scan, 10 rinse steps at 600-200 mbar with a gap height between 90 and
110 um were performed to allow the sample to stabilize in the acidified electrolyte solution.
The pH scan was initiated once the sample was stabilized. Each step involved 2 rinse
cycles with 4 subsequent zeta potential measurements (600—200 mbar, values > 500 mbar
are omitted to reduce measurement errors). The pH was increased with steps of 1.5 by
using a 0.1 M KOH solution.

Swelling Ratio

The swelling ratio of supports was measured by cutting support strips at a prede-
termined length (4 cm X 1 cm) and storing them in the swelling solvent, i.e., toluene,
during 3 days at room temperature. Afterwards, the swollen length was measured, and the
swelling ratio was calculated according to Equation (4):

L —L
Swelling ratio (%) = lTO 4)
0
where L is the length after toluene storage and L is the length before toluene storage. A
high swelling ratio may indicate insufficient stability in the chosen solvent.

Infrared Spectroscopy

Attenuated Total Reflectance—Fourier Transformed Infared (ATR-FTIR) spectroscopy
was used to check the chemical composition of the membrane, mainly in relation to top-
layer formation. A Bruker Alpha II Spectrometer (Bruker Alpha, Karlsruhe, Germany) with
diamond crystal was used. Software OPUS 7.5 was used, and 32 scans were taken at a
resolution of 2 cm ™! in the range of 400-4000 cm ™.

3. Results and Discussion

Vial tests of PVBC and DABCO-oligomer indicated limited to no reactivity at room
temperature, even after several days. A temperature of 50 °C was necessary to speed up
the reaction, which aligns with the endothermic behavior shown in simulations by other
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researchers [30]. To eliminate reaction temperature as a parameter, all interfacial reactions
were performed at 50 °C.

3.1. Confirmation of Crosslinked Top Layer

The presence of the top layer is confirmed through ATR-FTIR spectroscopy. Figure 3A
shows the spectra of both the Nadir support and the TFC formed on Nadir. The spectra look
vastly different, confirming that a reaction took place. The crosslinking of the top layer is
difficult to confirm, as quaternary ammonia groups lack N-H bonds for detection [48]. C-N
bonds can be read from the infrared spectra, but do not indicate whether the amine crosslinker
reacted only once or formed a crosslink. Instead, only the presence of a general top layer,
based on PVBC and amine, can be confirmed. Specifically, two peaks at 625-755 cm ! indicate
the presence of C-H out-of-plane bending, as present in aromatic structures. PVBC is the only
molecule present containing aromatic structures, thus confirming its presence in the top layer.
Additionally, 1267 cm ™! and 1176 cm™! peaks can be attributed to C-N stretching [48,49],
indicating the presence of the amine-based crosslinker. The extent of crosslinking could not be
quantified using the CH,-Cl wagging band at 1266 cm !, as this band overlaps with the C-N
stretching vibration [50]. A small peak at 1603 cm™! could indicate the presence of protonated
amine, having only reacted on one side.

4
Composite B ~
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N BE] <
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(72 ]
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Figure 3. (A) ATR-FTIR spectra of pristine Nadir UV150 support and composite membrane made
from PVBC and DABCO-oligomer. The discussed changes are highlighted for ease of reading.
(B) Area resistance of composite membrane made from PVBC and TMHDA compared to the support
and a reference membrane made according to the same procedure but lacking amine in the aqueous
phase during synthesis.

To confirm whether the top layer was merely a deposition of PVBC on support or
truly a crosslinked polymer film, a reference membrane was made, and the area resistance
was quantified. The reference procedure consisted of the same procedure as for top layer
formation but without amine in the aqueous phase. Should the top layer consist of merely
deposited PVBC, the area resistance of assumed PVBC/amine composite would be similar
to the reference. In Figure 3B, the area resistance is depicted. The reference without amine
shows little difference from the support, whilst a clear difference is seen when both PVBC
and amine are present in their respective phases during the interfacial reaction, proving
that the top layer is the result of a crosslink between PVBC and amine.

3.2. Effect of Support
3.2.1. Commercial vs. Lab-Made: The Effect of Non-Woven Supports

The commercial support Nadir UV150 consists of a PVDF layer on a polyester non-
woven support backing (Figure S2A) [51]. While the membrane allows for successful
formation of a composite, the resulting area resistances are rather high and would not
allow for competitive membrane development. Instead, a support with a more open and
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less tortuous path for ion conduction is needed. SEM images show a very open pore
structure for Nadir UV150, on top of the fibrous non-woven polyester support (Figure S2B).
The high area resistance of the commercial membrane is likely due to this polyester sup-
port [52]. Therefore, low resistance PVDEF supports were developed. Even though diffu-
sional crossover was higher compared to Nadir UV150 (Figure 4A), the lab-made support is
still considered the more promising option since the selectivity of the TFC will be governed
by the top layer.
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Figure 4. (A) Area resistance (blue, left) and vanadium permeance (red, right) of thin-film composites
made on Nadir UV150 and lab-made PVDE, 12 wt%. (B) Area resistance of porous support mem-
branes made from increasing PVDF concentrations (12-20 wt%) in the casting solution. (C) Area
resistance (blue, left) and vanadium permeance (red, right) of thin-film composites (‘C’) made on
supports prepared from varying PVDF concentration (12 wt%, 15 wt%, 17 wt%) compared to their
respective supports (‘S’) and commercial membranes Nafion 115 and FAP 450. All measurements
were performed in 0.5 M H,SOy. (D) Area resistance and permeability of thin-film composites on
lab-made PVDF supports with varying PVDF concentration and on commercial support Nadir UV
150, compared to commercial membranes Nafion 115 and FAP 450. (E) SEM picture of lab-made

PVDF support. (F) Swelling in toluene of lab-made PVDF membranes at different post-treatment
crosslinking times.
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3.2.2. Polymer Concentration

The PVDF concentration in the casting solution was varied in the range of 12-20 wt%.
At higher concentrations, the increased solution viscosity complicated casting. Therefore,
dope solutions of 16 wt% and upwards were cast at an elevated temperature of 50 °C. In
Figure 4B, the effect of PVDF concentration on the area resistance of the resulting support
membrane is shown. The area resistance increases linearly, with all tested lab-made support
membranes having an area resistance in the range of 0.1-0.25 ohm.cm?. Such low resistances
are necessary to obtain a final membrane with high voltage efficiency. For comparison,
Dai et al. employed a porous poly(ether sulfone)/sulfonated poly(ether ether ketone)
(PES/SPEEK) membrane as support, reporting an area resistance of 0.11 Q cm? in 0.5 M
H,S0y [8]. The increase in resistance when increasing polymer concentration is often
caused by a decreasing pore size and surface porosity. Indeed, the pore size of the support
also has an effect on the top layer formation. Large pores in the skin layer can result in a
relatively large area on which the top layer remains unsupported, which can result in a
higher chance for defects in the top layer on low-concentration supports. However, the
pore size distribution of the PVDF supports could not be measured through gas-liquid
porometry due to the pronounced swelling of PVDF in the fluorinated wetting liquid. On
the other hand, pore size can also influence the top layer formation during the interfacial
synthesis. For example, in polyamide top layer systems, the pore is described as a hotspot
for reaction, with the particular pore morphology affecting the roughness of the polyamide
top layer [53].

