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Abstract: In view of the many possible applications such as fuel cells and electrolysers, recent
interest in novel anion exchange membranes (AEMs) has increased significantly. However, their low
conductivity and chemical stability limits their current suitability. In this study, the synthesis and
characterization of several three- and four-component anion exchange blend membranes (AEBMs)
is described, where the compositions have been systematically varied to study the influence of the
AEBM'’s composition on the anion conductivities as well as chemical and thermal stabilities under
strongly alkaline conditions. It was shown that the epoxide-functionalized poly(ethylene glycol)s
that were introduced into the four-component AEBMs resulted in increased conductivity as well
as a marked improvement in the stability of the AEBMs in an alkaline environment. In addition,
the thermal stability of the novel AEBMs was excellent showing the suitability of these membranes
for several electrochemical applications.

Keywords: anion-exchange blend membrane; poly(vinylbenzylchloride); polybenzimidazole; ionic
cross-link; CI™ conductivity; impedance spectroscopy; TGA-FTIR coupling

1. Introduction

Over the past decades, the research interest in anion exchange membranes (AEMs) for
electrochemical conversion processes has increased significantly with possible applications of AEMs in
alkaline polymer electrolyte fuel cells (APEFCs) [1], alkaline polymer electrolyte electrolysis (APEE) [2],
redox flow batteries (RFBS) [3], reverse electrodialysis (RED) [4] and bio-electrochemical system:s,
including microbial fuel cells (MFC) [5] and enzymatic fuel cells [6]. In addition, AEMs are used in
electrodialysis (ED) [7] and Donnan Dialysis [8]—or diffusion dialysis (DD) [9]. A significant advantage
of using AEMs in electrochemical conversion processes such as fuel cells or electrolysis is that no
noble metal catalysts (consisting of platinum group metals (PGM)) are required for the electrocatalytic
reactions at the electrodes, as was shown by Piana et al. [1], which implies that AEM containing
membrane electrode assemblies (MEAs) are potentially much cheaper than cation exchange membranes
(CEM) containing MEAs. However, AEMs have, compared to CEM, the following disadvantages:

e The ionic conductivity of AEMs is significantly lower than that of CEMs despite having
comparable ion exchange capacity (IEC), which is partly due to the fact that most AEM types
have a hydrocarbon backbone, which is significantly less hydrophobic than, for example,
the perfluorinated polymer main chain of the perfluorinated membranes of the Nafion®
(Fayetteville, NC, USA) type, leading to a smaller separation between ionic groups and the
polymer backbone and, therefore, to lower ionic conductivities due to the lower local density of
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the anion-exchange groups, particularly since in most AEM types the cationic head groups are
connected to the polymer backbone only via a CHj (benzylic) bridge [10] which hinders clustering
of the anion-exchange groups.

e  If the AEMs are exchanged specifically with OH™ counterions, their chemical stability is limited
when used in APEFCs or APEEs, since the OH™ counterion can degrade the cationic head
group [11] or even the polymer backbone [12].

Most current research aims at minimizing these disadvantages of AEMs thereby improving their
properties. The starting polymers for commonly used AEM polymers are aromatic group-containing
polymers, such as polystyrene, polyphenylene ether, or other aromatic polyethers such as
polyethersulfones or polyether ketones which are substituted with methyl groups. The first step for the
preparation of an AEM is the introduction of halomethyl groups into the polymer. This halomethylation
is achieved by either: (1) bromomethylation with hydrogen halide, formaldehyde and a Lewis
acid such as ZnCl, or AICI; (Blanc reaction [13,14]); or (2) bromination of the -CHj side groups
of aromatic polymers using N-bromo-succinimide (NBS) and a radical starter as the bromination
agent (Wohl-Ziegler reaction [15]). Since the Blanc reaction includes the strongly carcinogenic
intermediate bis(chloromethyl) ether, the Wohl-Ziegler reaction is currently preferably used for
the synthesis of halomethylated aromatic polymers. Literature examples of the preparation of
bromomethylated aromatic polymers by the Wohl-Ziegler reaction are the bromomethylation of
poly(phenylene oxide) [16], or methylated poly(ether sulfone) [17]. The conversion of the -CH,Hal
group (Hal = Cl, Br) to an anion exchange group can be attained by the reaction with a tertiary
amine such as trimethylamine [14], pyridine [18], pentamethylguanidine [19] or an N-alkylated
(benz)imidazole [20]. The conductivity of AEMs can be increased by increasing the distance between
the polymer backbone and the cationic head groups thereby obtaining a greater local concentration of
ion-conducting groups. Phase-segregated AEMs with improved ionic conductivity can be achieved by
preparing linear (multi) block copolymers composed of hydrophobic and ion-containing blocks [21]
or graft copolymers with an anion-exchange graft side chain [22] (for example, by the grafting of
vinyl benzyl side chains onto an e~ -irradiated ETFE (ethylene-tetrafluoroethylene copolymer) film
and by quaternizing the chloromethylated side chains with trimethylamine [23]). Another promising
approach to improve the distance between the backbone and cationic group, to facilitate the clustering
of anion-exchange groups to increase the anion conductivity, is to place the anion-exchange groups
either within or at the end of an aliphatic side chain or both. For example, Dang and Jannasch have
recently prepared novel PPO AEMs by a four-step procedure [24]: First, PPO was lithiated at the
methyl groups, followed by quenching with an excess of a dihalogenoalkane, e.g., dibromohexane.
The formed PPO-AEMs with the halomethyl group at the end of the aliphatic side chain were then
reacted with an excess of a hexanediamine, e.g. N,N,N’,N’-tetramethyldiaminohexane, affording
AEMs with the cationic group between the first and the second aliphatic group. The tertiary amino
group remaining at the end of the side chain was then quaternized with CHzl, ending up with AEMs
containing two ammonium groups in the side chain. These AEMs showed the expected high anion
conductivity and, surprisingly, excellent chemical stabilities in an alkaline environment which was
ascribed to the absence of chemically labile benzylic links in these AEMs. Hickner et al. used a
similar multication approach for the synthesis of side-chain AEMs based on PPO. Similar to those
of the Jannasch group, the membranes were highly conductive (up to 80 mS-cm~!) and remarkably
stable (15%-50% conductivity loss after 20 days in 1 M NaOH at 80 °C) [25]. In order to achieve an
improvement of the chemical stability of AEMs, the combination of the anion exchange groups and
the polymer main chain must be studied as the stability of the anion exchange always also depends
on the polymeric main chain. For example, it was shown that a benzyltrimethylammonium (BTMA)
head group bound to a poly(styrene) backbone shows slightly better chemical stability in an alkaline
medium (0.6 M KOH, 80 °C) than BIMA bound to PPO and a much higher chemical stability than
BTMA bound to a poly(phenylene ether sulfone (PES)) backbone [12]. It is obviously not easy to predict
which polymer backbone is stable, which can be seen from the above example, since all three polymers
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(PSt, PPO and PES) contain aromatic groups of comparable electron density. However, it has been
found that the alkali stability of the cationic head groups of AEMs can be significantly improved by
sterically shielding the anion-exchange groups from nucleophilic OH™ counterion attack. In a study by
Thomas et al., two different polybenzimidazolium- (PBIm*) based AEMs were studied in terms of their
stability in an alkaline environment [26]. One of the PBIm*-AEMs contained methyl groups adjacent
to the dimethylbenzimidazolium cation, the other not. While the sterically hindered PBIm*-AEM
showed high stability in 2 M KOH, the unhindered one was rapidly degraded. The high stability of
the hindered PBIm*-AEM was explained as follows: at the sterically hindered PBIm*-AEM, the OH™
group cannot attack the imidazolium ring. At the unhindered PBIm*-AEM, the OH™ group can attack
the imidazolium ring leading to ring opening [27]. From these results, it is clear that shielding the
anion-exchange groups from a possible OH™ attack by introducing bulky groups in the vicinity of the
anion-exchange group is a promising concept. Other groups have also synthesized AEMs where the
cationic group is surrounded by bulky functional groups. For example, Liu et al. synthesized sterically
highly hindered PPO AEMs containing 1,4,5-trimethyl-2-(2,4,6-trimethoxyphenyl) imidazolium head
groups, which possessed excellent alkaline stabilities (no decrease of ion exchange capacity (IEC) after
25 h storage in 1 M KOH at 80 °C [28]). Contrary, dimethylimidazolium group-modified PPO showed
a strong IEC decrease (approximately 50% in 2 M KOH at 60 °C) after nine days [29]. Other strategies
to reduce the chemical degradation of AEMs include:

e  search for alternative fixed cations;
e chemical and/or physical cross-linking; and
e embedding of the anion-exchange polymers in an inert polymer matrix.

