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ARTICLE INFO ABSTRACT

Keywords: We fabricated dense anion-exchange membranes from the same polymer with variations in the self-assembled
Anion-exchange membrane hydrophilic and hydrophobic domains. We show how the nanostructure forms during membrane formation
Self-assembly

and how it can be tuned by rationally designing fabrication conditions. We found that the hydrophilic and
hydrophobic domain structure evolves during the membrane solidification. This can be controlled by using
casting solvents with different evaporation times or by the addition of an ionic liquid which alters the in-
teractions in the polymer film. We could further tailor the structure of solidified membranes by heat or solvent
annealing and developed conditions that selectively adjust the nanostructure in different parts of the membrane.
With these methods we could significantly optimize the macroscopic properties and ion transport rates of
membranes made from the same polymer. The ionic liquid additive led to an almost doubling of the water uptake
without influencing the swelling degree and also to a 3-fold higher diffusion rate for HBr. By using a post-
treatment with dioxane we also managed to fabricate a membrane with a 5-fold higher ionic conductivity. We
further found that different transport mechanisms are involved in ionic conductance and acid diffusion and could

Ton transport mechanism
Diffusion dialysis
Ionic conductivity

relate them to different membrane nanostructures.

1. Introduction

Anion-exchange membranes (AEMs) are of high interest because of
their use in promising renewable energy and environmental waste
management technologies [1-3]. For example, the synthesis of
hydrogen by water electrolysis is still more expensive than from natural
gas sources which hinders the industrial implementation [4]. One very
promising approach to reduce the cost of green hydrogen production is
the use of AEMs as solid electrolyte in alkaline water electrolyzers as
they can be combined with cheap non-precious metals as catalysts [5].
For this, the achievable ionic conductivity of AEMs directly correlates to
the hydrogen production rates and energy efficiency; however, so far the
performance of commercial membranes still limits the widespread
application. AEMs are also an interesting option to recycle acids from
wastes that are produced in metal finishing industries [6]. By using
AEM-enabled diffusion dialysis, acids can be transported from the feed

into the permeate compartment, while positively charged metal ions are
hold back via Donnan exclusion. This results in an environmentally
friendly and low energy consuming upcycling of industrial wastes, but
the selectivity and acid diffusion rates of available membranes are not
sufficient for a large-scale application [7].

Most approaches to increase anion-exchange membrane perfor-
mance are based on the synthesis of new polymers, with focus on
altering the chemical functionalities or polymer architecture [8-16].
However, recently more and more research showed the importance of
the nanoscale morphology to control membrane performance [17-24].
AEMs, like most ion-exchange membranes, are usually fabricated by film
casting of a charged ionomer in solution and subsequent solvent evap-
oration, leading to dense and isotropic polymer films. During the
evaporation step, the charged side chains and the hydrophobic back-
bone, respectively, can assemble into larger clusters resulting in the
formation of hydrophilic and hydrophobic domains in the nano- or
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microscale [25]. This alignment of the different parts of the polymer is
influenced by the solvent-polymer and polymer-polymer interactions as
well as the drying temperature which all contribute to the thermody-
namic and kinetic parameters of this nanophase segregation [26-28].
For example, Akhtar et al. showed that the same ionomer can be fabri-
cated into different cation-exchange membranes which have a changed
nanoscale morphology dependent on the used casting solvent and the
resulting membranes also showed significant differences in water vapor
permeance [29]. Even after the solidification process the membrane
structure can still be altered through heat or chemical treatment. It was
shown that treating different anion-exchange membranes at elevated
temperatures leads to a change of the macroscopic structural properties
[30]. Similarly, Safronova et al. showed that the ionic conductivity of
cation-exchange membranes can be altered by heat treatment [31]. It
was also already observed that a solvent post-conditioning influenced
the conductivity and salt diffusion rates of different cation- and
anion-exchange membranes [32]. Still, however, no systematic investi-
gation of a wide range of fabrication conditions and the underlying
mechanisms of structural change was done yet. Furthermore, while the
relationship between nanostructure and ion transport is often discussed,
no clear statement regarding the optimal morphology and its influence
on the transport mechanism can be made [33-38]. There are mainly two
models regarding the transport through dense ion-exchange mem-
branes. One of the leading theories is that the nanophase segregation
results in an interstitial phase throughout the membrane, allowing for
the formation of connected water pathways [39]. This means that also
the ionic flux through the membrane can be completely described by the
extended Nernst-Planck equation, and the polymer does not directly
participate in the ion transport [40]. Another model describes the for-
mation of hydrophilic regions as charged nanochannels, in which the
transport of ions is facilitated by the hopping mechanism, i.e. ions
jumping between neighboring charged groups that are part of the
polymer structure [41].

Establishing a relationship between membrane fabrication and the
resulting nanostructure as well as correlating the nanostructure to the
transport properties would allow for new membrane designs. Therefore,
in this study we used several fabrication conditions to synthesize anion-
exchange membranes from the same polymer that show significant
differences in their nanoscale morphology. By analyzing the formed
hydrophilic domains via atomic force microscopy (AFM) and small angle
x-ray scattering (SAXS) we related the nanostructure to the underlying
processes during membrane formation and showed how these processes
can be controlled through varied conditions. We further measured the
diffusion rates for several acids and the ionic conductance. Comparing
the results of these measurements allowed us to make relevant state-
ments regarding the involved transport mechanisms and to establish a
blueprint on how to tune ion-exchange membranes towards higher ion
transport performance.

2. Materials and methods
2.1. Fabrication of membranes

2.1.1. Solvent selection for membrane fabrication

The anion-exchange polymer for this study was provided by Evonik
Operations GmbH. The Hansen solubility parameters for the polymer
were determined by a commercial provider. To find solvents for the
polymer with different boiling points for film casting, single solvents and
binary solvent mixtures were screened for their relative energy differ-
ence (RED) value via HSPiP software [42]. For selected solvent systems
with low RED value solubility tests were conducted with 25 wt% poly-
mer. For binary solvent mixtures that dissolved the polymer, the evap-
oration behavior was calculated via Raoult’s law to determine a
temperature where the mixture shows azeotropic evaporation. To adjust
for non-ideal solutions, the activity coefficients were calculated via the
Wilson parameters and the infinite dilution activity coefficients [43,44].
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As a result, dimethylsulfoxide (DMSO) was determined as suitable high
boiling point solvent, and acetonitrile/ethanol (ACN/EtOH) (56/44 w
%) was identified as low boiling point solvent with a uniform evapora-
tion behavior between 50 and 60 °C.