The influence of different PVDF concentrations to prepare the supports is depicted in
Figure 4C. Composite membranes on 15 wt% support show little improvement in vanadium
permeance compared to composites on the 12 wt% supports. However, a 17 wt% support
leads to a lower permeance. This is at the cost of an increased resistance, showcasing
that composites from 15 wt% may have had too many uncovered support pores. The
support of 17 wt% had the lowest vanadium permeability among all tested supports in
the 12-20 wt% range (Figure 4D), even with its large pores in the substructure (Figure 4E).
Increased polymer concentrations typically result in skin layer densification, allowing for
an improved top layer formation. Too large pore sizes can limit the stability of the interfacial
top layer, which can be visualized as bridging the pore walls. However, this effect is not
endless. At increased polymer concentrations for preparing the supports, top layers may
stagnate in crossover/rejection [54-56] past a certain threshold (17 wt% in this case) while
showcasing lower flux/increased resistance. Even more, an increased crossover may again
be visible [53]. Here, it is hypothesized that the transport of the amine crosslinker to the
interface may be hindered at higher support polymer concentrations. Consequently, the
effective concentration of the amine crosslinker at the interface is lower, which may result in
a less crosslinked top layer, as showcased by the inferior performance of the TFC prepared
using a 20 wt% support.

3.2.3. Crosslinking of Supports

Another way in which the support can influence the composite is through its swelling
behavior. Swelling of the support, especially when at a different rate than swelling of
the top layer, may cause defects in the top layer. Whilst PVDF does not readily swell in
aqueous solution, swelling is pronounced in toluene. Here, toluene is used during the
synthesis of the top layer as a solvent for PVBC, and swelling of the PVDF support is noted
almost immediately upon contact within the organic phase. Specifically, small ripples
form within 5-30 s and stay constant once formed. To address suppression of the swelling
of the support, crosslinking of PVDF was tested. Using a one pot procedure [26], PVDF
was crosslinked with hexyl diamine (HDA) during different reaction times ranging from
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15 min to 1 h, resulting in dark brown membranes (Figure S3). Decreased swelling at
higher crosslinking times can be noted (Figure 4F), with a negligible swelling at 45 min
crosslinking time. However, the mechanical stability of the supporting membrane also
decreases with increasing crosslinking time. With substantial crosslinking times, i.e.,
starting at 3045 min, the mechanical stability limited successful top layer formation, as
handling became increasingly difficult. Synthesized membranes could not be fully tested
due to tearing of the samples. Without a supporting layer, such as a non-woven support,
the poor mechanical stability of the crosslinked PVDF does not allow use of this material
as support.

Pristine PVDF is thus kept as the default support. While the swelling of PVDF
is not ideal, timescales of swelling (within minutes) and top layer formation (hours) are
considered sufficiently different to not affect top layer formation. Reduced swelling through
another support polymer or another solvent could also be a viable mitigation option, but
this is not discussed in this paper. Future research will focus on finding a different solvent
for interfacial synthesis.

3.3. Effect of Top Layer
3.3.1. Addition of Co-Solvent

The degree of miscibility of the aqueous phase and organic phase in interfacial synthe-
sis determines the film properties. When both solvents are completely immiscible, a sharp
interface is formed, restricting the reaction zone and thereby promoting the formation of a
dense and thin top layer. In contrast, a less sharp interface may result in thicker top layers
with a more crumpled morphology due to a more destabilized reaction phase, as seen in
polyamide [53] and poly(epoxyether) [57] TFC membranes. The degree of miscibility can be
tuned by varying the solvent of the organic phase. Another option is to use a co-solvent in
the organic phase with a higher water miscibility or a co-solvent in the aqueous phase [53].
Here, ethanol was added as a co-solvent in the aqueous phase. This leads to a higher
miscibility at the interface and an increased reactivity for top layer formation, as concluded
from vial tests (Table S1). However, TFC membrane synthesis on PVDF supports shows
a less clear difference (Figure 5A). While the TFC with less miscible reagent phases (0%
EtOH) seems to have a slightly lower resistance and slightly higher vanadium permeability,
the difference is not significant. To simplify the synthesis, the use of EtOH was omitted in
further experiments.

3.3.2. Concentration of Reagents

The concentration of the reagents can have a large effect on the resulting TFC. Hu et al.
found that increasing the amine concentration facilitated the microphase separation [35],
whilst Mandal et al. found that the conductivity drops at low amine concentration due
to excessive water absorption inside the membrane at low crosslinking degrees [36]. To
determine the relative effect of the PVBC-to-amine ratio in this system, two sets of reagent
concentrations were tested. While using 10 wt% of DABCO-oligomer as the crosslinker in
the aqueous phase, the PVBC concentration was doubled from 2.5 wt% to 5 wt%. However,
this resulted in a decreased performance (Figure S4), with higher crossover at similar area
resistance or higher area resistance at similar crossover. This indicates that an excess of
PVBC does not improve top layer performance. The concentration of 2.5 wt% PVBC was
thus used for further optimization. The concentration of amine was varied depending on
the molecular weight, maintaining a constant molar amine-to-PVBC ratio: 10 wt% oligomer,
0.83 wt% DABCO and 1.41 wt% TMHDA.
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Figure 5. (A) Area resistance (blue, left) and vanadium permeance (red, right) of TFCs with and
without ethanol as co-solvent in the aqueous phase, as compared to their support membrane (‘Sup’)
and commercial references Nafion 115 and FAP 450. The dashed line is added for visual guidance.
(B) Area resistance (blue, left) and vanadium permeance (red, right) of TFCs at varying interfacial
reaction time, as compared to their support membrane (‘S’, toluene swelling accounted for) and
commercial references Nafion 115 and FAP 450. Note that PVBC concentration is 10 wt% in all of the
shown TFC membranes. The dashed line is added for visual guidance. (C) Zeta potential measure-
ment of TFCs with varying crosslinker length (oligomer vs. monomer) and varying reaction steps
(1S = 1 interfacial reaction, 2S = 2 steps of reactions). (D) Area resistance (blue, left) and vanadium
permeance (red, right) of TFCs with varying crosslinker length (oligomer vs. monomer) and varying
reaction steps (1S = 1 interfacial reaction, 2S = 2 steps of reactions), as compared to their support
membrane (‘Sup’) and commercial references Nafion 115 and FAP 450. The dashed line is added for
visual guidance. (E) SEM picture of cross section of TFC using a lab-made PVDF support. (F) Area
resistance (blue, left) and vanadium permeance (red, right) of TFCs with TMHDA as crosslinker and
of varying reaction steps (1S = 1 interfacial reaction, 2S = 2 steps of reactions) and varying reaction
time, as compared to their support membrane (‘Sup’) and commercial references Nafion 115 and FAP
450. The dashed line is added for visual guidance. All area resistance measurements were performed
with 0.5 M H,SOy.

3.3.3. Reaction Time

An increased reaction time may lead to a denser and/or thicker top layer when
crosslinking continues or when the reaction is not self-limiting [58]. In polyamide syn-
thesis, reaction times vary around 1-2 min, where longer reaction times lead to rougher
surfaces [53]. However, the reaction rate usually drops drastically after a certain time, and
the film formation is considered self-limiting. This is because the formed top layer becomes
so dense that the supply of monomers to the reaction zone is limited [20,59]. In current
interfacial synthesis, where PVBC is crosslinked with oligomeric DABCO at the interfacial
level (Figure 1A), no self-limiting behavior is seen in the tested time frame (Figure 5B).
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Instead, top layer formation continues to occur, shown by the increased area resistance
and decreased vanadium crossover at higher reaction times. A thicker or denser top layer
could explain this performance. At 4 h reaction time, the TFC membranes are able to reach
a similar vanadium crossover to Nafion 115 but at a substantially higher area resistance.
This is partially attributed to the support Nadir UV150 that was used during the TFC
synthesis. Replacing Nadir UV150 with an alternative support would likely mitigate the
high area resistance.