As an alternative to the most commonly used trialkylammonium cationic groups, the already
mentioned pentamethylguanidinium group (PMG) has been introduced. However, it was found that
the PMG cations are only chemically stable when they are resonance-stabilized, i.e., the positive charge
of the PMG-cation is delocalized, which is the case when the PMG group is attached to an aromatic
group which should preferably be electron-deficient, as shown by Kim et al. [30,31]. Another example of
a cationic functional group chemically stabilized by steric hindrance is the tris (2,4,6-trimethoxypheny]l)
phosphonium cation, which was bound to polyvinylbenzyl-graft chains [32], exhibiting no degradation
after 75 h of storage in 1 N NaOH at 60 °C. In a study by Zha et al., a positively charged bis(terpyridine)
ruthenium (II) complex was attached to a norbornene polymer [33]. This AEM exhibited excellent
stability in alkaline environment as immersion of the polymer in 1 N NaOH at room temperature
showed no degradation even after half a year. Another option of stabilizing AEMs is crosslinking. He
et al. reported the synthesis of mechanically robust PPO-based AEMs which have been covalently
cross-linked (via quaternization) in a multistage process with tertiary diamines and vinyl benzyl
chloride [34]. In a study by Cheng et al. chloromethylated PSU was cross-linked (via quaternization)
with the new N-basic difunctional reagent guanidimidazol. These novel crosslinked polymers had
better stability to alkali than similar AEMs, which have been quaternized with 1-methylimidazole
without cross-linking [35].

In our group, bromomethylated PPO was quaternized with the diamine DABCO and
1.4-diiodobutane and embedded in the matrix polymer PVDF. Mechanically and chemically stable
covalently crosslinked AEMs were obtained, which exhibited no degradation (IEC and conductivity)
even after 10 days of storage in 1 N KOH at 90 °C, while yielding a high performance in direct methanol
fuel cells (DMFC) (4 M MeOH and 5 M KOH) [36]. In another study methylated PBIOO obtained from
Fuma-Tech (Bietigheim-Bissingen, Germany), which had been prepared using a novel non-carcinogenic
reagent, was blended with sulfonated PSU and covalently crosslinked (quaternized) using DABCO
and 1.4-diiodobutane [37]. In a DMFC using non-platinum catalysts (anode: 6% Pd/CeO,/C, cathode:
4% FeCo/C) these AEMs at 80 °C (anode Feed 4 M MeOH + 5 M KOH) performed comparable to that
of a commercial Tokuyama-AEM (maximum power density 120 mW/ cm?). In another study from our
group, ionic and covalently crosslinked AEM blends were synthesized with bromomethylated PPO or
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a bromomethylated and partially fluorinated arylene main-chain polymer and a partially fluorinated
PBI (F¢PBI) as the mechanically and chemically stable matrix and sulfonated polyethersulfone sPPSU
as the ionic macromolecular cross-linker. The halomethylated blend component was quaternized with
N-methylmorpholine (NMM) [38]. Due to the interaction of the sulfonate groups of the sulfonated
polymer and the basic N-methylmorpholinium cations, ionic crosslinking sites were formed, leading
to an improved mechanical and chemical stability of the AEM blends. Covalent cross-links in
the membrane matrix were formed during evaporation of the solvent by the reaction of a minor
portion of the -CH,ClI groups of the PVBC] with some of the N-H-functional groups of the PBI blend
components [39]. The alkaline stability of the membranes was investigated in 1 M KOH at 90 °C over
a period of 10 days and compared to a commercial AEM of Tokuyama (A201). The most stable of
the manufactured AEM blends lost about 40% of their initial C1~ conductivity, while the commercial
A201 possessed only 21% of the initial conductivity after this time period. Similar AEM blends were
synthesized in a further study where NBS-brominated PPO was blended with PBIOO or F¢PBI as
the matrix polymer, while sPPSU was added as ionic cross-linker to the blend of brominated PPO
and F¢PBI. The quaternization of bromomethylated PPO leading to the anion-exchange groups was
attained with 1-methylimidazole or 1-ethyl-3-methylimidazole [40]. After the stability tests (1 M KOH,
90 °C, 10 days), the blend membrane of 1-methylimidazole-quaternized PPO, FsPBI and sPPSU showed
a conductivity of 69% of the original conductivity, while blends from PBIOO and PPO quaternized
with the two imidazoles mentioned above exhibited a residual ion conductivity which was 31-43% of
the original value.

A further interesting new approach was suggested by Hickner et al. where they synthesized
mechanically strong and chemically stable AEMs from rigid-flexible semi-interpenetrating networks
with trimethylammonium PPO as the rigid compound and a flexible network built up from
poly(ethylene glycol)s (PEGs). These membranes possessed, probably due to the high hydrophilicity
of PEG, high OH™~ conductivities (up to 75 mS-cm~!), and good alkaline stabilities (conductivity
decreased 25%—61% after 30 days at 80 °C in 1 M NaOH) [41].

In this study, several of the approaches described above were combined resulting in two types
of novel anion-exchange blend membranes (AEBMs). Poly(vinylbenzylchloride) (PVBCI), was used
as the AEM precursor, as this polymer is known to form stable AEMs [12], while different sterically
hindered tertiary N-basic compounds were used for the quaternization of the PVBCL. The two novel
AEBMs consisted of:

(@) Three-component blends (after quaternization of the chlormethyl groups with the tertiary N-basic
compounds) consisting of PVBC], a sterically hindered tertiary N base, the polybenzimidazoles
PBIOO or F¢PBI, and a nonfluorinated and a partially fluorinated aromatic sulfonated polyether
as ionic cross-linker (Figure 1a);

(b) Four-component blends (after quaternization of the chlormethyl groups with the tertiary N-basic
compounds) consisting of PVBCI, a sterically hindered tertiary N base, PBIOO, a nonfluorinated
aromatic sulfonated polyethersulfone polymer as ionic cross-linker, and poly(ethylenglycol)s
(PEGs) with different chain lengths and epoxide groups at the end of the PEG chain for anchoring
in the PBI matrix by reacting the epoxy groups with the N-H groups of the imidazole moiety
(Figure 1b). The reaction of the epoxy end groups of the PEG with the N-H groups of the PBI
blend component is illustrated in Figure 2.

In this study, the synthesis and characterization of several three- and four-component AEBMs is
described, where the compositions were systematically varied to study the influence of the AEMBs
composition on the resulting properties. AEBMs prepared from nonfluorinated blend components
(PBIOO and sPPSU) were compared to those containing partially fluorinated polymeric compounds
(F¢PBI and sFPE (FPE = fluorinated polyether)). In the framework of the investigations, a particular
focus was to study the influence of the AEBM composition on the anion conductivities and chemical
and thermal stabilities under strongly alkaline conditions.
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Figure 1. Preparation schemes for the: (a) three-component; and (b) four-component AEBMs.
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Figure 2. Reaction of epoxide end groups of PEGs with the imidazole groups of PBI.

Figure 3 shows the polymers used for the preparation of the AEBMs.
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Figure 3. Polymers used for the AEBMs.
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2. Results and Discussion
2.1. Membrane Properties

2.1.1. Brief Discussion of the Physico-Chemical Properties of the AEBMs

In this study, three- and four-component AEBMs using poly(vinylbenzylchloride) as the
anion-exchange precursor polymer were prepared, where the composition was systematically varied
in terms of the blend component type and mass ratio. Most membranes were prepared using TMIm as
the tertiary N compound as this sterically hindered methylated imidazole was found to be more stable
in alkaline environments than other imidazoles that were used in an earlier study [40]. For comparative
purposes, two AEBMs quaternized with PMP (2256) and NMM (2257), respectively, were also added
to this study.

Before varying the composition of the blend membranes, the extent of quaternization of the
CH,Cl1 groups of poly(vinylbenzylchloride) (PVBCl) with TMIm was investigated by Attenuated
Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR). According to the literature,
the stretching vibrations of the CH,Cl group of PVBCI are found in the vicinity of 675, 709 and
1267 cm~! [42]. Since the band around 1267 cm ! is very strong, this band was selected as indication of
unreacted CH,Cl groups in the AEBMs. In Figure 4, the ATR-FTIR spectra of several of the AEBMs are
compared to that of PVBCI (in this study, the CH,Cl band was found at 1279 cm 1), clearly indicating
that no unreacted CH,Cl groups were present in the AEBMs.

2 "
I AR e

0,0!

S R A | §LY N

4000 3500 3000 2500 2000 1500 1000
wavenumbers (cm)

Figure 4. FTIR spectra of PVBCI and several of the prepared AEBMs.