2.1.2. Casting solution and membrane preparation

The anion-exchange polymer (26% w/v) was dissolved in the cor-
responding solvent, optionally also containing an additive, and the
resulting solution was stirred for 24 h at room temperature (Table 1).
The casting solutions were degassed at 200 mbar for 10 min and sub-
sequently casted on glass to 500 pm thick films at a relative humidity of
20%. Afterwards, the films were dried, and final membranes were stored
in water.

2.1.3. Post-treatment

Pieces of the final membrane CC-DMSO were cut out and incubated
in either acetone (CC-DMSO-Acetone) or 1,4-dioxane (CC-DMSO-
Dioxane) at room temperature, or in dry state at 60 °C (CC-DMSO-60 °C)
for 7 days. Afterwards the membrane pieces were washed and stored in
water.

2.2. Membrane characterization

2.2.1. Water uptake and swelling degree

Samples of 16 mm diameter were cut out of all fabricated membranes
and were incubated in water for 24 h at 60 °C. Subsequently samples
were weighted, and their thickness and diameter were measured. Af-
terwards, the samples were dried at 60 °C for 24 h and weight, thickness
and diameter were determined in dry state. The water uptake was
calculated as percentage of weight increase after water uptake, the
swelling degree was the percentage the thickness increased in wet state,
and from weight, thickness and diameter in dry state the density of the
membranes was calculated.

2.2.2. Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was performed for
membrane CC-DMSO (1) to test the suitability of this method. The
membrane was beforehand stained in a 2 M Nal solution for 24 h on a
shaker and afterwards washed three times with DI water and dried [45].
The membrane was fixated in an epoxy resin and cut with a EM
UC7/FC7 microtome from Leica. TEM images were obtained using a
JEOL 2200FS instrument (see Figs. S1-S2 in SI).

2.2.3. Atomic force microscopy

To investigate the resulting nanoscale morphology, AFM analysis of
all fabricated membranes was done in dry and wet state with a Bruker
Dimension FastScan® system using PeakForce Tapping® to obtain
topographic images. Images of 500 x 500 nm? were used to analyze the
morphology of membranes via the image analyzer software ImageJ. To
quantify the average area and overall surface fraction of hydrophilic
regions, two-dimensional images were loaded into the program, con-
verted to 8-bit and subjected to the Threshold method (Default), fol-
lowed by using the Particle Analyzer (see Figs. S3-S9 and Table S1 in SI).

Table 1
Conditions used to prepare casting solutions for film casting and subsequent
drying.

Membrane Solvent Additive Drying

CC-DMSO DMSO - 60 °C,
24 h

CC-DMSO-IL DMSO 5 v% 1-Butyl-3-methylimidazo- 60 °C,
lium acetate 24h

CC-ACN/EtOH ACN/EtOH (56/ - 60 °C,
44 w%) 24h

CC-ACN/ ACN/EtOH (56/ 6 v% Water 60 °C,
EtOH-Aq 44 w%) 24 h
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2.2.4. Small-angle X-ray scattering

SAXS was used to investigate the nanoscale ordering through the
whole membrane for fabricated AEMs. The measurements were per-
formed on a Panalytical Empyrean diffractometer with Cu Ka radiation
(U = 40 kV and I = 40 mA, line focus) using an evacuated beam path
chamber ScatterX-78 (vacuum 0.1 mbar) and a sample-to-detector dis-
tance of 240 mm (2D PIXcel3D detector). The membranes were fixed in a
sample holder for transmission mode and measured in the 20 range of
—0.15° to +5.00° at a step size 0.01° leading to a total measurement
time of 21 min. The scattering vector was calculated as follows:

q = 4**sin0*) ! 1)

with A the wavelength of the X-ray radiation (A = 1.54 Z\) and O® the
scattering angle. This enabled to reach the values of q between 0.012
and 0.35 A~ which corresponds to periodicities between 50 and 2 nm.
The inter-domain distance d was calculated from the q value of deter-
mined SAXS peaks according to:

d = 2%n*q”"! @

2.3. Membrane evaluation

2.3.1. Conductivity measurement

The through-plane conductivity was measured in a homemade con-
ductivity cell (see Fig. S10 in SI). Membrane pieces (3.75 sz) were
incubated in 1 M KOH for 24 h and afterwards clamped in the middle of
the cell between two graphite electrodes. In this set-up, the membrane
has no direct contact to the electrodes but is fully immersed in the
electrolyte (1 M KOH). Electrochemical impedance spectroscopy was
conducted by connecting both electrodes to a potentiostat (BioLogic
VMP3) and a frequency sweep from 200 kHz to 100 Hz was used to
obtain the Nyquist plot. The resistance of the analyzed system was
gathered from the Nyquist plot and membrane resistance was calculated
by subtracting the electrolyte only resistance from the resistance of
electrolyte plus membrane. The specific ionic conductivity was calcu-
lated as follows:

K = t+(R*A) ! 3)

with t membrane thickness, R membrane resistance and A membrane
area.