3.3.4. Second Crosslinking Step

At lower reaction times, vanadium crossover is still too high while having a relatively
high area resistance (Figure 5B). One possible solution could be to further crosslink the
top layer to simultaneously densify this layer and induce more positive charges to repel
the vanadium cations. Up to now, TFC membranes mainly relied on size exclusion to
mitigate vanadium crossover [8,60]. A highly positively charged top layer could further
suppress vanadium transport through combined size and Donnan exclusion [12]. Therefore,
a second crosslinking step (2S’) was introduced, in which the aqueous amine solution is
directly applied onto the top layer. This can act as a very targeted step and has proven
beneficial in other TFC systems [61]. Here, the organic phase is discarded after the regular
interfacial reaction (1st crosslinking step = 15) and is replaced with aqueous amine solu-
tion (2nd crosslinking step = 2S) after washing to remove unreacted polymer. Thus, the
amine can further densify the existing top layer and introduce additional positive charge
without increasing the thickness. The higher volume of amine solution and the direct
contact between amine and PVBC can allow for high incorporation of amine. However,
for the DABCO-oligomer crosslinker, the performance of the 25 membrane is similar to 1S,
even though more positive charges are indeed incorporated, as seen by the zeta-potential
measurements (Figure 5C). An improved performance can be found when using other
amine crosslinkers. In contrast to initial expectations, as the area resistance decreases, the
vanadium crossover increases by implementing a second crosslinking step when using, e.g.,
monomeric DABCO as the crosslinker. This will be explained further in oncoming sections.

3.3.5. Crosslinker Length

Originally, an oligomer of DABCO (Figure 1A) was used, consisting of nine DABCO
molecules linked by eight hexane linkers (Figure S1). To further reduce the vanadium per-
meance, the DABCO-oligomer was replaced by the monomer (Figure 1B). It was expected
that the top layer crosslinked by the monomer would have a denser network with less
positive charge. On one hand, this denser network could reduce vanadium crossover. On
the other hand, the decreased amount of positive charge in the top layer could lead to
lower Donnan exclusion and thus higher vanadium crossover. As depicted in Figure 5D,
the 1S membrane with a monomeric top layer has a slightly higher but similar area resis-
tance to the 1S membrane with an oligomeric top layer, whilst also having a substantially
lower vanadium crossover. SEM pictures of the TFC membrane with a monomeric top
layer (Figure 5E) show the deposition of a very thin layer with a slightly crumpled tex-
ture. Zeta-potential measurements indicate a higher positive charge for TFC membranes
made using the DABCO-monomer than for the DABCO-oligomer over the entire tested
pH range (Figure 5C). This is in contrast with the hypothesis that the DABCO-oligomer,
which contains more positive charges, would result in more charge incorporation. One
possible explanation for this is that the oligomeric crosslinker, which is already charged in
its uncrosslinked state, is more difficult to incorporate into the network due to the charge
repulsion of nearby oligomers that already reacted. In addition, its reduced mobility could
hamper reaching the necessary reactive sites. This would then result in a relatively loose
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top layer structure with low crosslinking degree, which might explain the relatively high
vanadium crossover for these TFC membranes. On the other hand, the DABCO-monomer
is indeed smaller and uncharged before reacting and can thus readily approach the PVBC
top-layer network without being repelled by the already formed quaternary ammonium
groups of the incorporated DABCO. Thus, a more crosslinked and denser network could
be formed with monomeric DABCO, resulting in less vanadium crossover.

While the 2S crosslinking step shows no significant difference when using the DABCO-
oligomer as a crosslinker, a strong decrease in resistance and increase in permeance is
observed when implementing the DABCO-monomer as a crosslinker (Figure 5D). For the
2S monomer-based membrane, the area resistance extensively dropped to 0.086 Q) cm?
after 2 h of the second crosslinking step, while the vanadium crossover increased. This
value is low compared to literature. Ji et al. prepared sulfonated polyamine TFCs, reaching
0.3 Q cm? in 3 M H,SO;. Sealing the pores of a PES/SPEEK support with a 180 nm thin
polyamide layer resulted in a TFC resistance of 0.17 () cm? in 0.5 M H,S0, [8].

Zeta-potential measurements revealed that the 25 membrane showed a lower positive
charge than the 1S membrane at low pH and a similar positive charge to the 1S membrane
around neutral pH (Figure 5C). Remarkably, the area resistance of the 25 TFC membrane is
lower than that of its support without the top layer. This could mean that the positively
charged top layer enhances ion transport compared to the uncharged support or that
the support degraded during synthesis of the top layer. However, given the limited net
incorporation of additional positive charges, the former seems unlikely. A degradation of
the support is noted, which will be further discussed in Section 3.3.7.

3.3.6. DABCO vs. TMHDA

Thus far, all TFC membranes were made with DABCO or its oligomeric variant. Other
diamines may be able to further improve the top layer. TMHDA, a linear diamine, shows
good potential, with top layer formation in similar time frames as DABCO in vial tests.
A particularly interesting aspect of TMHDA compared to DABCO is the equal reactivity
of both amines. Due to the proximity of the two tertiary amine functions in DABCO, the
second amine is less reactive once the first has been converted to a quaternary amine. This
is reflected in the pK}’s of DABCO (resp. 5.2 and 11), which are used as a proxy for the
nucleophilicity of the amine [62]. Due to the lower reactivity of the second amine, DABCO
may be more likely to quaternize the PVBC polymer without crosslinking it (only reacting
once instead of twice). TMHDA, on the other hand, shows only one pKj, at 3.3 [63], as the
two amines are sufficiently distant to not be influenced by the other. Therefore, the likeliness
of quaternization of the second amine is independent of the quaternization of the first.
This makes TMHDA more likely to crosslink PYBC compared to DABCO. Additionally,
the lower pK;, of TMHDA indicates a higher nucleophilicity. Theoretically, TMHDA
could thus be a better crosslinker than DABCO. The results, however, show only a slight
improvement of the TFC membranes made from TMHDA relative to DABCO (Figure 5D
vs. Figure 5F). Specifically, the TFC prepared with TMHDA and two 1 h crosslinking
steps exhibited a selectivity of 1.37 x 10 mS.s cm 2, which is substantially higher than
the 8.33 x 10% mS.s cm 3 obtained for the TFC based on monomeric DABCO with two
crosslinking steps of 2 h. Moreover, the TMHDA-based TFC surpassed the selectivity of FAP
450 (9.69 x 108 mS.s cm~3), although Nafion remained the best-performing benchmark
membrane, with a selectivity of 2.37 x 10” mS.s cm 3. This insinuates that under current
reaction conditions, the difference in reactivity between DABCO and TMHDA may be less
pronounced than expected or that this is not the limiting factor for performance.

Variation in reaction time and synthesis steps (1S vs. 25) shows that reaction durations
of 1 h result in lower vanadium permeability compared to steps of 2 h, when TMHDA is
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used as a crosslinker (Figure 5F). This is in contrast to when the DABCO-oligomer was
used. Implementing a second crosslinking step again leads to lower area resistance than
the corresponding support and higher vanadium crossover, similar to the results when
using the DABCO-monomer (Section 3.3.5). This will be further evaluated in Section 3.3.7.