The membrane compositions were varied in terms of: (a) the nonfluorinated /partially fluorinated
content (for the nonfluorinated AEBMs, PBIOO was used as matrix polymer and sulfonated PPSU
as the ionic macromolecular cross-linker, and for the partially fluorinated AEBMs, F¢PBI as matrix
polymer and SFPEQ01 as the ionic macromolecular cross-linker (Table 1, Figure 3); (b) the different
anion-exchange polymer contents leading to different IECs of the AEBMs; and (c) two different types of
PEGs (PEG-diglycidylether with My = 500 Da or 6000 Da) and their amounts in the AEBMs resulting
in varying hydrophilicity of the blends. The purpose of these variations was to investigate their
impact on important membrane properties such as membrane conductivity, alkaline stability and
thermal stability.
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In this section, the membrane properties are discussed by first presenting an overview of important
membrane properties such as the IEC values, conductivities and water uptake values obtained for
the various membranes, followed by a more detailed discussion of the membrane conductivities
(Section 2.1.2) and the thermal stabilities using thermogravimetry (TGA) (Section 2.1.3). It was of
particular interest during this study to determine how the membrane properties such as conductivity
and thermal stability would change during alkaline treatment as both alkaline stability and anion
conductivity are the most important prerequisites for the suitability of AEMs for alkaline membrane
fuel cells or alkaline membrane electrolysis (see Introduction). TGA was used to determine the alkaline
stability of the AEBMs since alkaline degradation would most probably lead to a change in the shape
of the TGA traces by anion-exchange group splitting-off and/or backbone degradation due to the
attack of the OH™ ions.

In Table 1, the most important AEBM data including IEC, conductivity (measured in a 1 N NaCl
solution using the in-plane setup (see Section 3.3.2)) and water uptake are listed. As stated previously,
the -3C and —4C in the membrane number refer to the three- and four-component AEBMs, respectively,
NF refers to AEBMs composed of nonfluorinated blend components, while F stands for AEBMs
containing the partially fluorinated F¢PBI and SFPE001.

Table 1. Physico-chemical properties of three- and four-component AEBMs.

Membrane IEC ) (meq IECexp (meq  IECexp * (meq Weight ool oc * WU (%, WU (%,
(No.) OH™/g) OH™/g) OH™/g) Loss ** (%) (S/cm) (S/cm) RT) 90 °C)
2256_3C_NF 2.3 29 3.17 24 8.2 1.1 49 51
2257_3C_NF 2.3 0.39 045 7.3 0.17 0.12 7 8
2179B_3C_NF 2.3 25 2.64 5.8 10.7 159 63 100
2223 _3C_NF 2.0 297 3.15 25 10.8 54 56 79
2177_4C_NF 2.3 22 2.44 34 14.0 10.6 36 42
2175_4C_NF 2.3 2.92 2.96 24/08 29.3 72.7 367 n.m.
2176_4C_NF 2.3 2.79 2.84 26/38 21.6 69.9 370 436
2190A_4C_NF 2.0 2.1 2.73 41 14.3 16.3 67 120
2261_4C_NF 2.3 22 n.a. 0.6 42.8 322 132 212
2262_4C_NF 2.6 n.a. 3.53 2.1 72.9 56.9 242 377
2264_4C_NF 2.0 3.07 2.93 0 14.0 11.1 71 90
2265_4C_NF 1.7 3.07 3.04 0 49 1.3 41 47
2279 _4C_NF 14 2.89 3.04 0 0.97 0.1 28 28
2267_4C_NF 2.3 2.92 2.84 0 51.7 60.5 290 371
2246_4C_F 2.0 2.23 2.38 *** 2.1 39 4.4 29 34
2258 4C_F 2.3 2.42 2.53 1.9 26.4 16.1 77 91
2259 _4C_F 2.6 241 2.74 0.9 454 46.8 157 258

* After 10 days in 10% KOH at 90 °C; ** after extraction with DMAc at 90 °C; *** after 30 days in 10% KOH at 90 °C;
§ weight loss after 10 days of KOH storage.

The characterization results presented in Table 1 are briefly discussed below.
(@) Influence of quaternized cationic groups:

The TMIm-based AEBMs had significantly higher ClI~ conductivities than the NMM- and
PMP-based AEBMs. From the low measured IEC of the PMP-based AEBM, it is clear that only
a minor portion of the anion-exchange groups was formed under the applied membrane formation
conditions which can be traced back to the high bulkiness of PMP.

(b) Calculated vs. measured IECs:

In nearly all cases the measured were higher than the calculated IECs, particularly after the 10 days
KOH test (with the exception of the PMP-based 2257 as explained above). In two studies, Aili et al.,
when investigating the interaction of poly(2,2’-(m-phenylene)-5,5'-bibenzimidazole membranes with
KOH [43,44], observed that KOH deprotonates a part of the imidazole-N-H groups, forming
imidazole-N~—-K" ion pairs. Subsequently, the N~ anions can form ionic cross-links by electrostatic
interaction with the cations of the anion-exchange blend component according to:
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PBI-N~-K* + Poly-N*-CI~ — PBI-N~-*N-Poly + K*-Cl~

When determining the IEC, the AEBM that is in the OH™ form is immersed in an excess of HCI
solution which not only neutralizes the OH™ counter ions but also splits the N~ —*N ionic cross-links
which consumes additional HCI, leading to the increased measured IEC.

(¢) Cl™ conductivities of the three- and four-component AEBMs:

The conductivities of the PEG-containing four-component AEBMs are higher than those of
the three-component AEBMs, which clearly highlights the positive effect of the hydrophilic PEG
blend component on the conductivity. It is particularly noteworthy that already small amounts of PEG
(8-10%) lead to a marked conductivity rise. These results confirm literature stating that the introduction
of a PEG component into the AEMs increases the anion-conductivity [41,45]. When comparing the
conductivities of membranes 2179B, 2177 and 2176, it is clear that the C1~ conductivity increased with
increasing PEG content in the AEBM (see also Figure 5).

(d) Dependence of C1™ conductivity on the anion-exchange polymer content of the four-component
AEBMs:

As expected and reported in the literature (e.g., [46]), the conductivity of the AEBMs increased
with increasing anion-exchange polymer content of the blend membranes. The dependence of the
Cl™ conductivity on the anion-exchange polymer content for AEBMs composed of PVBCl, TMIm,
PBIOO and sPPSU is displayed in Figure 6. Interestingly, the decrease of the C1~ conductivity when
treated with KOH became less with increasing anion-exchange polymer content, indicating the high
OH stability of the anion-exchange polymers containing PVBCl and TMIm.

(e) Conductivities of partially and non-fluorinated AEBMs with similar calculated IECs:

As can be seen in Table 1, the conductivities of nonfluorinated AEBMs were higher than
those of partially fluorinated AEBMs (examples: 2264 (nonfluorinated) /2246 (partially fluorinated;
2261 (nonfluorinated) /2258 (partially fluorinated); 2262 (nonfluorinated)/2259 (partially fluorinated)).

(f) Water uptake:
In general, the water content of the AEBMs increased with increasing Cl~ conductivity.
(g) Membrane weight loss during extraction:

The weight loss remained below 7% for all investigated membranes indicating complete
cross-linking within the AEBM blend components. The small weight decrease during extraction
is due to the leaching of residual low-molecular tertiary N compounds (they were introduced in 100%
excess, as mentioned before) and residual solvents. For two of the membranes (2175 and 2176, see
Table 2), the extracted amounts before and after KOH treatment were nearly the same, suggesting
alkaline stability of the AEBMs and particularly of the covalent cross-links formed by reaction of the
PEGs’ end groups with the PBI-N-H-groups.

(h) CI™ conductivities before and after KOH treatment:

In all cases, the conductivity declined with KOH storage except for the PBIOO-based AEBMs (2175,
2176 and 2190A), where the C1~ conductivity was higher after 10 days of KOH storage. Particularly
for 2175 and 2176, the conductivity rise after KOH treatment was significant. The reason for this
is unclear, but it can be speculated that these membranes might contain residual KOH physically
bound to the PBI blend component by electrostatic interaction (see (b)) which was not completely
washed out during the membrane rinsing after the KOH test. Another possible explanation is the
possible rearrangement of the microstructure of the membranes during the 10 days KOH treatment.
To further investigate this phenomenon, the impedance of some of the membranes were measured
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using the Scribner Impedance facility which allows the determination of the CI~ conductivity in a
vapor state as a function of temperature under constant relative humidity (the amount of relative
humidity chosen was 90%). Moreover, the 2176 membrane was subjected to a 30-day exposure to
KOH (1 M). The impedance of this membrane was measured after 20 and 30 days of KOH treatment.
The results of the detailed impedance investigations of selected AEBMs are presented in Section 2.1.2.

20 A 2176

A 2177

0 2 4 6 8 10
PEG6000 content / wt %

Figure 5. Dependence of C1~ conductivity on the PEG 500 content (measured at room temperature in 1
M NaCl solution) for AEBMs composed of PVBCI, TMIm, PBIOO and sPPSU.

AEM content / wt %
40 45 50 55 60 65 70 75

100.0
H
- B
£ 100 H
K [ |
£
S 10 | [l

B Cl- conductivity
O Cl- conductivity (after KOH)

Figure 6. Dependence of C1~ conductivity on the anion-exchange polymer content (measured at room
temperature in 1 M NaCl solution) for AEBMs composed of PVBC], TMIm, PBIOO and sPPSU.