2.3.2. Diffusion dialysis

To measure the diffusion rate of different acids through the fabri-
cated membranes, a two-chamber diffusion cell was used (see Fig. S11 in
SI). Membrane samples with a diameter of 30 mm were cut out and
clamped between the permeate chamber with desalted water and the
feed chamber with acid and both chambers were stirred rigorously to
minimize concentration polarization. Before each measurement, mem-
branes were conditioned by allowing dialysis with the respective acid for
30 min. The actual experiment started with addition of new water in the
permeate chamber and new acid in the feed chamber. For the single acid
measurements, the pH value of the permeate cell was measured over 30
min. The acid concentration in the permeate solution was calculated
from the obtained pH values. The effective diffusion coefficients were
calculated for each membrane and acid pair from Fick’s first law. Plot-
ting the acid concentration in the permeate vs. time showed a steady flux
through the membrane during the investigated time period. The flux was
obtained from the slope of the linear fit of the concentration vs. time
data and diffusion coefficients were calculated using the initial con-
centration gradient of 1 mol/1 (see Fig. S12 in SI). For the measurements
with acid mixtures in the feed chamber, conditioning was done for 30
min with the same feed composition as used in the following measure-
ment. The dialysis was conducted for 30 min and afterwards the con-
centrations of the acids in the permeate were analyzed via ion
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chromatography using calibration curves (see Fig. S13 in SI).
3. Results and discussion

In this study we used a positively charged polymer with a not dis-
closed chemical structure to fabricate anion-exchange membranes
(AEMs) via film casting and subsequent solvent evaporation. We
developed methods to alter and control the membrane nanostructure
and could tailor the macroscopic membrane properties as well as the ion
transport rates. Our approach is independent of having access to the
exact polymer specifications and thus offers a blueprint for the rational
design and fabrication of membranes from commercial ionomers.

3.1. Fabrication conditions

Overall, we fabricated a library of seven AEMs from the same poly-
mer with almost the same thickness. We used two different solvent
systems to generate casting solutions, DMSO (CC-DMSO (1)) and
acetonitrile/ethanol (CC-ACN/EtOH (3)). For both solvent systems we
used the same drying temperature which resulted in different durations
until the solvent evaporated and the membrane solidified. To alter the
polymer-solvent and polymer-polymer interactions during the mem-
brane formation, additives were used that remain in the membrane after
the solvent has evaporated, namely the ionic liquid 1-butyl-3-methyli-
midazolium acetate (5 v%) as additive in DMSO (CC-DMSO-IL (2))
and water (6 v%) as additive in acetonitrile/ethanol (CC-ACN/EtOH-Aq
(4)). To investigate a possible membrane annealing after fabrication,
samples of CC-DMSO (1) were post-treated for 7 days in either the polar
non-solvent acetone (PT-DMSO-Acetone (5)), the non-polar non-solvent
1,4-dioxane (PT-DMSO-Dioxane (6)) or at 60 °C (PT-DMSO-60 °C (6)).
These conditions were designed based on the Hansen Solubility
Parameter (HSP) concept [42]. The HSP describe the ability of a mole-
cule to interact via London dispersion forces (8D), dipolar intermolec-
ular forces (8P) and hydrogen bonding (6H). Molecules with similar HSP
can interact with each other, and values for the relative energy distance
(RED) significantly lower than 1 indicate complete miscibility or solu-
bility (Table 2).

Both casting solvent systems have RED values that correspond to a
complete solvation of the polymer, while the non-solvents used for the
post-treatment should not be able to dissolve the polymer (higher RED
value). Regarding the HSP of the polymer, the amphiphilic structure
means that the charged groups will mainly contribute to the high values
of 8P and 8H (hydrophilic) and the backbone will mainly contribute to
the high 8D value (hydrophobic) [46]. This means that the non-polar 1,
4-dioxane with low 8P and high 8D is more similar to the backbone, and
that the moderately polar acetone with a higher 6P and lower 8D value is
more similar to the charged side groups. As a result, the post-treatment
solvents should only diffuse into and then anneal the corresponding
hydrophobic or hydrophilic parts of the solidified membrane.

3.2. Morphology
After film casting and solvent evaporation the nanoscale morphology

Table 2
HSP values for the used anion-exchange polymer as well as casting and post-
treatment solvents.

8D 8P (MPa'/  §H RED
(Mpal/z) 2) (Mpal/z)
Used 18.6 13.7 11.4 -
polymer
Casting solvents DMSO 18.4 16.4 10.2 0.36
ACN/EtOH 15.5 14.0 12.0 0.76
Post-treatment Acetone 15.5 10.4 7.0 1.00
solvents 1,4- 17.5 1.8 9.0 1.50
Dioxane
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of all obtained membranes was investigated by AFM (Fig. 1).

In the AFM image of the dry membrane CC-DMSO (1) the nanoscale
ordering of the surface is only weakly visible (Fig. 1a, exemplary). The
TEM images of membrane 1 did also not show any larger isolated regions
after iodine staining (see Section S1 in SI). In contrast, when we con-
ducted AFM of the wet membranes we could observe distinct round
regions that stick out of the membrane surface, which is similar to the
AFM images of other AEMs (Fig. 1b-h) [21]. This shows that the small
hydrophilic domains that formed during membrane solidification can
only be detected after they swell through water uptake. CC-DMSO (1) as
the baseline membrane has hydrophilic domains with an average size of
291 nm? The faster evaporating solvent (3) led to a reduction in average
area to 117 nm?. This decrease indicates that during the membrane
drying step the hydrophilic domains enlarge over time. Such a formation
of larger regions over time was also observed for cation-exchange
membranes that were annealed with solvent vapor after fabrication
[47]. We were further able to inhibit this process by the addition of ionic
liquid (2) to DMSO as casting solvent, which resulted in smaller hy-
drophilic domains (182 nm?) in comparison to membrane 1 without the
additive. A possible explanation is that the repulsion between cationic
polymer groups drives the enlargement of hydrophilic clusters until the
solvent is evaporated and that the ionic liquid lowers the driving force
for that process by compensating the charges in the domains. On the
other hand, water as additive to ACN/EtOH (4) led to irregular
distributed hydrophilic regions on the surface that could not be quan-
tified by the image analysis algorithm we used. The observed assemblies
could be the result of water nanodroplets that remain after solvent
evaporation and locally attract or solvate charged side chains.