3.3.7. Degradation of Support During Second Crosslinking Step

In previous sections, 2S5 TFCs made from the DABCO-monomer and TMHDA show
an increased vanadium crossover compared to their 1S TFCs, as well as an area resistance
lower than their respective supports. This was not the case for oligomeric DABCO TFCs.
Visually, the monomeric TFCs darken from off-white to brown (Figure 6A). During the 25
step, aqueous solutions of DABCO and TMHDA (0.83 wt% and 1.41 wt%, respectively) are
added on top of the 15 membrane in an interfacial reaction set-up and heated to 50 °C to let
the crosslinking reactions proceed. However, these aqueous amine solutions are alkaline
and can thus cause dehydrofluorination of the PVDF support during this step, resulting in
a more permeable support and thus contributing to decreased performance. 25 crosslinking
with the DABCO-oligomer did not show such worsening, because the aqueous solution
containing 10 wt% DABCO-oligomer was not as alkaline. While the monomeric amine
solutions are more alkaline, the limited volume present in the PVDF support pores (during
impregnation) was not sufficient to result in a visible PVDF dehydrofluorination during the
first reaction step. SEM pictures of the TFC top layer show a disrupted morphology of the
25 membrane compared to the 1S membrane (2S in Figure 6B, 15 in Figure S5A). Although
SEM pictures show a less affected morphology for 25 TMHDA (Figure S5B,C) than for
25 DABCO, TMHDA is not considered less disruptive than DABCO due to the slightly
higher vanadium crossover, as well as the darker color of PVDF after second crosslinking
with TMHDA.

It is hypothesized that the second crosslinking step may still be beneficial when
limited in time and when balance between additional crosslinking of the top layer and
dehydrofluorination of the support could be achieved. Shortened crosslinking times of
15 min to 45 min instead of 1 h do exhibit lower support degradation, as indicated by
the lighter color of the support, which more closely resembles the color of the 1S PVDF
support (25 at 15 min in Figure 6D; 25 at 1 h and 2S at 30 min in Figure S6). While the
vanadium crossover of 25 membranes is still higher than that of 1S membranes, reducing
the 2S crosslinking time enabled limitation of the vanadium crossover (Figure 6C). At the
same time, the area resistance of 2S membranes remains lower than for the 1S membrane
and increases with reduced 25 crosslinking reaction times. This is summarized in Figure 6E:
while all other TFC membranes experience a trade-off of similar slope between vanadium
crossover and area resistance, the 2S5 TFCs with varied reaction time experience a steeper
trade-off slope, limiting the increase in resistance upon improving the vanadium crossover.

It can thus be hypothesized that further shortening the reaction time could lead to
even better performance. However, this turned out to be difficult in practice for two reasons.
On one hand, the membrane’s handling is done while still warm: the interfacial set-up
containing the membrane is taken out of the oven, rinsed to remove unreacted PVBC, and
supplied with fresh aqueous amine solution. After applying fresh amine solution, the
still-warm interfacial set-up is assembled again and put back in the oven. This handling
may take a few minutes, which becomes significant when reaction times become shorter.
While this can already be a problem, the effect of the handling time is exacerbated because
handling times may vary, as well as temperature due to handling. Longer handling times
not only create a longer contact time with the amine at elevated temperatures, but the
longer handling also intensifies the cooling down of the set-up. On the other hand, reaction
times below 15 min may be insufficient to properly heat up the reaction mixture inside the

https:/ /doi.org/10.3390/membranes16090291


https://doi.org/10.3390/membranes16090291

Membranes 2026, 16, 291

15 of 20

Area resistance (ohm.cm?)

0.6

0.5

0.4

0.3

0.2

0.1

interfacial set-up, and the time to reach the desired reaction temperature (i.e., 50 °C) will
take up a significant chunk of the denoted reaction time. Both effects lead to an increased
scattering of results when using second crosslinking times below 15 min.

]mm

1h 30min 15 min 10 min 5min 2min N115 F450

2S reaction time

1.4x107

m

1.2x10-8

1.0x102

8.0x10

6.0x10™

Permeability (cm?/h)

4.0x10™4

2.0x10

m ComPVDF - oligo
u LabPVDF - oligo
LabPVDF — mono

= LabPVDF — mono 2S

)
@
|
> [ )
®
e
e
Nafion 115
[ )
®  GFAP450
0 0.5 1 2 25

Area resistaince (Q.cm?)

0.12

0.10

0.08

0.06

0.04

0.02

Permeance (cm/h)

Figure 6. (A) Photo of TFC membrane prepared with monomer amine using 2S procedure, with 2 h
reaction time. The TFC is formed within the circle. (B) SEM top-view image of 25 TFC membrane.
(C) Area resistance (blue, left) and vanadium permeance (red, right) of TFC membranes from PVBC and
TMHDA at decreasing reaction times of the 2S crosslinking step. The membranes are compared to their
support (‘Sup’) and commercial membranes Nafion 115 and FAP 450. All area resistance measurements
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were performed in 0.5 M H,SOy. The dashed line is added for visual guidance. (D) Photo of TFC
membrane prepared with monomer amine using 2S procedure, with 15 min duration time of second
crosslinking step. (E) Area resistance vs. permeability of different types of TFCs described throughout
this manuscript, grouped within their respective apparent trade-off regions. The dark blue group
(bottom right) indicates TFCs prepared with DABCO-oligomer on commercial PVDF support Nadir
UV150. The light-blue group (top left) indicates TFCs with DABCO-oligomer on lab-made PVDF
support. The yellow group (bottom center) indicates TFCs with monomer amine on lab-made PVDF
support prepared using 1 crosslinking step (1S). The red group (bottom left) indicates TFCs with
monomer amine and a 25 crosslinking step on lab-made PVDF support.

Despite the limited stability of the support in alkaline conditions, the outstanding
acidic stability of the TFC was demonstrated for 3.5 years in 0.5 M HSO4 during an ex situ
immersion test (Figure 7). The area resistances of the support, TFC 1S and TFC 2S after
immersion were compared to the pristine membranes, showing no significant differences.
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Figure 7. Area resistance of support, TFC 1S and TFC 25 using TMHDA as crosslinker before and
after immersion in 0.5 M H,SOy for 3.5 years.

While the second crosslinking step holds the potential to improve the trade-off still
experienced by TFC membranes, the true value of this top layer chemistry can only be
unlocked in combination with an alkaline stable support. Future research should thus focus
on finding a different support that is stable in a toluene, acid and alkaline environment.
Preferably, this new support should be fluorine-free to align with the environmental
concerns of fluorine-based chemistry. Promising alternatives that have been successfully
employed in TFC membrane architectures previously include PES/SPEEK [8,60] blend
supports and crosslinked poly(benzimidazole) [64]. Once a chemically robust support
compatible with the crosslinked PVBC selective layer has been identified, single-cell VRFB
testing will be essential to fully assess the potential of this novel selective layer chemistry.
Finally, a techno-economic assessment of TFCs in VRFB systems is required to evaluate the
practical viability of this emerging membrane concept [65].