2.1.2. Membrane Conductivities of the AEBMs as a function of Temperature

A selection of membranes were investigated in terms of Cl~ conductivity as a function of
temperature using the Scribner Membrane Test System (Southern Pines, NC, USA) at a relative
humidity of 90% and a temperature range of 30-90 °C. The following comparisons were done:

e  Membranes with the same calculated IECs (IEC . = 2.3 meq/g), but with or without PEGs
(NEF-AEBM 2179B without PEG, and 2176 with PEG, see Figure 7).

e  Membranes with different calculated IECs, but the same PBI:PEG molar ratios (NF-AEBMs 2176
and 2190A, see Figure 8).

e  Membranes with the same composition, but different PEG molecular weights (NF-AEBM 2175
with PEG500, and NF-AEBM 2176 with PEG6000, see Figure 9)

e  Conductivities of selected NF-AEBMs and two F-AEBMs before and after KOH treatment (2176

(Figure 10a), 2190A (Figure 10b), 2177 (Figure 10c), 2179B (Figure 10d), 2258 (Figure 10e) and 2259
(Figure 10f)).
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o  Conductivities of NF-AEBMs in comparison with F-AEBMs (membranes 2264 /2246, 2261 /2258
and 2262 /2259 with the calculated IECs . 2.0, 2.3 and 2.6, respectively, where the IEC variation
was obtained by varying the TMIm-quaternized PVBCI content in the blend (Figure 11).

Figure 7 shows that the conductivity was roughly doubled from the membrane without PEG
(2179B) to that containing 7.8% PEG (2176) reaching conductivity values of nearly 80 mS-cm~! at 90 °C.

In Figure 8, the strong influence of the IEC on the conductivity is demonstrated. With an IEC.,c
increase of 0.3 meq/g at 30 °C, the C1~ conductivity was more than doubled. Moreover, due to the
higher water uptake of the 2176 membrane (because of its higher IEC), the conductivity increase with
temperature was much more pronounced compared to that of the 2190A membrane.

Figure 9 presents the C1~ conductivity vs. T curves of the two membranes 2175 and 2176 with
the same composition, but containing PEGs with different molecular weights (2175: PEG 500, 2176:
PEG 6000). In Figure 9, it is clear that the molecular weight of the PEG does not have an impact on
the conductivity.

In Figure 10, the C1~ conductivity vs. T curves of several of the investigated membranes are
compared before and after 10 days of KOH treatment. In the case of the 2176 membrane, the plot was
obtained after 30 days of KOH treatment.

100
- 3 2176
e 80
S ] ¢ 2179B
w» 60 -
E ]
~ 40 - 2
'S y L 2
o 20 i * 7y L 4 *

0 I T I I I I I 1
30 40 50 60 70 80 90
T/°C

Figure 7. ClI~ conductivities of AEBMs with the same calculated IEC, but without PEG (2179B) and
with PEG (2176) in dependence of temperature @r.h. of 90% (used PEG: PEG 6000).

100 -
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Figure 8. C1~ conductivities of AEBMs with different calculated IEC, but same molar ratio between
PBI and PEG component in dependence of temperature @r.h. of 90% (used PEG: PEG 6000; calculated
IEC of 2176: 2.3 meq OH™ /g, and calculated IEC of 2190A: 2.0 meq OH™ /g).
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Figure 9. C1™ conductivity vs. T curves of two membranes, 2175 and 2176, with the same composition,
but PEGs with different molecular weights (2175: PEG 500, 2176: PEG 6000).
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Figure 10. Comparison of Cl~ conductivities of several PBIOO-based AEBMs before and after 10
days of KOH treatment (2176: after 30 d KOH treatment) as a function of temperature @90% r.h.: (a)
membrane 2176; (b) membrane 2190A; (¢) membrane 2177; (d) membrane 2179B; (e) membrane 2258;
and (f) membrane 2259.

The fact that the 2176 membrane lost only 14% of C1~ conductivity after a 30 days KOH treatment
(Figure 10a) confirms the excellent alkaline stability of this membrane, which is among the best
alkaline stability values reported for anion-exchange membranes to date. When comparing the
before/after KOH conductivity results of the 2190A membrane, which comprises a lower calculated
(and experimental) IEC than 2176, it is clear (Figure 10b) that this membrane possessed a higher
conductivity after 10 days, which was even more pronounced at higher temperatures. This behavior
cannot currently be satisfactorily explained, but it could be that low-molecular hydrophilic residues in
the membrane, which had not been washed out completely from the membrane during the washing
procedure after KOH immersion (particularly KOH which is able to deprotonate the N-H group of
the PBI blend compound forming a salt pair Im-N~K*), might also have contributed to the observed
increased conductivity. A similar increase of conductivity with KOH treatment time has been reported
for another type of PEG-containing AEM [45].

In contrast, 2177 (with roughly half the PEG content of 2176 (Figure 10c)), and 2179B (without
PEG (Figure 10d)) showed lower ClI™ conductivities after 10 days of KOH treatment. This behavior is a
strong indication that the PEG blend component stabilizes the membrane in an alkaline environment,
with this effect increasing with increasing PEG content. However, the origin of this behavior
is, as already stated, still unclear and requires a more in-depth investigation in ongoing studies.
When comparing the two partially fluorinated AEBMs 2258 (Figure 10e) and 2259 (Figure 10f), it is
clear that the membrane possessing the higher anion-exchange polymer content (2259) is more stable in
KOH than that having the lower anion-exchange polymer content (2258) as would have been expected.

Figure 11 compares the conductivities of NF- and F-four-component AEBMs for the three
calculated IECs of 2.0, 2.3, and 2.6 meq OH™ /g. It is clear that, for all three different anion-exchange
polymer contents, the nonfluorinated AEBMs had higher conductivities than the partially fluorinated
AEBMSs. This can be ascribed to the higher hydrophobicity of the F-AEBMs leading to lower water
uptake values causing lower CI~ conductivities in comparison to the nonfluorinated AEBMs.



Membranes 2017, 7, 32 13 of 24

140 1 A 2262 (IEC(calc)=2.6, nonfluorinated)
1 A 2259 (IEC(calc)=2.6, partially fluorinated) A
120 - m2261 = i
. (IEC(calc)=2.3, nonfluorinated)
100 4 02246 (IEC(calc)=2.0, partially fluorinated) A
i\ | ®2264 (IEC(calc)=2.0, nonfluorinated)
= 80 2258(IEC(calc)=2.3, partially fluorinated) A
o ] A
(7)) 7] A
E 60 - A JAY
40 ] A JAN m [
(8]
b ‘i = - [] o
20 . 85 @)
P~ a @
O T T T T T U T T T 1
30 40 50 60 70 80 90
T/°C

Figure 11. CI~ conductivities of nonfluorinated and partially fluorinated AEBMs.

2.1.3. Thermal Stability of the AEBMs

A high thermal stability is an important prerequisite for the application of ionomer membranes to
those electrochemical applications with working temperatures above room temperature such as fuel
cells and electrolysers which should be operated in the T range > 60-80 °C to benefit from improved
electrode kinetics at elevated temperatures. The thermal stability of the AEBMs was determined using
thermogravimetry (TGA). Of particular interest was whether the shapes of the TGA traces were altered
after KOH treatment, indicating membrane degradation.

In Figure 12, the TGA traces of membranes 2176, 2177 and 2179B with similar calculated IEC
values, but different PEG contents (see Figure 5), are depicted. It is clear that all displayed membranes
possess high and comparable thermal stabilities.
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Figure 12. TGA traces of membranes 2176, 2177 and 2179B (different PEG 6000 content).

To further elucidate the TGA traces, coupling of the TGA with other spectroscopical techniques
can be used. In our group, TGA-FTIR coupling experiments were done to identify the thermal
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degradation processes during heating of the membranes in the TGA measurement cell [47]. This will
be exemplified with the example of membrane 2176 and its blend components.

In Figure 13, the TGA traces of the 2176 and its blend components are depicted. It can be seen
that the blend membrane is more stable than the least stable of the blend components, PEG-diepoxide,
which reflects the high chemical reactivity of the epoxide group and the relatively low thermal stability
of the poly(ethylene glycol) macromolecular chains. This obviously also indicates the high thermal
stability of the blend membrane. The shape of the TMIm TGA trace is similar to a vapor evaporation
curve, which means that the TMIm is probably not thermally decomposed during the TGA experiment.
This finding was confirmed by the TGA-FTIR coupling experiment where the series spectra showed
the signature FTIR spectrum of TMIm.

Mass/%
1001

801

\ \ K |
] \J
601 . w3imikaute . \ "‘.,,dg \\ "
. ~
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Figure 13. TGA traces of 2176 and its blend components.