We could also change the morphology of our membranes after so-
lidification. Treating membrane 1 with acetone (5) led to significantly
larger hydrophilic domains of 578 nm?2. According to the HSP (Table 2),
acetone results in a selective solvation of charged regions and subse-
quently to an increased mobility in these parts. The observed larger
domains fit well to the proposed enlargement over time. We saw a
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similar effect after the heat annealing for membrane 7 which resulted in
an average size of 471 nm2. This means that elevation of temperature to
60 °C led to more mobility in the hydrophilic parts which could be
explained by a generally loose packing in these regions due to the high
charge density. In contrast, the post-treatment with dioxane (6) had the
opposite effect and reduced the average hydrophilic domain size to 116
nm?. The low polarity of dioxane (Table 2) should result in an uptake
into the hydrophobic bulk. An increased mobility in the amorphous
matrix could lead to outside pressure on the static hydrophilic domains,
forcing the charged groups towards closer contact and leading to smaller
sizes.

For all membranes the surface coverage with hydrophilic domains
lies between 25 and 27% with the exception of membrane 3 (17%) and
membrane 6 (35%). For membrane 6 this is likely due to changes in the
hydrophobic bulk as shown by the higher membrane density that will be
discussed below (Table 3). The surface coverage with hydrophilic do-
mains is calculated relative to the area of the hydrophobic bulk, and a
higher membrane density indicates that the hydrophobic bulk occupies
less space. The comparison between the other membranes shows that all
conditions increased the surface coverage to almost the same value
compared to the fast evaporating solvent (3), independent of the actual
size of hydrophilic regions. Our explanation for this is that membrane 3
solidified before the phase segregation into hydrophilic domains was
complete, which leads to a low surface coverage. After the completed
phase segregation, the enlargement in the other membranes could be a
result of the assembly of different hydrophilic domains to form larger
regions without influencing the overall surface coverage.

We further conducted SAXS measurements to obtain morphology
data for the whole membrane (Fig. 2). For all membranes we found a
maximum peak at high scattering vectors (high-q) as well as a minimum
peak at low scattering vectors (low-q), features which were similarly
observed for other AEMs [22]. The exact origin of such SAXS intensities
was investigated in detail by Konishi et al. by analyzing polymer films
via different scattering methods. They could show that a peak in the

Casting conditions
c) CC-DMSO-IL (2)

Average area
182 nm?2

b) CC-DMSO (1)
Coverage
27%

Average area
291 nm2

Coverage
27%

Average area

d) CC-ACN/EtOH (3)  e) CC-ACN/EtOH-Aq (4)

Coverage Average area Coverage
17% - -

117 nm?

100 nm

100 nm

Average area
578 nm? 25%

f) PT-DMSO-Aceton (5)

a) Dry

Coverage Average area

700 nm 100 nm
Coverage Average area Coverage
116 nm? 35% 471 nm? 26%

g) PT-DMSO-Dioxane (8)  h) PT-DMSO-60°C (7)

Post-treatment conditions

Fig. 1. 3D-Topographic AFM images of all fabricated membranes after water uptake (b-h) and exemplary of CC-DMSO (1) in dry state (a). Images were taken by the
PeakForce Tapping® method to obtain the topography with a resolution of 500 nm x 500 nm. Average area of hydrophilic domains and surface coverage by these

domains were analyzed via image analysis (see Section 2.2 and SI).
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Fig. 2. Results of SAXS measurements detecting scattering vectors between 0.02 and 0.35 A. (Middle) SAXS raw data plots underlined with the interpolated curves
for all membranes with intensity offset for comparison; determined peaks are marked with the corresponding Bragg’s distance d (cf. Eq. (2)). (Left) Comparison of
diow-q at small scattering vectors with the hydrophilic domain areas of the corresponding membranes from AFM and schematic depiction of djow.q between hy-
drophilic domains. (Right) Comparison of the large scattering vector dy;gh.q peak for membranes 2, 3 and 6 and schematic depiction of dyigh.q distances between
polymer backbones in the hydrophilic domains.

Table 3
Measured dry density, water uptake and thickness swelling for all fabricated
membranes.
Membrane Dry density [mg/ Water uptake Swelling
mm’] [%] [%!
CC-DMSO (1) 1.39 14.4 4.1
CC-DMSO-IL (2) 1.35 28.7 4.5
CC-ACN/EtOH (3) 1.25 14.5 5.1
CC-ACN/EtOH-Aq 1.22 14.7 5.2
@
PT-DMSO-Acetone 1.29 17.3 4.2
(5)
PT-DMSO-Dioxane 1.44 25.0 11.8
(6)
PT-DMSO0-60 °C (7) 1.29 13.6 1.4

high-q region corresponds to small distances in single clusters and that
the minimum peak in the low-q region corresponds to distances between
different clusters [48].

For the low-q distance (djow-q) we observed significant differences for
all fabrication conditions with values between 7.78 nm and 13.72 nm
(Fig. 2, middle). We also found that a larger low-q distance directly
correlates to a smaller hydrophilic domain area measured via AFM as
shown by a good linear fit (RZ = 0.96, Fig. 2, left). This is reasonable
because enlarged domains should result in closer contact to each other.
On the other hand, this contrasts the AFM images shown in Fig. 1 where
a closer contact between smaller regions can be observed. This can be
explained with the water uptake and subsequent swelling of hydrophilic
domains in the membranes analyzed in the AFM measurements (Fig. 1)
and the fact that SAXS was measured with dry membranes. Additionally,
SAXS depicts the morphology of the whole membrane which could mean
that the overall density of hydrophilic domains is lower in the mem-
brane than on the surface. Overall, the dj,y.q values verify the size trends
observed via AFM and support the above discussed influences of the

fabrication conditions. With SAXS we now also found that the addition
of water for membrane 4 did lead to an increase in domain sizes as
shown by the low dj,y.¢ of 10.15 nm, likely because of a better mobility
of hydrophilic domains.