4. Conclusions

Dense ion exchange membranes typically suffer from a performance trade-off, where
reducing area resistance results in increased vanadium crossover. An alternative membrane
morphology such as a TFC can break and/or shift this trade-off through the individual
tailoring of the top layer and the support. In this work, TFC membranes prepared via
an interfacial Menshutkin reaction between PVBC and an amine-based crosslinker were
synthesized using a PVDF support.
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Free-standing PVDF supports demonstrated drastically reduced area resistance com-
pared to commercial PVDF due to the absence of a non-woven backing. A 17 wt% PVDF
support was found optimal for the proposed interfacial reaction. Higher PVBC-to-amine
ratios were found to increase the area resistance with limited benefit to the vanadium
crossover. The use of monomeric bifunctional amine crosslinkers, such as DABCO and
TMHDA, was preferred over oligomeric amine crosslinkers, as this led to lower vanadium
crossover, caused by improved top layer density and enhanced charge incorporation. A
second crosslinking step was proven promising to break the trade-off between resistance
and selectivity, but it ultimately resulted in breakdown of the PVDF support due to the high
pH of the amine solution. Future research should thus focus on finding a more suitable
support to unlock the true potential of this novel TFC membrane.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes16090291/s1, Figure S1: TH-NMR spectrum of DABCO-
oligomer; Figure S2: SEM image of (A) Nadir UV150 and (B) TFC with PVBC/DABCO-oligomer
top layer on Nadir UV150; Figure S3: Image of free-standing PVDF membranes at increasing HDA
crosslinking times. From left to right, pristine, 15 min crosslinking, 30 min crosslinking, 45 min
crosslinking, 1 h crosslinking; Figure S4: Area resistance and permeance of TFC membranes prepared
using varying reagent concentrations (2.5 wt% PVBC: 10 wt% DABCO-oligomer vs. 5 wt% PVBC:
10 wt% DABCO-oligomer) and at varying reaction times (2h vs. 4h). The composites are compared
against their support (‘Sup’); Figure S5: (A) SEM top-view image of 1S TFC membrane made with
DABCO monomer. (B) SEM top-view image of 2S TFC membrane made with TMHDA. (C) SEM
top-view image of 1S TFC membrane made with TMHDA; Figure S6: (A) Photo of 2S TFC membrane
with TMHDA, with 1 h duration of 2S crosslinking step. (B) Photo of 2S TFC membrane with
TMHDA, with 30 min duration of 2S crosslinking step. In both cases, the TFC is formed within the
circle; Table S1: Descriptive results of vial tests of PVBC and DABCO-oligomer. 10wt% DABCO-
oligomer in water and 10wt% PVBC in toluene were put in a glass vial (calmly, as to not disturb
the formed interphase) and left to react. The formation of a reacted layer at the interphase was
checked intermittently.

Author Contributions: Conceptualization, C.V.C., M.C. and Y.L.; methodology, C.V.C.; validation,
C.V.C. and M.C,; formal analysis, C.V.C. and M.C,; investigation, C.V.C. and M.C,; resources, LE].V,;
data curation, C.V.C. and M.C,; writing—original draft preparation, C.V.C. and M.C.; writing—review
and editing, C.V.C., M.C. and L.E].V; visualization, C.V.C. and M.C.; supervision, L.E].V,; funding
acquisition, I.E]J.V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by KU Leuven C16/23/006, VLAIO (Agentschap Ondernemen
en Innovatie) Moonshot Program AlterPEM (HBC.2023.0568), IBOF (Bijzonder Onderzoeksfond)
REBBID (IBOF/25/004). M.C. would like to thank Research Foundation Flanders (FWO) for his PhD
fellowship (1ISH1R24N).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

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

1. Homepage—Flow Batteries Europe. Available online: https:/ /flowbatterieseurope.eu/ (accessed on 23 July 2026).

2. Capital 10X. Battery Tech Report: Lithium-lon vs.  Vanadium Redox Flow Batteries (VRFB). Available online:
https:/ /capital10x.com/old /battery-tech-report-lithium-ion-vs-vrfbs/ (accessed on 23 July 2026).

3. Wan, Y.H,; Sun, J,; Jian, Q.P,; Fan, X.Z.; Zhao, T.S. A detachable sandwiched polybenzimidazole-based membrane for high-
performance aqueous redox flow batteries. J. Power Sources 2022, 526, 231139. [CrossRef]

4. Schroder, P; Aguilé-Aguayo, N.; Obendorf, D.; Bechtold, T. Near to neutral pH all-iron redox flow battery based on environmen-

tally compatible coordination compounds. Electrochim. Acta 2022, 430, 141042. [CrossRef]

https:/ /doi.org/10.3390/membranes16090291


https://www.mdpi.com/article/10.3390/membranes16090291/s1
https://www.mdpi.com/article/10.3390/membranes16090291/s1
https://flowbatterieseurope.eu/
https://capital10x.com/old/battery-tech-report-lithium-ion-vs-vrfbs/
https://doi.org/10.1016/J.JPOWSOUR.2022.231139
https://doi.org/10.1016/J.ELECTACTA.2022.141042
https://doi.org/10.3390/membranes16090291

Membranes 2026, 16,291 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Berling, S.; Hidalgo, ].M.; Patil, N.; Garcia-Quismondo, E.; Palma, J.; Ponce de Leén, C. A mediated vanadium flow battery:
Lignin as redox-targeting active material in the vanadium catholyte. J. Energy Storage 2023, 68, 107620. [CrossRef]

Peng, H.Y.; Lau, SK.; Yong, W.F. Recent advances of thin film composite nanofiltration membranes for Mg2+ /Li* separation. Adv.
Membr. 2024, 4, 100093. [CrossRef]

Aljubran, M.A,; Ali, Z.; Wang, Y.; Alonso, E.; Puspasari, T.; Cherviakouski, K.; Pinnau, I. Highly efficient size-sieving-based
removal of arsenic(Ill) via defect-free interfacially-polymerized polyamide thin-film composite membranes. J. Memb. Sci. 2022,
652, 120477. [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] [PubMed]

Teng, X.; Guo, Y.; Liu, D.; Li, G.; Yu, C.; Dai, ]. A polydopamine-coated polyamide thin film composite membrane with enhanced
selectivity and stability for vanadium redox flow battery. J. Memb. Sci. 2020, 601, 117906. [CrossRef]

Kim, J.Q.; So, S.; Kim, H.T.; Choi, S.Q. Highly Ordered Ultrathin Perfluorinated Sulfonic Acid Ionomer Membranes for Vanadium
Redox Flow Battery. ACS Energy Lett. 2020, 6, 184-192. [CrossRef]

Yoopensuk, W.; Suppanucroa, N.; Pimoei, J.; Kao-Ian, W.; Pakawanit, P.; Rukkachat, K.; Wu, H.L.; Kheawhom, S.; Somwangtha-
naroj, A. Optimizing ionic conductivity and ion selectivity in zinc-polyiodide flow batteries with composite polyamide-porous
separators. J. Energy Storage 2024, 86, 111362. [CrossRef]

Teng, X.; Wang, M.; Li, G.; Dai, J. Polypyrrole thin film composite membrane prepared via interfacial polymerization with high
selectivity for vanadium redox flow battery. React. Funct. Polym. 2020, 157, 104777. [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]

Wan, Y.H.; Sun, J.; Jiang, H.R.; Fan, X.Z.; Zhao, T.S. A highly-efficient composite polybenzimidazole membrane for vanadium
redox flow battery. J. Power Sources 2021, 489, 229502. [CrossRef]

Hu, J.; Yuan, C.; Zhi, L.; Zhang, H.; Yuan, Z.; Li, X. In Situ Defect-Free Vertically Aligned Layered Double Hydroxide Composite
Membrane for High Areal Capacity and Long-Cycle Zinc-Based Flow Battery. Adv. Funct. Mater. 2021, 31, 2102167. [CrossRef]
Tan, R.; Wang, A.; Malpass-Evans, R.; Williams, R.; Zhao, EW.; Liu, T,; Ye, C.; Zhou, X.; Darwich, B.P.; Fan, Z.; et al. Hydrophilic
microporous membranes for selective ion separation and flow-battery energy storage. Nat. Mater. 2020, 19, 195-202. [CrossRef]
[PubMed]