Figure 14 shows the Gram-Schmidt traces of the 2176 and its blend components, again confirming
that the PEG has the lowest thermal stability among the blend components. In Figure 14, the large
peak after roughly 8 min of FTIR running time is the CO, marker signal which allows the assignment
of temperatures to the passed time of the TGA-FTIR experiment, or, in other words, the assignment
of the temperature to each FTIR spectrum of the gaseous degradation products. The low thermal
stability of the PEG-diepoxide blend compound can be confirmed by its Gram-Schmidt trace, i.e.,
the large peak between 20 and 32 min. This large degradation peak has only a weak echo in the
2176 membrane, showing a slight raise in the 20-32 min. range. It seems that the thermal stability of
the PEG blend component was increased by the proposed cross-linking reaction between the epoxide
end groups and the imidazole N-H groups of the PBIOO blend component. The high thermal stability
of the cross-linked AEBM can be explained not only by the covalent cross-linking reaction between the
PEG-epoxide and the PBIOO-N-H, but also by ionic cross-linking between the sPPSU and the basic
blend components, the TMIm-quaternized PVBCI and the PBIOO. Figure 15 depicts a more detailed
Gram-Schmidt trace of 2176, where the correlation between temperature and FTIR running time is
represented. In Figure 15 the large peak after roughly 8 min of FTIR running time is again the CO,
marker signal.
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Figure 15. Gram-Schmidt trace of 2176 as intensity vs. FTIR running time and temperature.
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The next step of the analysis of the TGA-FTIR coupling results is the assignment of TGA trace
steps and Gram-Schmidt trace peaks to the FTIR spectra behind them. In Figure 16, the FTIR spectra
of the TGA-FTIR experiments of 2176 assigned to T = 37, 267, 430, and 450 °C are presented. The first
FTIR spectrum in Figure 16 displays the CO, band (2250-2400 cm ') from the CO, marker signal
injected into the TGA cell. At T =267 °C, the following bands were found:

e  water evaporating from the membrane(4000 to 3400 cm ™)

e onset of CO, development indicating the beginning degradation of the blend membrane,
probably originating from the PEG blend component (the TGA-FTIR coupling experiment of pure
PEG-diepoxide also showed an onset of CO, formation in the same temperature range).
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Figure 16. FTIR spectra of the TGA-FTIR experiment of 2176 assigned to T = 37, 267, 430, and 450 °C.

The FTIR spectrum of the TGA decomposition products at 430 °C indicates an ongoing
degradation of the AEBM confirmed by CO, and CO development (CO band from 2000 to 2300 cm™1).
Moreover, at this temperature, a SO, band (1300-1400 cm ') appeared, indicating the onset of the
splitting-off of the sulfonate groups of the sulfonated PPSU blend component [48]. In addition, a broad
band appears between 2800 and 3000 cm !, which can be assigned to the TMIm being split off from
the quaternized anion-exchange polymer blend component. Water vapor is also observed, probably
originating from the thermal decomposition of the AEBM (keeping in mind that the TGA experiments
were performed under an oxygen-enriched air which facilitates the thermal oxidation of the organic
constituents of the AEBM finally leading to CO, /CO and H,O formation). The bands between 1700 and
1800 cm~! and between 1100 and 1200 cm ™! observed at this temperature probably originated from
the decomposition of the PEG blend component as had been observed for the pure PEG-diepoxide.

The FTIR spectrum of 2176 at 450 °C (where the maximum intensity of the Gram-Schmidt trace
was observed) confirms the ongoing degradation of the AEBM. In Figure 17, the weight gain vs. TGA
running time (Figure 17a) and weight gain vs. temperature (Figure 17b) TGA traces are presented
where the onset of CO, formation, the onset of SO, formation, and the maximum of the Gram-Schmidt
trace are highlighted.
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Figure 17. Weight gain vs. TGA running time (a) and weight gain vs. temperature (b) TGA traces with
highlighted points.

The first step of the TGA trace (from room temperature to 200 °C) was due to water vapor
evaporation from the water-swollen membrane, as confirmed by the FTIR spectra in this temperature
range. Interestingly enough, CO, development was only observed at the beginning of the second stage
(from 260 to 430 °C) of the TG vs. T TGA trace. While the second step of the TGA trace was mainly
caused by the degradation of the PEG blend component, the weight loss within this step was higher
than the PEG content of the membrane (PEG content of 2176 was 7.8%, while the weight loss during
the second step was 13.5%). This implies that not only the PEG was degraded during the second step,
but also other constituents of the membrane which contributed to the formation of CO, and CO.

At the end of the second stage at 430 °C, the onset of both SO, and TMIm was observed, indicating
the onset of the splitting-off of ionically-cross-linking anion-exchange and cation-exchange groups
which intensified during the third step of the TGA trace. At 450 °C, the maximum intensity of the
Gram-Schmidt trace was observed for 2176. The complex FTIR spectrum at this temperature indicates
the simultaneous existence of different thermal degradation processes of both the functional groups and
polymer backbones of the blend components. Since the alkaline stability of anion-exchange membranes
is an important prerequisite for their application in alkaline fuel cells, the comparison of the TGA
traces and the TGA-FTIR coupling experiment results is of interest, as the chemical degradation of the
AEBMs by the KOH treatment would result in a change of the shape of both the TGA traces and the
TGA-FTIR coupling results, where an OH attack might lead to partial splitting-off of anion-exchange
groups and possibly also to partial degradation of the polymer backbone of the blend components.
In Figure 18a,b, the TGA traces and the Gram-Schmidt traces of 2176 before and after 30 days of KOH
treatment are presented.

Figure 18 shows only small differences in both TGA and Gram-Schmidt traces in the T range
up to 420430 °C, which implies that the structure of 2176 basically remained intact during the KOH
treatment. This is also supported by the conductivity results obtained with 2176, which decreased by
only 14%.

The conductivity results of the AEBMs suggest that the chemical stability of the AEBMs against
KOH-induced degradation of the anion-exchange groups increased with increasing anion-exchange
polymer content (see Figure 5), which should also reflect in the TGA traces. As an example, the TGA
traces of 2262 (calculated IEC = 2.6 meq/g) and 2279 (calculated IEC = 1.4 meq/g) before and after
KOH treatment are presented in Figure 19.

From the TGA traces of 2262, it can be seen that the height of the third step of the TGA traces
between 420 and 460 °C, where the largest part of the anion-exchange groups was split off (see the
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analysis of the TGA-FTIR results of 2176), was nearly the same before and after KOH treatment,
confirming the significant alkaline stability that had been discussed in Table 1 (conductivity results
of 2262). In the case of 2279, the third stage of degradation is much less pronounced after KOH
treatment than before, indicating a substantial degradation of anion-exchange groups during the KOH
immersion time. This was again confirmed by the 90% conductivity decrease of conductivity by the
KOH treatment.
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Figure 18. TGA traces (a) and Gram-Schmidt traces (b) of the 2176 before and after 30 days of
KOH treatment.
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Figure 19. TGA traces of the AEBMs 2262 and 2279 before and after KOH treatment (10 days).

Subsequently, the influence of the molecular weight of the applied PEG-diepoxide on the thermal
stability of the AEBMs was determined. In Figure 20, the TGA traces of 2175 (containing PEG500) and
2176 (containing PEG6000) are presented. It is clear that the molecular weight of the applied PEG did
not influence the thermal stability.

Finally, the TGAs of nonfluorinated and partially fluorinated AEBMs was compared using the
nonfluorinated 2261 and the partially fluorinated 2258 (Figure 21). One can see that the thermal
stability of both membranes was comparable. This implies that it is not necessarily advantageous to
prepare partially fluorinated anion-exchange membranes, which has the further disadvantage that
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C-F bonds are not very stable in an alkaline environment as F can be split off by an OH™ ion attack in
both aliphatic and aromatic C-F bonds [48,49]
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Figure 20. TGA traces of membranes 2175 and 2176 (different PEG molecular weight).

100
\

~

\

—2258/%

X
m /
s 60 2261/%
S onset of SO,
development
40
50 150 250 350 450 550

T/°C
Figure 21. TGA traces of 2258 (partially fluorinated) and 2261 (nonfluorinated).