The high-q region distances dpg.q are rather similar for all mem-
branes, with CC-ACN/EtOH (3) having the smallest value of 2.28 nm
(Fig. 2, middle). This value was slightly increased when using DMSO as
casting solvent (Membrane 1, 2.30 nm) or water as additive (Membrane
4, 2.30 nm) as well as after annealing with acetone (Membrane 5, 2.31
nm) or at 60 °C (Membrane 7, 2.32 nm). The most significant changes
were achieved for the membranes CC-DMSO-IL (2) and PT-DMSO-
Dioxane (6) with 2.33 nm and 2.34 nm, respectively (Fig. 2, right).
While the observed differences are small, the used SAXS method results
in an error of +/- 0.006 nm for these values which still allows us to make
statements about the general trend of dpgh.¢. Konishi et al. [48] showed
that the dpgh.q values correspond to distances in single clusters, and
accordingly we assigned dpgh.q to the distances between different poly-
mer backbones in an individual hydrophilic domain. Based on our data
we propose that the observed hydrophilic regions with sizes of up to
several 10s of nanometers consist of multiple macromolecules and
include both backbone and charged side chains. The phase segregation
could then be a result of unfolding of polymer coil structures to present
the side chain groups, which results in more accessible charges and also
an increased distance between different backbones (Fig. 2, right). The
smaller dpgh q of the fast dried membrane 3 can then be attributed to a
solidification while the different polymer backbones in the domains are
still partially entangled. For the other membranes this disentanglement
process was completed, resulting in similar dpg.q. Furthermore, we
think that for membrane 2 the ionic liquid enabled better clustering of
charged groups and subsequently led to a backbone orientation away
from the charge center which results in the larger d;gn.q distance. The
post-treatment with 1,4-dioxane (6) led to solvent uptake into the hy-
drophobic bulk. This could have attracted the hydrophobic backbones in
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the charged regions at the boundary with the bulk matrix which then
directed the charged groups inwards and increased the dpigh.q distance.
The resulting higher local charge accessibility in both membranes 2 and
6 is also indicated in the AFM measurements by a higher local water
uptake and subsequently more pronounced elevation of hydrophilic
regions in comparison to membranes with similar domain size (2 vs. 1, 6
vs. 3; cf. Fig. 1).

Overall, these observations imply that we can use larger dpgh.q values
as an indicator for a better accessibility of side chains and consequently
higher local charge density in the hydrophilic domains. However, that
we did observe values in the same range for the different fabrication
conditions means that the hydrophilic regions do not enlarge by a
growing distance between charged side chains. This supports again that
the enlargement is more likely a result of an assembly of different con-
tacting regions.

3.3. Macroscopic structural properties

Besides changes in nanoscale morphology, the fabrication conditions
also led to membranes with significant differences in their macroscopic
structural properties (Table 3).

For all membranes the same ion-exchange capacity (IEC) of around
0.8 mmol/g was measured, which shows that the observed changes in
local charge accessibility did not directly impact the overall accessibility
of charged groups (see Table S2 in SI). However, this could also be due to
the long incubation of membranes in the solutions used for IEC deter-
mination which may result in the measurement of charged groups not
located in the hydrophilic domains (see Section S6 in SI). While both
hydrophobic and hydrophilic parts of the membrane contribute to the
density, the overall larger hydrophobic portion means that the mem-
brane density is a good indicator for the free volume in the amorphous
matrix (Table 3). The membranes made from DMSO show a dry density
of 1.39 mg/mm? (1), respectively 1.35 mg/mm? (2). This is significantly
higher than what we observed when using the fast evaporating ACN/
EtOH mixture, which resulted in densities of 1.25 rng/rnm3 (3)and 1.22
mg/mm° (4). These changes suggest that the hydrophobic parts are also
in the non-equilibrium state and move over time towards a reduced free
volume. The density of membrane 1 was further increased to 1.44 mg/
mm? by treatment with 1,4-dioxane (6), proving that 1,4-dioxane suc-
cessfully solvated the hydrophobic regions and changed the free volume
in the amorphous matrix over time. On the other hand, the addition of
ionic liquid to DMSO (2) led to a lower dry density of 1.35 mg/mm? in
comparison to membrane 1 that was made without the additive. The
ionic liquid can likely occupy the space between polymer chains which
subsequently inhibits a free volume reduction. The decrease in density
by treatment with polar acetone (5) to 1.29 mg/mm? can be attributed
to the enlargement of hydrophilic domains. The treatment at 60 °C (7)
resulted in the same density and also similar hydrophilic domains
(Fig. 1) as the annealing with acetone (5), which means that an elevated
temperature only increased the mobility in the hydrophilic regions and
not in the hydrophobic bulk.

All membranes show a water uptake of around 15%, with the only
exceptions being CC-DMSO-IL (2) (28.7%) and PT-DMSO-Dioxane (6)
(25.0%). Both these membranes also showed a higher local water uptake
in the AFM measurements and the SAXS data suggests more accessible
charged groups in the hydrophilic domains than for the rest of the
membranes. On the other hand, this correlation to the macroscopic
water uptake was not observed for the other membranes and in general
the water uptake cannot be directly attributed to a single structural
component. Several studies already established that a high water uptake
is an indicator for the formation of long-range void spaces that form
water pathways through the membrane. These water pathways are not
necessarily identical to the hydrophilic domains but are also influenced
by the overall polymer packing, material flexibility and backbone po-
larity [49-51]. This means that the fabrication conditions for 2 and 6
resulted in materials with properties that are in sum beneficial for water
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uptake. Surprisingly, for CC-DMSO-IL (2) the higher water uptake was
not accompanied with a higher thickness swelling, which could be due
to the ionic liquid inhibiting a reduction in free volume during fabri-
cation which then enables uptake of water volume without swelling.
This result is especially interesting because increasing the water uptake
of AEMs while maintaining mechanical integrity is notoriously difficult
to achieve but necessary to overcome the current limitations of AEMs.

In summary, we can postulate a model for the nanophase segregation
mechanism that could be responsible for the final membrane
morphology (Fig. 3).