Tan, R.; Wang, A.; Ye, C.; Li, J.; Liu, D.; Darwich, B.P; Petit, L.; Fan, Z.; Wong, T.; Alvarez-Fernandez, A.; et al. Thin Film
Composite Membranes with Regulated Crossover and Water Migration for Long-Life Aqueous Redox Flow Batteries. Adv. Sci.
2023, 10, 2206888. [CrossRef] [PubMed]

Wang, Y.; Lin, H,; Xiong, Z.; Wu, Z.; Wang, Y.; Xiang, L.; Wu, A.; Liu, F. A silane-based interfacial crosslinking strategy to design
PVDF membranes with versatile surface functions. J. Memb. Sci. 2016, 520, 769-778. [CrossRef]

Shirali, N.; Zeinali Danalou, S.; Abu-Obaid, S.; Ruiz-Torres, C.A.; Werber, J.R. Interfacial crosslinking to prepare ultra-thin
polydimethylsiloxane thin-film composite membranes. J. Memb. Sci. 2025, 717, 123532. [CrossRef]

Zhang, S.; Hui Peh, M.; Thong, Z.; Chung, T.S. Thin Film Interfacial Cross-Linking Approach To Fabricate a Chitosan Rejecting
Layer over Poly(ether sulfone) Support for Heavy Metal Removal. Ind. Eng. Chem. Res. 2014, 54, 472—-479. [CrossRef]

Liu, X; Shi, M.; Liao, C.; Ta, N.; Chen, Y.; Deng, C.; Zhang, H.; Lu, W,; Li, X. Ultrathin membranes prepared through interfacial
polymer cross-linking for selective and fast ion transport. Nat. Chem. Eng. 2025, 2, 369-378. [CrossRef]

Yang, Y.F.; Wan, L.S.; Xu, Z.K. Surface hydrophilization of microporous polypropylene membrane by the interfacial crosslinking
of polyethylenimine. J. Memb. Sci. 2009, 337, 70-80. [CrossRef]

Yang, Y.F; Wan, L.S.; Xu, Z.K. Surface hydrophilization for polypropylene microporous membranes: A facile interfacial crosslink-
ing approach. J. Memb. Sci. 2009, 326, 372-381. [CrossRef]

Bastin, M.; Bogaert, K.; Dom, E.; Verbeke, R.; Vankelecom, I.F.J. Towards fully epoxy-based thin film composite membranes for
solvent-resistant and solvent-tolerant nanofiltration. J. Memb. Sci. 2023, 683, 121813. [CrossRef]

Van Buggenhout, S.; Lenaerts, J.; Caspers, S.; Volodine, A.; Vankelecom, I.E]. Polyethyleneimine crosslinkers: Towards greener
crosslinking and simultaneous conditioning of solvent-resistant nanofiltration polyimide membranes? J. Memb. Sci. 2024, 704,
122880. [CrossRef]

Van Goethem, C.; Magboo, M.M.; Mertens, M.; Thijs, M.; Koeckelberghs, G.; Vankelecom, LE]. A scalable crosslinking method for
PVDEF-based nanofiltration membranes for use under extreme pH conditions. J. Memb. Sci. 2020, 611, 118274. [CrossRef]

Ma, Y,; Qaisrani, N.A.; Ma, L.; Li, P; Li, L.; Gong, S.; Zhang, F.; He, G. Side chain hydrolysis method to prepare nanoporous
membranes for vanadium flow battery application. J. Memb. Sci. 2018, 560, 67-76. [CrossRef]

Zhang, J.; He, Y,; Liang, X.; Ge, X,; Zhu, Y,; Hu, M.; Yang, Z.; Wu, L.; Xu, T. Towards the gemini cation anion exchange membranes
by nucleophilic substitution reaction. Sci. China Mater. 2019, 62, 973-981. [CrossRef]

Li, H;; Dong, J.; Cao, X.; Ren, X.; Hao, Z.; Yang, ]. Diamine crossklinked anion exchange membranes based on poly(vinyl benzyl
methylpyrrolidinium). Polymer 2021, 212, 123156. [CrossRef]

https:/ /doi.org/10.3390/membranes16090291


https://doi.org/10.1016/J.EST.2023.107620
https://doi.org/10.1016/J.ADVMEM.2024.100093
https://doi.org/10.1016/J.MEMSCI.2022.120477
https://doi.org/10.1038/s41467-019-13704-2
https://www.ncbi.nlm.nih.gov/pubmed/31911625
https://doi.org/10.1016/J.MEMSCI.2020.117906
https://doi.org/10.1021/ACSENERGYLETT.0C02089
https://doi.org/10.1016/J.EST.2024.111362
https://doi.org/10.1016/J.REACTFUNCTPOLYM.2020.104777
https://doi.org/10.1149/1945-7111/AB945F
https://doi.org/10.1016/J.JPOWSOUR.2021.229502
https://doi.org/10.1002/ADFM.202102167
https://doi.org/10.1038/S41563-019-0536-8
https://www.ncbi.nlm.nih.gov/pubmed/31792424
https://doi.org/10.1002/ADVS.202206888
https://www.ncbi.nlm.nih.gov/pubmed/37178400
https://doi.org/10.1016/J.MEMSCI.2016.08.029
https://doi.org/10.1016/J.MEMSCI.2024.123532
https://doi.org/10.1021/IE503809C
https://doi.org/10.1038/S44286-025-00238-2
https://doi.org/10.1016/J.MEMSCI.2009.03.023
https://doi.org/10.1016/J.MEMSCI.2008.10.011
https://doi.org/10.1016/J.MEMSCI.2023.121813
https://doi.org/10.1016/J.MEMSCI.2024.122880
https://doi.org/10.1016/J.MEMSCI.2020.118274
https://doi.org/10.1016/J.MEMSCI.2018.05.014
https://doi.org/10.1007/S40843-018-9397-0
https://doi.org/10.1016/J.POLYMER.2020.123156
https://doi.org/10.3390/membranes16090291

Membranes 2026, 16,291 19 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Singh, A.; Singh, P.; Goel, N. Theoretical study of DABCO-based ionic liquid: Synthesis and reaction mechanism. Struct. Chem.
2013, 25, 821-828. [CrossRef]

Tsehaye, M.T.; Yang, X.; Janoschka, T.; Hager, M.D.; Schubert, U.S.; Planes, E.; Alloin, E; Iojoiu, C. Anion exchange membranes
with high power density and energy efficiency for aqueous organic redox flow batteries. Electrochim. Acta 2023, 438, 141565.
[CrossRef]

Bance-Soualhi, R.; Choolaei, M.; Franklin, S.A.; Willson, T.R.; Lee, J.; Whelligan, D.K.; Crean, C.; Varcoe, ].R. Radiation-grafted
anion-exchange membranes for reverse electrodialysis: A comparison of N,N,N’,N'-tetramethylhexane-1,6-diamine crosslinking
(amination stage) and divinylbenzene crosslinking (grafting stage). J. Mater. Chem. A Mater. 2021, 9, 22025-22038. [CrossRef]