3. Materials and Methods

3.1. Materials

The solvents (DMAc and DMSO) were used as received. The sulfonated polymer (SPPSU098) was
synthesized as described earlier [50]. PBIOO was purchased from Fuma-Tech (Bietigheim-Bissingen,
Germany). N-methylmorpholine (NMM) and 1,2,4,5-tetramethylimidazole (TMIm) were purchased
from TCI Chemicals, and 1,2,2,6,6-pentamethylpiperidine (pempidine, PMP) from Manchester
Organics. PEG-diglycidyl ether (M = 500 Da, product No. 475696, and M, = 6000 Da, product
No. 731803, respectively) were obtained from Sigma-Aldrich Germany (Munich, Germany).
Poly(vinylbenzyl chloride) (PVBCI), 60/40 mixture of 3- and 4- isomers, was purchased from
Sigma-Aldrich, product number 182532. Following the information provided by Sigma-Aldrich,
the average molecular weight of PVBCl was: average My, = 55,000 Da, average M,y ~ 100,000 Da
(determined by GPC/MALLS according to the Sigma-Aldrich website).
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3.2. Membrane Preparation and Posttreatment

All blend components (except for the PEGs in the four-component AEBMs) were separately
dissolved in DMAc or DMSO as 5%, 10%, 15% or 20% solutions, before being added in specific ratios
to prepare the AEBMs (see Table 1 for composition of blends). For the four-component AEBMs,
the different PEG-diglycidyl ethers (mol. wt.: 500 and 6000 Da) were added in pure form. To accelerate
the dissolution rate of the 6000 Da PEG, the temperature was increased to 60 °C. After dissolution
of the PEGs, the tertiary amines were added as 33.3% solutions in DMAc (TMIm) or in pure form
(NMM, PMP) in 100% excess in terms of the amount of chloromethyl groups in the blend solution.
After mixing, the blend solutions were cast onto glass plates and the solvent was evaporated in a
convection oven at T = 140 °C for 2 h. After immersion in deionized water, the membranes came off
the glass plates. The membranes were posttreated as follows:

1.  The membranes were immersed in 10% ethanolic solutions of different tertiary amines. Most of
the membranes were posttreated with 1,2,4,5-tetramethylimidazole (TMIm) to complete the
quaternization reaction.

2. The membranes were immersed in 10% NaCl solution for 48 h at 90 °C.

3. The membranes were washed thoroughly with DI water and stored in DI water at 60 °C for 48 h.

4. The membranes were soaked in an aqueous 1 M KOH solution at 90 °C for 10 days. Some of the
membranes were stored in a 1 M KOH solution at 90 °C for 20 and 30 days, respectively.

5. To determine the effectiveness of the reaction of the PEG’s epoxy end groups with the N-H
groups of the PBI, a 10 wt % DMSO solution of pure PBI (80 wt %) was mixed with the PEG
(PEG500, 20 wt %), before casting a membrane from this mixture. After membrane formation,
the blend membrane was extracted with DMAc to determine the extent of cross-linking within
the blend. According to the results the DMAc residual after extraction was nearly 100%, proving
the completeness of cross-linking of the PBI with the epoxide end groups which confirms the
covalent cross-linking of PBI with bisphenol A-bisepoxide and other bisepoxide compounds [51].

The compositions of the AEBMs are listed in Table 2.

Table 2. Composition of blend components for AEBM preparation.

Membrane IEC_,) (meq Type PVBCI-AEM o o Type PEG
Type * (No.) OH /g)  Amine (%) PBI(%) — S-Polymer (o) ppcipy)  (w)
2256_3C_NF 2.3 NMM 58.3 PBIOO/32.8 SPPSU **/8.9 - -
2257_3C_NF 2.3 PMP 70.0 PBIOO/23.6 SPPSU/6.4 - -
2179B_3C_NF 2.3 TMIm 63.5 PBIOO/28.7 SPPSU/7.8 - -
2223_3C_NF 2.0 TMIm 54.9 PBIOO/38.4 SPPSU/6.8 - -
2177_4C_NF 23 TMIm 62.9 PBIOO/26.0 SPPSU/7.4 6000 3.7
2175_4C_NF 2.3 TMIm 63.5 PBIOO/20.9 SPPSU/7.8 500 7.8
2176_4C_NF 23 TMIm 63.5 PBIOO/20.9 SPPSU/7.8 6000 7.8
2190A_4C_NF 2.0 TMIm 54.9 PBIOO/27.9 SPPSU/6.8 6000 10.4
2261_4C_NF 2.3 TMIm 62.9 PBIOO/24.1 SPPSU/7.4 500 5.6
2262_4C_NF 2.6 TMIm 69.9 PBIOO/19.5 SPPSU/6.0 500 4.5
2264_4C_NF 2.0 TMIm 55.9 PBIOO/28.6 SPPSU/8.8 500 6.6
2265_4C_NF 17 TMIm 487 PBIOO/33.4 SPPSU/10.3 500 7.7
2279_4C_NF 14 TMIm 41.6 PBIOO/41.6 SPPSU/11.7 500 8.8
2267_4C_NF 2.3 TMIm 65.2 PBIOO/18.2 SPPSU/12.3 500 4.2
2246_4C_F 2.0 TMIm 56.6 F¢PBI/28.98 SFPE ***/7.8 500 6.7
2258_4C_F 2.3 TMIm 63.5 F¢PBI/24.4 SFPE/6.5 500 5.6
2259_4C_F 2.6 TMIm 70.5 F¢PBI/19.7 SFPE/5.3 500 4.5

* Abbreviations: 3C_NF: three-component AEBMs, containing the nonfluorinated blend polymers PBIOO and
sPPSU; 4C_NF: four-component AEBMs, containing the nonfluorinated blend polymers PBIOO and sPPSU; 4C_F:
four-component AEBMs, containing the partially fluorinated blend polymers F¢PBI and SFPE001; ** SPPSU:
sulfonated poly(phenylene sulfone); *** SFPE: sulfonated partially fluorinated aromatic polyether; for structures of
the sulfonated polymers, see Figure 3.
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3.3. Membrane Characterization

3.3.1. Ion-Exchange Capacity (IEC)

The IEC was determined as described in a recent paper of our group [38].

3.3.2. Ionic Conductivity

The ionic Cl~ conductivity of the membranes was determined via impedance spectroscopy
(EIS). For the measurement, two different setups were used: for series impedance measurements
an in-plane self-constructed impedance cell was used which allowed EIS measurements in a liquid
state (1 N NaCl) at room temperature (25 °C). The cell was connected to a Zahner elektrik IM6
impedance spectrometer (Kronach, Germany). The impedances of the membranes were investigated
in a frequency range of 200 Hz-8 MHz (amplitude: 5 mV). Details of the measurement are described
in [38]. The ohmic resistance obtained from EIS measurement was converted into conductivity using

the following equation:
1 d

"Ry RxA @)

o

where, 0: Conductivity, mS-cm~1; Rsp: resistivity, (3-cm; d: thickness of the membrane, cm; R: ohmic
resistance, Q); A: electrode area, cm?.

The second impedance setup used for selected membranes was a Membrane Test System
(MTS 740, Scribner Associates Inc., Southern Pines, NC, USA), which allows through-plane impedance
measurements in a vapour phase as a function of temperature and relative humidity independently
from each other, connected to a Solartron 1260 impedance analyser. Details of the measurements are
described in a previous paper [40].

3.3.3. Gel Content

The gel content of the membranes, which is a measure for the extent of cross-linking within the
AEBMSs, was determined by extraction with 90 °C hot DMAC, as described in [40].

3.3.4. Water Uptake

The water uptake of the membranes was determined by immersion in water at the respective
temperature until equilibration had been reached, as described in [40].

3.3.5. Thermal Stability

Characterization of the thermal stability of the membranes in the chloride form was performed
by thermogravimetry (TGA, Netzsch, model STA 499C, Netzsch, Selb, Germany) at a heating rate of
20 °C-min ! under O-enriched O, /N, atmosphere (65%-70% O,) which was coupled with a FTIR for
FTIR analysis of the gaseous thermal degradation products.

3.3.6. Alkaline Stability

Due to the application of AEMs in electrochemical systems such as alkaline membrane fuel cells
or alkaline membrane electrolysis where the AEMs are in the hydroxide form, the stability in strongly
alkaline environments is the most important prerequisite for determining their suitability for these
processes. Consequently, the stability of the AEBMs was investigated under harsh conditions, i.e.,
in 1 M KOH at a temperature of 90 °C for 10 days, or even in one case (membrane 2176) for up to 30
days. Membranes were characterized before and after the stability tests using Cl1~ conductivity, IEC
and thermal stability.
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4. Conclusions

In this study, novel AEBMs based on poly(vinylbenzyl chloride) quaternized with different
tertiary basic N compounds, PBIOO or F¢PBI as the stabilizing matrix polymer and a sulfonated
poly(ethersulfone) or a partially fluorinated sulfonated aromatic polyether as ionic macromolecular
cross-linker were synthesized and characterized. Epoxide-end-functionalized poly(ethylene glycol)s
were introduced into the AEBMs as an additional hydrophilic microphase, leading to a significant
increase in the chloride conductivity of the AEBMs. In addition, the introduction of the PEG also led
to a marked improvement of the stability of the AEBMs in an alkaline environment. It seems that
the presence of the PEG led to a microphase-separation of the AEBMs, which, with high probability,
facilitated the clustering of the anion-exchange groups within the AEBM microstructure thereby
contributing to the observed conductivity increase of the PEG-containing AEBMs. The thermal stability
of the novel AEBMs was excellent. The favorable properties determined for the novel AEBMs make
them promising candidates for several electrochemical applications such as redox-flow batteries,
alkaline membrane fuel cells and alkaline membrane electrolysers.

Author Contributions: Jochen A. Kerres conceived and designed the experiments. Jochen A. Kerres performed
the experiments. Jochen A. Kerres and Henning M. Krieg analysed the data. Jochen A. Kerres and Henning M.
Krieg wrote the paper.

