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benzimidazole anion exchange
membranes tethered with N,N-
dimethylpiperidinium cations for dilute aqueous
KOH fed water electrolyzers†

Oskar Boström,‡a Seung-Young Choi, ‡a Lu Xia,b Shviro Meital,§b Felix Lohmann-
Richters b and Patric Jannasch *a

Polybenzimidazole (PBI) is currently considered as a membrane material for alkaline water electrolyzers

(AWEs), and has to be fed with highly concentrated aqueous KOH electrolytes in order to ensure

sufficient electrolyte uptake and conductivity. However, the harsh operating conditions significantly limit

the lifetime of PBI membranes. In response, we here report on the synthesis and performance of a series

of PBI membranes tethered with alkali-stable mono-piperidinium (monoPip) and bis-piperidinium (bisPip)

side groups, respectively, which allows the use of more dilute KOH concentrations. The electrolyte

uptake of these membranes was found to be inversely proportional to the electrolyte concentration,

which was in stark contrast to pristine PBI membranes. The high electrolyte uptake at low

concentrations by the present membranes enables operation of AEMWE systems fed with dilute

electrolytes, which significantly decrease membrane degradation. After immersion in 2 M aqueous KOH

at 80 °C for up to 6 months, no degradation was detected by 1H NMR spectroscopy in the monoPip

series of AEMs, and a mere 7% ionic loss by Hofmann elimination in the bisPip series. Membranes

tethered with bisPip groups produced the best AEMWE performance, and a sample with a hydroxide ion

exchange capacity of 2.4 meq. g−1 reached a high current density of 358 mA cm−2 at 2 V with

demonstrated stability over 100 h, using 2 M aqueous KOH and only simple nickel foam electrodes. This

is comparable to the performance reported for Zirfon diaphragms and pristine PBI membranes operating

with much higher concentrations of KOH in the range of 5–7 M. The low KOH concentration of the

present membranes brings important advantages for the material stability in the cell, as well as for the

balance of plant, and the results provide useful insights into the molecular design of AEMs for dilute

electrolyte-fed AEMWE systems.
Introduction

Electrolyzers are electrochemical devices that produce hydrogen
gas by splitting water. Conventional alkaline water electrolyzers
(AWEs) generally operate with highly concentrated alkaline
electrolyte solutions (5–7 M aqueous KOH), allowing the use of
platinum group metal (PGM)-free catalysts.1–5 However, the
porous diaphragm which separates the anode and cathode
causes a substantial gas crossover.4,5 Moreover, an AWE
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generally operates at a low current density (300–400 mA cm−2)
due to high losses from ohmic resistance.1–7 To overcome the
issues of the AWE, proton exchange membrane water electro-
lyzers (PEMWEs) and anion exchange membrane (AEM) water
electrolyzers (AEMWEs) have been considered as alternatives.
The former is today a mature technology, while the latter is
currently intensively developed. Both PEMWEs and AEMWEs
employ polymer-based ion exchange membranes instead of
porous diaphragms, which suppress the gas crossover and allow
for a compact zero-gap system design.1,2,7 Since the use of
expensive PGM catalysts and protective coatings are necessary
for PEMWEs, considerable research attention has recently been
diverted towards AEMWEs. The most important parameter
affecting AEMWE performance is the concentration of the
electrolyte solution (i.e., aqueous KOH or K2CO3 solutions).
Although pure water-fed systems are desired for AEMWEs,8

most studies have been focused on alkaline electrolyte solution-
fed systems,1–7 because the alkaline solution is not only an
This journal is © The Royal Society of Chemistry 2023
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excellent transport medium for hydroxide ions by itself, but also
signicantly promotes the reaction kinetics at the catalyst.
However, polymeric membranes generally suffer from alkaline
stability issues when highly concentrated solutions are used.
Hence, in this respect, a dilute solution-fed system (<2 M) has
clear advantages.