Li, J.; Jin, Z.; Liu, F; Wang, X.; Li, W,; Xiao, M.; Liu, C.; Xing, W.; Zhu, J. Tetramethy] poly(aryl ether ketone) modified by DABCO
cationic polymer for high temperature proton exchange membrane fuel cells. J. Memb. Sci. 2024, 703, 122848. [CrossRef]

Pan, J.; Wei, B.; Xie, H.; Feng, J.; Liao, S.; Li, X.; Yu, Y. Hexyl-modified series-connected bipyridine and DABCO di-cations
functionalized anion exchange membranes for electrodialysis desalination. Sep. Purif. Technol. 2021, 265, 118526. [CrossRef]
Hu, E.N,; Lin, C.X,; Liu, EH,; Yang, Q.; Li, L.; Zhang, Q.G.; Zhu, A.M,; Liu, Q.L. Cross-Linked Poly(vinylbenzyl chloride) Anion
Exchange Membranes with Long Flexible Multihead for Fuel Cells. ACS Appl. Energy Mater. 2018, 1, 3479-3487. [CrossRef]
Mandal, M.; Huang, G.; Hassan, N.U.; Mustain, W.E.; Kohl, P.A. Poly(norbornene) anion conductive membranes: Homopolymer,
block copolymer and random copolymer properties and performance. J. Mater. Chem. A Mater. 2020, 8, 17568-17578. [CrossRef]
Jiang, T.; Zhou, Y.; Yang, Y.; Wu, C.; Fang, H.; Yang, S.; Wei, H.; Ding, Y. Dimensionally and oxidatively stable anion exchange
membranes based on bication cross-linked poly(meta-terphenylene alkylene)s. Polymer 2021, 216, 123433. [CrossRef]

Wang, F,; Li, C.; Sang, J.; Cui, Y.; Zhu, H. Synthesis and characterization of a long side-chain double-cation crosslinked anion-
exchange membrane based on poly(styrene-b-(ethylene-co-butylene)-b-styrene). Int. J. Hydrogen Energy 2021, 46, 36301-36313.
[CrossRef]

Li, Z.; He, X,; Jiang, Z.; Yin, Y.; Zhang, B.; He, G.; Tong, Z.; Wu, H.; Jiao, K. Enhancing Hydroxide Conductivity and Stability of
Anion Exchange Membrane by Blending Quaternary Ammonium Functionalized Polymers. Electrochim. Acta 2017, 240, 486—494.
[CrossRef]

Komkova, E.N.; Stamatialis, D.F,; Strathmann, H.; Wessling, M. Anion-exchange membranes containing diamines: Preparation
and stability in alkaline solution. J. Memb. Sci. 2004, 244, 25-34. [CrossRef]

Guo, TY.; Zeng, Q.H.; Zhao, C.H,; Liu, Q.L.; Zhu, A.M.; Broadwell, I. Quaternized polyepichlorohydrin/PTFE composite anion
exchange membranes for direct methanol alkaline fuel cells. . Memb. Sci. 2011, 371, 268-275. [CrossRef]

Coppola, R.E.; Herranz, D.; Escudero-Cid, R.; Ming, N.; D"Accorso, N.B.; Océn, P.; Abuin, G.C. Polybenzimidazole-crosslinked-
poly(vinyl benzyl chloride) as anion exchange membrane for alkaline electrolyzers. Renew. Energy 2020, 157, 71-82. [CrossRef]
Xiao, Z.; Yuan, S.; Wu, J.; Mao, D.; Li, X. Influence of Typical Cation Structures of the Functionalized Poly(phenylene ether)s as
Anion Exchange Membranes in Vanadium Redox Flow Batteries. ACS Appl. Energy Mater. 2025, 8, 5174-5189. [CrossRef]
Pasadakis-Kavounis, A.; Arslan, F; Radmer Almind, M.; Aili, D.; Hjelm, J. Tuning Polybenzimidazole-Derived Crosslinked
Interpenetrating Network Membranes for Vanadium Redox Flow Batteries, Batter. Supercaps 2023, 6, €202300176. [CrossRef]
Mallinson, S.L.; Varcoe, J.R.; Slade, R.C.T. Examination of Amine-Functionalised Anion-Exchange Membranes for Possible Use in
the All-Vanadium Redox Flow Battery. Electrochim. Acta 2014, 140, 145-151. [CrossRef]

Rezayani, M.; Sharif, F.; Makki, H. Understanding ion diffusion in anion exchange membranes; effects of morphology and
mobility of pendant cationic groups. J. Mater. Chem. A Mater. 2022, 10, 18295-18307. [CrossRef]

Turrina, A.; Garcia, R.; Cox, P.A.; Casci, J.L.; Wright, P.A. Retrosynthetic Co-Templating Method for the Preparation of Silicoalu-
minophosphate Molecular Sieves. Chem. Mater. 2016, 28, 4998-5012. [CrossRef]

Organic Nitrogen Compounds III: Secondary and Tertiary Amines. Available online: https:/ /www.spectroscopyonline.com/
view /organic-nitrogen-compounds-iii-secondary-and-tertiary-amines (accessed on 23 July 2026).

Chemistry LibreTexts. Infrared Spectroscopy Absorption Table. Available online: https://chem.libretexts.org/Ancillary_
Materials/Reference /Reference_Tables/Spectroscopic_Reference_Tables/Infrared_Spectroscopy_Absorption_Table (accessed on
23 July 2026).

Mathew, M.E.; Ahmad, I.; Thomas, S.; Bin Kassim, M.; Daik, R. A Preliminary Study on the Synthesis of poly(vinylbenzyl chloride)
with Different Solvents. Sains Malays. 2021, 50, 1767-1773. [CrossRef]

Sterlitech. Microdyn Nadir Microdyn Nadir, Nadir PM UV150, 150kDa, PVDF, UF, 47mm, 5/pk. Available online:
https:/ /www.sterlitech.com /microdyn-nadir-nadir-pm-uv150-150kda-pvdf-uf-47mm-5-pk?srsltidQ=AfmBOopdjWb4N3afucl
Hk7gfx2Vrdvklm9rJ05Vt_hMz9G4PRKN7UKkSq (accessed on 23 July 2026).

Van Cauter, C.J.; Cools, M.; Van Buggenhout, S.; Lenaerts, N.; Op De Beeck, D.; Vankelecom, L.E]. Effect of Non-Woven Backing
on Support PVDF Membranes for Acidic Electrochemical Applications. Membranes 2026, 16, 51. [CrossRef] [PubMed]