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

References

1.  Piana, M.; Boccia, M,; Filpi, A.; Flammia, E.; Miller, H.A.; Orsini, M.; Salusti, F.; Santiccioli, S.; Ciardelli, F.;
Pucci, A. Hy/air alkaline membrane fuel cell performance and durability, using novel ionomer and
non-platinum group metal cathode catalyst. J. Power Sources 2010, 195, 5875-5881. [CrossRef]

2. Marini, S.; Salvi, P; Nelli, P,; Pesenti, R.; Villa, M.; Berrettoni, M.; Zangari, G.; Kiros, Y. Advanced alkaline
water electrolysis. Electrochim. Acta 2012, 82, 384-391. [CrossRef]

3.  Schwenzer, B.; Zhang, J.; Kim, S.; Li, L.; Yang, Z. Membrane Development for Vanadium Redox Flow
Batteries. ChemSusChem 2011, 4, 1388-1406. [CrossRef] [PubMed]

4. Logan, B.E; Elimelech, M. Membrane-based processes for sustainable power generation using water. Nature
2012, 488, 313-319. [CrossRef] [PubMed]

5. Leong, ].X.; Daud, WR.W.; Ghasemi, M.; Liew, K.B.; Ismail, M. Ion exchange membranes as separators in
microbial fuel cells for bioenergy conversion: A comprehensive review Renew. Sustain. Energy Rev. 2013, 28,
575-587. [CrossRef]

6.  Gellett, W.,; Schumacher, J.; Kesmez, M.; Le, D.; Minteer, S.D. High Current Density Air-Breathing Laccase
Biocathode. J. Electrochem. Soc. 2010, 157, B557-B562. [CrossRef]

7.  Sandeaux, ].; Sandeaux, R.; Gavach, C. Competition between the electrotransports of acetate and chloride
ions through a polymeric anion-exchange membrane. |. Memb. Sci. 1991, 59, 265-276. [CrossRef]

8.  Kiliber, S.; Wisniewski, ].A. Removal of bromate and associated anions from water by Donnan dialysis with
anion-exchange membrane. Desal. Water Treatm. 2011, 35, 158-163. [CrossRef]

9. Emmanuel, K.; Cheng, C.; Erigene, B.; Mondal, A.N.; Hossain, M.M.; Khan, M.I; Afsar, N.U.; Liang, G.;
Wu, L.; Xu, T. Imidazolium functionalized anion exchange membrane blended with PVA for acid recovery
via diffusion dialysis process. J. Memb. Sci. 2016, 497, 209-215. [CrossRef]

10. Varcoe, J.R,; Atanassov, P; Dekel, D.R.; Herring, A.M.; Hickner, M.A.; Kohl, PA.; Kucernak, AR.;
Mustain, W.E.; Nijmeijer, K.; Scott, K.; Xu, T.; Zhuang, L. Anion-exchange membranes in electrochemical
energy systems. Enerqy Environ. Sci. 2014, 7, 3135-3191. [CrossRef]

11. Slade, R.C.T.; Varcoe, ].R. Prospects for alkaline anion-exchange membranes in low temperature fuel cells.
Fuel Cells 2005, 5, 187-200.

12. Nunez, S.A.; Hickner, M.A. Quantitative "INMR Analysis of Chemical Stabilities in Anion-Exchange
Membranes. ACS Macro Lett. 2013, 2, 49-52. [CrossRef]

13.  Fuson, R.C.; McKeever, C.H. Chloromethylation of Aromatic Compounds. In Organic Reactions; John Wiley
& Sons: Hoboken, NJ, USA, 1942; pp. 63-90.


http://dx.doi.org/10.1016/j.jpowsour.2009.12.085
http://dx.doi.org/10.1016/j.electacta.2012.05.011
http://dx.doi.org/10.1002/cssc.201100068
http://www.ncbi.nlm.nih.gov/pubmed/22102992
http://dx.doi.org/10.1038/nature11477
http://www.ncbi.nlm.nih.gov/pubmed/22895336
http://dx.doi.org/10.1016/j.rser.2013.08.052
http://dx.doi.org/10.1149/1.3309728
http://dx.doi.org/10.1016/S0376-7388(00)80816-9
http://dx.doi.org/10.5004/dwt.2011.2427
http://dx.doi.org/10.1016/j.memsci.2015.09.043
http://dx.doi.org/10.1039/C4EE01303D
http://dx.doi.org/10.1021/mz300486h

Membranes 2017, 7, 32 23 of 24

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zschocke, P; Quellmalz, D. Novel ion-exchange membranes based on an aromatic polyethersulfone.
J. Memb. Sci. 1985, 22, 325-332. [CrossRef]

Wohl, A. Brominised unsaturated compounds with N-bromo-acetamide, a report on the knowledge of the
progression of chemical processes. Ber. Dt. Chem. Ges. 1919, 52, 51-63. [CrossRef]

Liska, J.; Borsig, E.; Tkac, I. A route to preparation of bromomethylated poly(2,6-dimethyl-1,4-phenylene
oxide). Macromol. Mat. Eng. 1993, 211, 121-129.

Zhao, C.H.; Gong, Y.; Liu, Q.L.; Zhang, Q.G.; Zhu, A.M. Self-crosslinked anion exchange membranes by
bromination of benzylmethyl-containing poly(sulfone)s for direct methanol fuel cells. Int. |. Hydrogen Energy
2012, 37, 11383-11393. [CrossRef]

Sata, T.; Yamane, Y.; Matsusaki, K. Preparation and properties of anion exchange membranes having
pyridinium or pyridinium derivatives as anion exchange groups. J. Polym. Chem. Part A Polym. Chem. 1998,
36, 49-58. [CrossRef]

Wang, J.; Li, S.; Zhang, S. Novel Hydroxide-Conducting Polyelectrolyte Composed of an Poly(arylene
ether sulfone) Containing Pendant Quaternary Guanidinium Groups for Alkaline Fuel Cell Applications.
Macromolecules 2010, 43, 3890-3896. [CrossRef]

Zhang, F; Zhang, H.; Qu, C. Imidazolium functionalized polysulfone anion exchange membrane for fuel cell
application. J. Mater. Chem. 2011, 21, 12744-12752. [CrossRef]

Rebeck, N.T.; Li, Y.; Knauss, D.M. Poly(phenylene oxide) Copolymer Anion Exchange Membranes. . Polym.
Sci. Part B Polym. Phys. 2013, 51, 1770-1778. [CrossRef]

Hibbs, M.R.; Hickner, M.A.; Alam, T.M.; McIntyre, S.K.; Fujimoto, C.H.; Cornelius, C.J. Transport properties
of hydroxide and proton conducting membranes. Chem. Mater. 2008, 20, 2566-2573. [CrossRef]

Poynton, S.D.; Varcoe, J.R. Reduction of the monomer quantities required for the preparation of
radiation-grafted alkaline anion-exchange membranes. Solid State Ion. 2015, 277, 38—43. [CrossRef]

Dang, H.S.; Jannasch, P. Exploring Different Cationic Alkyl Side Chain Designs for Enhanced Alkaline
Stability and Hydroxide Ion Conductivity of Anion-Exchange Membranes. Macromolecules 2015, 48,
5742-5751. [CrossRef]

Zhu, L,; Pan, Y,; Wang, Y.; Han, J.; Zhuang, L.; Hickner, M.A. Multication Side Chain Anion Exchange
Membranes. Macromolecules 2016, 49, 815-824. [CrossRef]

Thomas, O.D.; Soo, K.J.W.Y.; Peckham, T.]J.; Kulkarni, M.P.; Holdcroft, S. A Stable Hydroxide-Conducting
Polymer. J. Am. Chem. Soc. 2012, 134, 10753-10756. [CrossRef] [PubMed]

Wright, A.G.; Holdcroft, S. Hydroxide-Stable Ionenes. ACS Macro Lett. 2014, 3, 444-447. [CrossRef]

Liu, Y.; Wang, J.; Yang, Y.; Brenner, TM.; Seifert, S.; Yan, Y.; Liberatore, M.W.; Herring, A.M. Anion Transport
in a Chemically Stable, Sterically Bulky «-C Modified Imidazolium Functionalized Anion Exchange
Membrane. . Phys. Chem. C 2014, 118, 15136-15145. [CrossRef]

Lin, X,; Varcoe, ].R.; Poynton, S.D.; Liang, X.; Ong, A.L.; Ran, J.; Li, Y.; Xu, T. Alkaline polymer electrolytes
containing pendant dimethylimidazolium groups for alkaline membrane fuel cells. J. Mater. Chem. A 2013, 1,
7262-7269. [CrossRef]