First, during the evaporation of the casting solvent, a spontaneous
division into small clusters with more charged side chains occurs. After
this initial segregation, the different macromolecules in these hydro-
philic clusters are still partially entangled. Over time they move towards
higher ordering which is characterized by an increase in distance be-
tween different backbones. This results in a favorable presentation of the
charged side chains and higher local charge density. This process can be
inhibited by using a fast evaporating solvent while both the addition of
ionic liquid and annealing with 1,4-dioxane increased the effectivity of
this process. The hydrophilic domains formed by disentanglement then
enlarge in a second step, which is driven by the repulsion between the
positively charged side chains. The domains move towards equilibrium
state over time and the size increase is facilitated by incorporation of
new macromolecular segments and neighboring domains. This results in
only small changes in both the surface coverage and the distance be-
tween the different macromolecules. This enlargement was increased by
conditions that lead to a longer mobility in the hydrophilic domains,
namely a slower evaporating solvent and annealing with acetone or at
60 °C. On the other hand, in the hydrophobic bulk the equilibrium is
reached by a decrease of free volume in the amorphous matrix. This was
facilitated by a slower drying solvent and by annealing with the non-
polar solvent 1,4-dioxane. In contrast, by adding an ionic liquid to the
casting solution the reduction in free volume was partially inhibited.

In summary, the nanoscale morphology can be rationally tuned to
tailor specific membrane properties like hydrophilic domain size, local
charge density, water uptake or long range-ordering. With these new
insights we can also give a more in-depth explanation for results of other
published works. For example, we can now attribute the observation
that non-polar casting solvents lead to small hydrophilic domains to the
hindered mobility in these regions and subsequent solidification in the
non-equilibrium state [28]. Furthermore, we can give an alternative
explanation for results of works that describe the membrane nano-
structure solely to be affected by the polarity of the used solvents,
although membranes were fabricated at the same drying temperature
with solvents with significantly different vapor pressure [52].

3.4. Acid diffusion rates

To investigate the influence of the membrane nanostructure on the
acid transport performance, we conducted diffusion dialysis experi-
ments for all fabricated membranes with HBr, HCI and acetic acid in the
feed solution and measured the acid concentration via the pH of the
permeate over time. For all membranes a linear increase of permeate
concentration over 30 min was observed, and from the flux and the
initial acid concentration (1 M) the effective diffusion coefficients were
calculated using Fick’s first law (see Fig. S12 in SI); results are shown in
Fig. 4.

Comparing how the different fabrication conditions changed the
diffusion shows that an increase in HBr diffusion rate was accompanied
by the same increase in HCl diffusion rate. This means that in all
membranes the two inorganic acids are transported by the same
pathway. The generally lower effective diffusion coefficients for HCl
than for HBr are likely due to the larger hydrodynamic radius of CI" [53].
On the other hand, we found that the membranes depict different re-
lationships between the HBr and acetic acid diffusion as shown by the
theoretical selectivity (Fig. 4, bottom). This means that the inorganic



L. Fischer et al.

T Addition of ionic liquid
T Non-polar solvent
treatment

~— X

*~_

Journal of Membrane Science 669 (2023) 121306

T Longer drying time
T Polar solvent treatment
T Heat treatment

+t+
++
+

+
4

Domain formation‘

Ll g

i Short drying time

By

Domain assembly

| Addition of ionic liquid

+Hhy

Larger regions

| Non-polar solvent
treatment

N

Hydrophobic bulk

T lonic liquid occupying
free volume

Free volume change

L

l Longer drying time
l Non-polar solvent
treatment

C O

Amorphous polymer matrix

Fig. 3. Proposed mechanism for the formation of a nanophase segregated morphology influenced by the fabrication conditions and resulting in different membrane

nanostructures.
o)
“E 20 -
E20 [ HBr
184 |HCI
216- [ ] Acetic acid
§ 14 ]
Q
& 12
% _
S 10
2 _
O 8+
[7]
£ °
k-]
® 44 — -
g 7]
ﬁ 0 T T T T T T T
N\ QA o\ = o\ QR
60\ \V\ OQ‘\ v.o‘\ (\0\ (&\ oo\
(o} oy % o 2 S
o\* & & & &£ & ©
S N N O o ¥ o)
O O € &Y & o
Y FNEE S
oy N K
(VAR R Q
o <
D [107 cm?/s]
HBr HCI Acetic acid Selectivity?
CC-DMSO (1) 9.2 7.2 10.4 0.9
CC-DMSO-IL (2) 19.8 14.0 75 2.7
CC-ACN/EtOH (3) 7.0 5.1 4.1 1.7
CC-ACN/EtOH-Aq (4) 8.4 74 3.9 2.2
PT-DMSO-Acetone (5) 9.9 6.5 53 1.9
PT-DMSO-Dioxane (6) 15.3 124 9.1 1.7
PT-DMSO-60°C (7) 11.3 7.9 6.6 1.7

Fig. 4. (Top) Effective diffusion coefficients for all membranes for HBr, HCl
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acid and HBr/Acetic acid selectivity calculated from the single solute data.®.

acid and acetic acid transport processes are influenced by different
membrane properties and that the different properties were individually
altered by the fabrication conditions. For the HBr diffusion dialysis the
membrane made with ionic liquid additive (2) led to the highest
apparent diffusion coefficient of 19.8*10~7 cm?/s. All three membranes
that were annealed in the post-treatment also show an increased trans-
port rate compared to the precursor membrane 1, while the fast evap-
orating solvent yielded the membranes (3, 4) with the lowest apparent
diffusion coefficients. In regard to the corresponding membrane mor-
phologies we found a linear correlation of the HBr diffusion coefficients
to parameters of the hydrophilic domain structure, namely to the dpgh.q
distance (R? = 0.96) and to the surface coverage with hydrophilic do-
mains (R? = 0.88) as shown in Fig. 5.