Nulens, I.; Ben Zvi, A.; Vankelecom, L.E].; Ramon, G.Z. Re-thinking polyamide thin film formation: How does interfacial
destabilization dictate film morphology? J. Memb. Sci. 2022, 656, 120593. [CrossRef]

https:/ /doi.org/10.3390/membranes16090291


https://doi.org/10.1007/S11224-013-0348-4
https://doi.org/10.1016/J.ELECTACTA.2022.141565
https://doi.org/10.1039/D1TA05166K
https://doi.org/10.1016/J.MEMSCI.2024.122848
https://doi.org/10.1016/J.SEPPUR.2021.118526
https://doi.org/10.1021/ACSAEM.8B00698
https://doi.org/10.1039/D0TA04756B
https://doi.org/10.1016/J.POLYMER.2021.123433
https://doi.org/10.1016/J.IJHYDENE.2021.08.172
https://doi.org/10.1016/J.ELECTACTA.2017.04.109
https://doi.org/10.1016/J.MEMSCI.2004.06.026
https://doi.org/10.1016/J.MEMSCI.2011.01.043
https://doi.org/10.1016/J.RENENE.2020.04.140
https://doi.org/10.1021/ACSAEM.5C00141
https://doi.org/10.1002/BATT.202300176
https://doi.org/10.1016/J.ELECTACTA.2014.06.058
https://doi.org/10.1039/D2TA04400E
https://doi.org/10.1021/ACS.CHEMMATER.6B01676
https://www.spectroscopyonline.com/view/organic-nitrogen-compounds-iii-secondary-and-tertiary-amines
https://www.spectroscopyonline.com/view/organic-nitrogen-compounds-iii-secondary-and-tertiary-amines
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Spectroscopic_Reference_Tables/Infrared_Spectroscopy_Absorption_Table
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Spectroscopic_Reference_Tables/Infrared_Spectroscopy_Absorption_Table
https://doi.org/10.17576/JSM-2021-5006-22
https://www.sterlitech.com/microdyn-nadir-nadir-pm-uv150-150kda-pvdf-uf-47mm-5-pk?srsltid=AfmBOopdjWb4N3afuc1Hk7gfx2Vrdvk1m9rJ05Vt_hMz9G4PRKN7UkSq
https://www.sterlitech.com/microdyn-nadir-nadir-pm-uv150-150kda-pvdf-uf-47mm-5-pk?srsltid=AfmBOopdjWb4N3afuc1Hk7gfx2Vrdvk1m9rJ05Vt_hMz9G4PRKN7UkSq
https://doi.org/10.3390/membranes16020051
https://www.ncbi.nlm.nih.gov/pubmed/41745494
https://doi.org/10.1016/J.MEMSCI.2022.120593
https://doi.org/10.3390/membranes16090291

Membranes 2026, 16,291 20 of 20

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Li, X;; Li, Q.; Fang, W.; Wang, R.; Krantz, W.B. Effects of the support on the characteristics and permselectivity of thin film
composite membranes. J. Memb. Sci. 2019, 580, 12-23. [CrossRef]

Lenaerts, N.; Verbeke, R.; Davenport, D.M.; Caspers, S.; Eyley, S.; Kantre, K.A.; Volodine, A.; Helm, R.; Butterling, M.; Liedke,
M.O:.; et al. Influence of support pore size and porosity on epoxide-based TFC membranes. J. Memb. Sci. 2025, 722, 123900.
[CrossRef]

Qian, Y,; Li, H,; Ly, J.; Lu, D.; Jin, H.; Xia, Z.; Yao, Z.; Wang, ].; Zhang, L.; Tang, C.Y. Inhibiting Polyamide Intrusion of Thin Film
Composite Membranes: Strategies and Environmental Implications. Environ. Sci. Technol. 2023, 57, 10860-10869. [CrossRef]
[PubMed]

Bozorgmehr, Z.; Verbeke, R.; Tan, X.; Van Goethem, C.; Davenport, D.M.; Eyley, S.; Thielemans, W.; Dickmann, M.; Helm,
R.; Butterling, M.; et al. Use of a partially miscible solvent as the reagent phase to shorten synthesis time and enhance the
performance of poly(epoxyether) TFC-membranes. Sep. Purif. Technol. 2025, 375, 133727. [CrossRef]

Ahmad, A.L.; Ooi, B.S. Properties—performance of thin film composites membrane: Study on trimesoyl chloride content and
polymerization time. J. Memb. Sci. 2005, 255, 67-77. [CrossRef]

Nulens, I.; Verbeke, R.; Opsomer, T.; Huang, J.; Wang, Y.; Caspers, S.; Kubarev, A.; McMillan, A.H.; Dehaen, W.; Vankelecom, L.E].
Real-time monitoring of interfacial polymerization using fluorescent dyes. J. Memb. Sci. 2023, 686, 121998. [CrossRef]

Ji,].; Zhou, L,; Gu, S.; Yu, H.; Xu, W,; Zheng, Y.; Li, S.; Xu, Z. Sulfonated Polyamine-Based Thin Film Composite Membranes with
Fast and Selective Ion Transport for Vanadium Redox Flow Batteries. Ind. Eng. Chem. Res. 2025, 64, 24061-24069. [CrossRef]
Verbeke, R.; Davenport, D.M.; Stassin, T.; Eyley, S.; Dickmann, M.; Cruz, A.J.; Dara, P; Ritt, C.L.; Bogaerts, C.; Egger, W,; et al.
Chlorine-Resistant Epoxide-Based Membranes for Sustainable Water Desalination. Environ. Sci. Technol. Lett. 2021, 8, 818-824.
[CrossRef]

1,4-Diazabicyclo[2.2.2]octane(280-57-9) MSDS Melting Point Boiling Point Density Storage Transport. Available online:
https:/ /www.chemicalbook.com /ProductMSDSDetail CB9164730_EN.htm (accessed on 23 July 2026).

111-18-2 CAS MSDS (N,N,N’,N’-Tetramethyl-1,6-hexanediamine) Melting Point Boiling Point Density CAS Chemical Properties.
Available online: https:/ /www.chemicalbook.com/ChemicalProductProperty_US_CB8362757.aspx (accessed on 23 July 2026).
Tashvigh, A.A.; Chung, T.S. Facile fabrication of solvent resistant thin film composite membranes by interfacial crosslinking
reaction between polyethylenimine and dibromo-p-xylene on polybenzimidazole substrates. ]. Memb. Sci. 2018, 560, 115-124.
[CrossRef]

Wei, J.; Chen, Z.; Zhang, Y.; Zhang, W.; Li, ].; Silva Lora, E.E.; Venturini, O.].; Kozlov, A.N.; Isa, YM. An adjustable heat-to-power
ratio combined heat and power system integrating biomass gasification, solid oxide fuel cell, and gas turbine: Energy, exergy,
economic, and exergoeconomic (4E) analyses. Int. J. Hydrogen Energy 2026, 244, 155706. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/membranes16090291


https://doi.org/10.1016/J.MEMSCI.2019.03.003
https://doi.org/10.1016/J.MEMSCI.2025.123900
https://doi.org/10.1021/ACS.EST.3C02666
https://www.ncbi.nlm.nih.gov/pubmed/37428116
https://doi.org/10.1016/J.SEPPUR.2025.133727
https://doi.org/10.1016/J.MEMSCI.2005.01.021
https://doi.org/10.1016/J.MEMSCI.2023.121998
https://doi.org/10.1021/ACS.IECR.5C03572
https://doi.org/10.1021/ACS.ESTLETT.1C00515
https://www.chemicalbook.com/ProductMSDSDetailCB9164730_EN.htm
https://www.chemicalbook.com/ChemicalProductProperty_US_CB8362757.aspx
https://doi.org/10.1016/J.MEMSCI.2018.05.019
https://doi.org/10.1016/J.IJHYDENE.2026.155706
https://doi.org/10.3390/membranes16090291

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Membrane Synthesis 
	Area Ohmic Resistance 
	Diffusion Coefficient 
	Selectivity 
	Physicochemical Characterization 


	Results and Discussion 
	Confirmation of Crosslinked Top Layer 
	Effect of Support 
	Commercial vs. Lab-Made: The Effect of Non-Woven Supports 
	Polymer Concentration 
	Crosslinking of Supports 

	Effect of Top Layer 
	Addition of Co-Solvent 
	Concentration of Reagents 
	Reaction Time 
	Second Crosslinking Step 
	Crosslinker Length 
	DABCO vs. TMHDA 
	Degradation of Support During Second Crosslinking Step 


	Conclusions 
	References