Kim, D.S.; Labouriau, A.; Guiver, M.D.; Kim, Y.S. Guanidinium-Functionalized Anion Exchange Polymer
Electrolytes via Activated Fluorophenyl-Amine Reaction. Chem. Mater. 2011, 23, 3795-3797. [CrossRef]
Kim, D.S.; Fujimoto, C.H.; Hibbs, M.R.; Laboriau, A.; Choe, YK.; Kim, Y.S. Resonance Stabilized
Perfluorinated lonomers for Alkaline Membrane Fuel Cells. Macromolecules 2013, 46, 7826—7833. [CrossRef]
Maurya, S.; Shin, S.H.; Kim, M.K,; Yun, S.H.; Moon, S.H. Stability of composite anion exchange membranes
with various functional groups and their performance for energy conversion. J. Memb. Sci. 2013, 443, 28-35.
[CrossRef]

Zha, Y.; Disabb-Miller, M.L.; Johnson, Z.D.; Hickner, M. A.; Tew, G.N. Metal-Cation-Based Anion Exchange
Membranes. J. Am. Chem. Soc. 2012, 134, 4493-4496. [CrossRef] [PubMed]

He, Y,; Wu, L.; Pan, J.; Zhu, Y.; Ge, X,; Yang, Z.; Ran, J.; Xu, T. A mechanically robust anion exchange
membrane with high hydroxide conductivity. J. Memb. Sci. 2016, 504, 47-54. [CrossRef]

Cheng, J.; Yang, G.; Zhang, K; He, G,; Jia, ], Yu, H,; Gai, F; Li, L; Hao, C; Zhang, F
Guanidimidazole-quaternized and cross-linked alkaline polymer electrolyte membrane for fuel cell
application. J. Memb. Sci. 2016, 501, 100-108. [CrossRef]

Katzfuss, A.; Gogel, V.; Jorissen, L.; Kerres, J. The application of covalently cross-linked BrPPO as AEM in
alkaline DMFC. J. Memb. Sci. 2013, 425-426, 131-140. [CrossRef]


http://dx.doi.org/10.1016/S0376-7388(00)81290-9
http://dx.doi.org/10.1002/cber.19190520109
http://dx.doi.org/10.1016/j.ijhydene.2012.04.163
http://dx.doi.org/10.1002/(SICI)1099-0518(19980115)36:1&lt;49::AID-POLA8&gt;3.0.CO;2-X
http://dx.doi.org/10.1021/ma100260a
http://dx.doi.org/10.1039/c1jm10656b
http://dx.doi.org/10.1002/polb.23245
http://dx.doi.org/10.1021/cm703263n
http://dx.doi.org/10.1016/j.ssi.2015.04.013
http://dx.doi.org/10.1021/acs.macromol.5b01302
http://dx.doi.org/10.1021/acs.macromol.5b02671
http://dx.doi.org/10.1021/ja303067t
http://www.ncbi.nlm.nih.gov/pubmed/22712732
http://dx.doi.org/10.1021/mz500168d
http://dx.doi.org/10.1021/jp5027674
http://dx.doi.org/10.1039/c3ta10308k
http://dx.doi.org/10.1021/cm2016164
http://dx.doi.org/10.1021/ma401568f
http://dx.doi.org/10.1016/j.memsci.2013.04.035
http://dx.doi.org/10.1021/ja211365r
http://www.ncbi.nlm.nih.gov/pubmed/22385221
http://dx.doi.org/10.1016/j.memsci.2016.01.008
http://dx.doi.org/10.1016/j.memsci.2015.12.012
http://dx.doi.org/10.1016/j.memsci.2012.09.022

Membranes 2017, 7, 32 24 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Katzfuss, A.; Poynton, S.; Varcoe, J.; Gogel, V.; Storr, U.; Kerres, ]J. Methylated polybenzimidazole and
its application as a blend component in covalently cross-linked anion-exchange membranes for DMFC.
J. Memb. Sci. 2014, 465, 129-137. [CrossRef]

Morandi, C.G.; Peach, R.; Krieg, H.M.; Kerres, J. Novel morpholinium-functionalized anion-exchange
PBI-polymer blends. J. Mater. Chem. A 2015, 3, 1110-1120. [CrossRef]

Kerres, J.; Atanasov, V. Cross-linked PBI-based high-temperature membranes: Stability, conductivity and
fuel cell performance. Int. |. Hydrogen Energy 2015, 40, 14723-14735. [CrossRef]

Morandi, C.G.; Peach, R.; Krieg, HM.; Kerres, J. Novel imidazolium-functionalized anion-exchange polymer
PBI blend membranes. J. Memb. Sci. 2015, 476, 256-263. [CrossRef]

Pan, J.; Zhu, L.; Han, J.; Hickner, M.A. Mechanically Tough and Chemically Stable Anion Exchange
Membranes from Rigid-Flexible Semi-Interpenetrating Networks. Chem. Mater. 2015, 27, 6689—-6698.
[CrossRef]

Lu, W,; Shao, Z.-G.; Zhang, G.; Zhao, Y.; Yi, B. Crosslinked poly(vinylbenzyl chloride) with a macromolecular
crosslinker for anion exchange membrane fuel cells. J. Power Sources 2014, 248, 905-914. [CrossRef]

Aili, D.; Jankova, K.; Li, Q.; Bjerrum, N.J.; Jensen, J.O. The stability of poly(2,2’-(m-phenylene)-5,5'-
bibenzimidazole) membranes in aqueous potassium hydroxide. J. Membr. Sci. 2015, 492, 422-429. [CrossRef]
Aili, D.; Jankova, K.; Han, J.; Bjerrum, N.J.; Jensen, J.O.; Li, Q. Understanding ternary poly(potassium
benzimidazolide)-based polymer electrolytes. Polymer 2016, 84, 304-310. [CrossRef]

Yang, C.; Wang, S.; Ma, W.; Zhao, S.; Xu, Z.; Sun, G. Highly stable poly(ethylene glycol)-grafted alkaline
anion exchange membranes. J. Mater. Chem. A 2016, 4, 3886-3892. [CrossRef]

Ran, J.; Wu, L.; Wei, B.; Chen, Y.; Xu, T. Simultaneous Enhancements of Conductivity and Stability for Anion
Exchange Membranes (AEMs) through Precise Structure Design. Sci. Rep. 2014, 4, 6486-6490. [CrossRef]
[PubMed]

Kerres, J.; Ullrich, A.; Hein, M.; Gogel, V.; Friedrich, K.A.; Jorissen, L. Cross-Linked Polyaryl Blend
Membranes for Polymer Electrolyte Fuel Cells. Fuel Cells 2004, 4, 105-112. [CrossRef]

Danks, T.N.; Slade, R.C.T.; Varcoe, ]J.R. Comparison of PVDEF- and FEP-based radiation-grafted alkaline
anion-exchange membranes for use in low temperature portable DMFCs. |. Mater. Chem. 2002, 12, 3371-3373.
[CrossRef]

Zhang, Q.; Zhang, Q.; Wang, J.; Zhang, S.; Li, S. Synthesis and alkaline stability of novel cardo poly(aryl
ether sulfone)s with pendent quaternary ammonium aliphatic side chains for anion exchange membranes.
Polymer 2010, 51, 5407-5416. [CrossRef]

Chromik, A.; Kerres, J. Degradation studies on acid-base blends for both LT and intermediate T fuel cells.
Solid State Ion. 2013, 252, 140-151. [CrossRef]

Yang, J.; Xu, Y,; Liu, P; Gao, L; Che, Q.; He, R. Epoxides cross-linked hexafluoropropylidene
polybenzimidazole membranes for application as high temperature proton exchange membranes.
Electrochim. Acta 2015, 160, 281-287. [CrossRef]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.memsci.2014.04.004
http://dx.doi.org/10.1039/C4TA05026F
http://dx.doi.org/10.1016/j.ijhydene.2015.08.054
http://dx.doi.org/10.1016/j.memsci.2014.11.049
http://dx.doi.org/10.1021/acs.chemmater.5b02557
http://dx.doi.org/10.1016/j.jpowsour.2013.08.141
http://dx.doi.org/10.1016/j.memsci.2015.06.001
http://dx.doi.org/10.1016/j.polymer.2016.01.011
http://dx.doi.org/10.1039/C6TA00200E
http://dx.doi.org/10.1038/srep06486
http://www.ncbi.nlm.nih.gov/pubmed/25255843
http://dx.doi.org/10.1002/fuce.200400013
http://dx.doi.org/10.1039/b208627a
http://dx.doi.org/10.1016/j.polymer.2010.09.049
http://dx.doi.org/10.1016/j.ssi.2013.05.017
http://dx.doi.org/10.1016/j.electacta.2015.01.094
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Membrane Properties 
	Brief Discussion of the Physico-Chemical Properties of the AEBMs 
	Membrane Conductivities of the AEBMs as a function of Temperature 
	Thermal Stability of the AEBMs 


	Materials and Methods 
	Materials 
	Membrane Preparation and Posttreatment 
	Membrane Characterization 
	Ion-Exchange Capacity (IEC) 
	Ionic Conductivity 
	Gel Content 
	Water Uptake 
	Thermal Stability 
	Alkaline Stability 


	Conclusions 