We discussed above (Fig. 2) that the dpgh ¢ distance relates to dis-
tances between different macromolecular segments in the hydrophilic
domains and that this value can be used to describe the presentation of
the charged side chains. This means that the positive influence of a
larger dpignq distance indicates that a higher charge accessibility is
beneficial for HBr diffusion and that the inner structure of hydrophilic
domains is mostly responsible for the HBr transport. Furthermore, the
increased transport rates for membranes with a higher surface coverage
by hydrophilic domains means that the inorganic acids are foremost
taken up into the membrane and subsequently transported to the other
side by the individual hydrophilic domains. Together this shows that the
hydrophilic domains likely act as charged nanochannels and that
diffusion is directly facilitated by the charged polymer groups. That we
found a significantly higher diffusion coefficient for CC-DMSO-IL (2)
that does not fit to these linear correlations suggests that the addition of
ionic liquid led to further positive changes in the membrane structure
that were not detected by AFM or SAXS. The ionic liquid addition is also
the only condition that contributed actively to the membrane struc-
turing and did not only influence the mobility of chain segments or the
duration until solidification.

For the diffusion of acetic acid, membrane CC-DMSO (1) surprisingly
achieved the highest diffusion coefficient (10.4*10_7 cmz/s), while
showing one of the lowest diffusion rates for Br" and Cl". The annealing
with 1,4-dioxane led to a slight decrease of the diffusion coefficient to
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9.1 *1077 cm?/s, while the addition of ionic liquid and post-treatment
with acetone and at 60 °C led to significantly lower transport rates.
For acetic acid, the use of the fast evaporating solvent (3, 4) led again to
the membranes with the worst transport performance. With the excep-
tion of PT-DMSO-Dioxane (6), all fabrication conditions that led to a
decrease in acetic acid diffusion rate also led to a lower membrane
density. For this relationship we could again find a good linear corre-
lation with a R? value of 0.88 (Fig. 6).

The dry density is mostly a result of the hydrophobic bulk which
means that the bulk nanostructure has a direct influence on the acetic
acid transport. This influence suggests that acetic acid diffuses through
the hydrophobic parts of the membrane. That the diffusion is faster for
more dense membranes with less free volume could be explained by the
higher ordering and subsequently a formation of long-range connected
void spaces that act as hydrophobic nanopores (as also indicated in the
nanophase segregation model in Fig. 3). Li et al. similarly observed that
a higher ordered graphene oxide membrane led to less constricted
nanopores and higher water permeance [54]. That the transport via
these hydrophobic nanopores is only observed for acetic acid could be

DAcetic Acid [1 0-7 szls]

2 | R-Square  0.88

04—
1.20 1.25

1.30 1.35 1.40 1.45

Dry Density [mg/mm®]

Fig. 6. Dry density in relation to the effective diffusion coefficients for acetic
acid that were measured for the respective membranes.

due to the low solvation energy of non-dissociated acetic acid in com-
parison to Br' and Cl” and additionally due to the pKa of 4.76 that results
in a low concentration of acetate anions (>99% protonated acetic acid
under the experimental conditions) [55]. This is also supported by
recent research into the transport mechanisms in nanofiltration mem-
branes that found ion dehydration to be the main membrane entry
barrier [56,57]. That this physical pathway exists for the acetic acid
transport would also explain why the fabrication conditions indepen-
dently changed the transport rates for the inorganic acids and acetic
acid.

To further investigate the above proposed transport mechanisms we
conducted solute mixture diffusion dialysis tests for membrane CC-
DMSO (1) (Fig. 7).

We used combinations of acetic acid, HBr and salts in the feed so-
lution and measured the concentrations in the permeate after 30 min of
dialysis via ion chromatography (IC). The measurement via IC yielded
the same transport rates for the single acids as the pH method used for
the above discussed experiments (Fig. 7b, right). To exclude the effects
of different initial counter-ion and acid concentrations in the membrane,
we conditioned the membranes for 30 min in the respective feed
composition before each measurement.

In contrast to the single acid measurements for membrane 1, a
significantly higher flux for HBr than for acetic acid was observed for the
combination of 1 M acetic acid with 1 M HBr (Fig. 7a). As expected, the
flux for both species decreased at lower concentrations but surprisingly
for Br’ it converged towards the flux of acetic acid, with equal values at a
feed concentration of 0.1 M for each species. Normalizing the flux to the
concentration difference as driving force reveals that acetic acid has the
same diffusion rate in all combinations with HBr (Fig. 7b, left). This
means that the acetic acid diffusion was independent on the amount of
HBr transported through the membrane. We further observed the same
diffusion rate for acetic acid in the single acid experiments as in presence
of HBr (Fig. 7b, right). This underlines that two independent physical
pathways exist in these membranes that lead to a simultaneous transport
of both HBr and acetic acid. It also shows that acetic acid is not trans-
ported in the deprotonated form because the diffusion behavior did not
change at low pH (through HBr addition). We further did not see a
decreased acetic acid transport rate in presence of 0.1 M NaBr or 0.1 M
KCl but did observe both Br™ and CI” diffusion through the membrane.
This means that the halide anions can be transported together with
protons from the acetic acid while acetic acid itself is transported
without charge (we did not observe any cation crossover).

For the Br” transport rate we saw a 2.5-fold increase when combined
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normalized flux of each acid for the different conditions in the feed chamber.

with acetic acid at 1 M concentration. The reason for this could be that
the overall high concentration positively influenced the membrane
structure for Br™ diffusion. That this behavior is not observed for acetic
acid is again a proof for different transport mechanisms. It is also in line
with the morphology of the proposed respective pathways because the
hydrophobic nanopores are likely not in direct contact with the feed
solution while the feed should be able to partially enter and alter the
charged domains. Overall, we found that every single fabrication con-
dition had an influence on the acid transport and that our developed
conditions led to particular membranes with significantly increased
effective diffusion coefficients.

3.5. Ionic conductivity

For the measurement of the ionic conductivity of AEMs, an in-plane
4-probe set up is routinely used in which the electrodes are directly
placed onto the membrane without the use of any electrolyte. However,
it was already shown that the through-plane and in-plane ionic con-
ductivities significantly differ for most membranes [58]. Furthermore,
the in-plane conductivity gives only little insights into the influence of
the nanostructure on transport through the membrane. Here, we used a
homemade conductivity cell to measure the through-plane conductivity
in KOH at 20 °C (see Section 2.3 and Fig. S10 in SI) and the obtained
specific ionic conductivities are shown in Fig. 8. It has to be mentioned
that the conductivities obtained with this method are inherently lower
than for the routinely used in-plane 4-probe set ups. This is due to the
low temperature we used and also due to the full immersion in elec-
trolyte which leads to a lower membrane hydration and subsequently
higher ionic resistance [59].

Membranes CC-DMSO-IL (2) and PT-DMSO-Dioxane (6) show the
best transport properties, with OH™ conductivities of 9.4 mS/cm and
15.5 mS/cm. The ionic conductivities for all other membranes lie be-
tween 3 and 5 mS/cm which can be considered as non-significant dif-
ferences when including the standard deviation. This shows that the OH"
transport in the membranes does not directly relate to the corresponding
HBr diffusion rates (Fig. 4). Also, the overall performance discrepancy is
significantly larger than for the acid diffusion, with a more than 5-fold
increase in conductivity for membrane 6 compared to membrane 4. In
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Fig. 8. Through-plane ionic conductivity for all membranes measured in 1 M
KOH at 20 °C with the standard deviation shown in orange. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

general, the different ionic conductivities can be connected to the dif-
ferences in water uptake (Table 3), with membranes 2 and 6 showing a
larger uptake of 28.7% and 25.0% while the rest of the membranes show
values between 13.6% and 17.3%. The annealing with 1,4-dioxane (6)
did also lead to an increased swelling after water uptake, which can
result in a more connected water network in the membrane and explains
the best OH" transport performance. This means that the ionic conduc-
tivity can be ascribed to a transport by water pathways in the interstitial
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phase. While the hydrophilic domains, or charged nanochannels, are
part of this phase it further consists of non-charged but hydrophilic void
spaces that can take up water and the water filled void spaces that are
formed by membrane swelling. In the interstitial phase the normal
diffusion processes take place and the charged polymer groups do not
actively facilitate a transport. That we only observed this transport
behavior for the ionic conductivity and not the inorganic acid diffusion
can be explained with the Grotthuss mechanism. OH™ can accept a
proton from a nearby water molecule, generating a new hydroxide
species, which again is protonated by the next water molecule resulting
in fast diffusion without direct movement. Overall, we found a third
transport pathway for the ionic conductivity that is not directly influ-
enced by the nanostructure but by the macroscopic water uptake and the
subsequent membrane swelling.

3.6. Combined transport model

From the above results we can form a combined transport model
consisting of three mechanisms which all correspond to different
structural pathways: a water filled interstitial phase, charged nano-
channels and hydrophobic nanopores (Fig. 9).

The conductivity of OH™ seems to be based on the transport along the
water pathways of the interstitial phase. The diffusion rate for OH" in-
creases in water through the Grotthuss mechanism which makes a
facilitated transport by the polymer groups in the charged nanochannels
unfavourable. Both the overall bound water volume and connectivity of
water pathways were found to be beneficial for a higher ionic conduc-
tivity. For HBr and HCl our data suggests a hopping of anions between
charged side chains in the nanochannels which likely increases the drag
across the membrane and favours this mechanism relative to a normal
diffusion through the water filled interstitial phase. Furthermore, the
high solvation energy of anions inhibits the entry into the hydrophobic
nanopores. The main membrane properties contributing to the transport
via charged nanochannels were found to be an increased ordering in the
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hydrophilic domains, a high local charge density and a high surface
coverage with hydrophilic regions. For acetic acid we found a possible
transport by hydrophobic nanopores. A low solvation energy enables
pore entry and the interaction with the hydrophobic pore walls could
facilitate movement along the concentration gradient that is favoured
relative to diffusion via water pathways. The low concentration of the
charged acetic acid form also limits an effective transport via charged
nanochannels. The hydrophobic nanopores are mainly influenced by the
ordering in the amorphous hydrophobic bulk, with ordering over a
longer time likely resulting in the formation of connected void spaces
through the membrane which increases the transport rate. As shown
during the discussion of the fabrication conditions, all these different
membrane properties can be tuned by the methods employed in this
work and even selectively targeted to independently control the struc-
ture of the different pathways. In this study we found no direct influence
of the average size of hydrophilic domains on transport rates, which
shows that most likely the other here presented factors overshadow the
influence of this parameter. This is also in line with examples found in
literature that show a positive effect of small nanochannels on the ionic
conductance in some cation-exchange membranes, while other authors
observed an increase in conductivity for larger hydrophilic domain sizes
[60,61].

4. Conclusions

Our results clearly demonstrate that we successfully employed
several fabrication conditions to adjust the nanoscale morphology of
anion-exchange membranes made from the same polymer, and that this
morphology significantly influences the exhibited ion transport rates.
We were able to elucidate the processes during self-assembly of the used
charged polymer into ordered hydrophilic domains and hydrophobic
bulk matrix. We concluded that hydrophilic domains are shaped after
the nanophase segregation by a disentanglement of different polymer
chains that increases the overall accessibility of charged groups. In a
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Fig. 9. The proposed transport model that consists of three different structural pathways that all coexist in each membrane. Green pluses show the membrane
properties that increase the transport rate via the respective pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

10



L. Fischer et al.

second step, initiated by charge repulsion, these regions grow in size by
incorporating neighboring domains. On the other hand, the hydropho-
bic bulk matrix moves towards higher ordering and less free volume
over time. We were able to independently control both mechanisms, by
utilizing different drying times during the membrane fabrication, by
employing a solvent post-treatment that selectively increases the
movement of only one of the nanophases and by compensating the
repulsion between charged side chains through the addition of an ionic
liquid. We could also show that Br'/Cl’, acetic acid and OH" are all
transported through different mechanisms and could relate these to the
membrane structure. Besides new insights into the fundamental trans-
port processes in AEMs, we were able to significantly improve the per-
formance of the membranes, achieving a 5-fold increase in ionic
conductivity and 3-fold increase in acid diffusion rate while simulta-
neously altering the selectivity towards the different acids. Overall, this
study shows methods to tailor the properties of anion-exchange mem-
branes through their fabrication conditions resulting in an optimized
performance. This could enable a more rational membrane development
approach for important applications in the fields of energy technologies,
waste recycling or water treatment.
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