Polybenzimidazoles (PBIs) employed as ion-solvating poly-
mer membranes have shown high potential for AEMWE
applications.9–12 Pristine PBI membranes are not inherently ion
conductive, but become so aer exposure to alkaline solution.
This is because the protonic N–H groups in the imidazole rings
are partly deprotonated in alkaline media, which leads to the
formation of imidazolide anions along the polymer back-
bone.13,14 The anionic nature of the PBI then induces absorption
of the alkaline electrolyte solution. From this follows that the
higher the alkali concentration, the more imidazole rings are
deprotonated to form imidazolide, leading to increased uptake
of electrolyte solution by the PBI membrane. Hence, these
membranes have mainly been applied in high concentration
solution-fed AWEs (5–7 M), where the uptake is sufficient to
reach high ionic conductivities.9–12 However, despite the ether-
free and aromatic structure of PBI, it can still degrade under
harsh conditions, for example in highly concentrated alkali
solution at elevated temperature. While the imidazolide anions
are not attacked by hydroxide ions, any remaining neutral (non-
deprotonated) imidazole groups are vulnerable to attack at the
C2 position, leading to hydrolysis and chain scission.12,15 Under
dilute conditions (<2 M alkali), the chemical degradation issue
of PBI is far less severe, but new approaches are needed to
improve the uptake of electrolyte solution. To this end, we here
report on PBI membranes functionalized with piperidinium
Scheme 1 Synthetic pathway tom-PBI tethered with (a) monoPip and (b
for clarity.

This journal is © The Royal Society of Chemistry 2023
side groups for dilute solution-fed AEMWEs. The introduction
of cationic side chains to form AEMs is expected to improve
ionic clustering, as well as increase the free volume in the PBI
material,16–20 thus possibly enabling an increased absorption of
electrolyte solution, especially at dilute concentrations. In the
present study, two different cationic haloalkyl compounds were
synthesized and tethered to PBI. As shown in Scheme 1, the rst
contained a single dimethylpiperidinium (DMP) cation and was
designated monoPip, and the second contained two cationic
groups (one DMP cation and one 1-butyl-1-methylpiperidinium
cation), designated bisPip. The DMP cation has shown excellent
alkaline stability compared to alternative cationic groups, both
when it comes to small model compounds and when tethered to
polymers.21–24 As expected, the 1-butyl-1-methylpiperidinium
cation generally shows less alkaline stability compared to
DMP.25–27 However, the conguration of bisPip is still inter-
esting because the interstitial alkyl spacer chain between the
two piperidinium rings may provide additional free volume to
facilitate electrolyte uptake. Here, we report on the synthetic
route to the modied PBIs, the thermal properties, nano-
structure, alkaline stability, and alkali solution uptake, as well
as on the AEMWE performance for both the monoPip- and the
bisPip-tethered PBI membranes.
Results and discussion
Tethering PBI with mono- and bis-piperidinium side groups

The two cationic alkyl halide compounds (monoPip and bisPip)
were prepared for the functionalization of m-PBI. First,
monoPip was synthesized via a two-step reaction in which the
secondary amine group of 2-(piperidin-4-yl) ethanol was
) bisPip side groupsa. a Counterions are omitted from the final polymers

J. Mater. Chem. A, 2023, 11, 21170–21182 | 21171
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Fig. 1 1H NMR spectra of the (a) monoPip and the (b) bisPip starting materials, intermediates and products (s: singlet, d: doublet, t: triplet, m:
multiplet).
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quaternized by MeI, followed by the conversion of the ethyl
alcohol group to an ethyl halide using HBr (Scheme 1a). During
the halogenation step, there were iodine ions remaining from
the quaternization step along with the bromide ions. This
resulted in a mixture of brominated and iodinated species in
the nal product. However, this is of little importance since
21172 | J. Mater. Chem. A, 2023, 11, 21170–21182
both species have a similar reactivity in the subsequent PBI
modication step. Still, an average molecular weight of the
bisPip in the mixture was determined by quantitative NMR
spectroscopy using maleic acid as an internal reference. BisPip
was also synthesized via a two-step method (Scheme 1b). The
starting material, 4,4′-trimethylenebis(1-methylpiperidine),
This journal is © The Royal Society of Chemistry 2023
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contains two tertiary amine groups separated by an alkylene
chain. In the rst step, one of the tertiary amines was quater-
nized using MeI, followed by quaternization of the second one
by 1,4-dibromobutane. In the rst quaternization step, the
intermediate product precipitated as a white powder aer only
one piperidine was quaternized, thus leaving the second ring as
a tertiary amine.28 In the second quaternization step, a large
excess of 1,4-dibromobutane (10 eq.) was used in order to avoid
the coupling of two intermediate products by the dibro-
moalkane. The success of all the reactions was veried by 1H
NMR spectroscopy. In Fig. 1, the NMR spectra of both hal-
oalkylated monoPip and bisPip are shown, along with the
spectra of the starting materials and intermediate products.
Most important to note are the twin signals centered around
3 ppm assigned to the methyl groups of the piperidinium
cations.

Both the haloalkylated monoPip and bisPip were graed
onto PBI via a two-step method. First, the N–H units of the
benzimidazole groups of the PBI were deprotonated using NaH,
and then the respective cationic side groups were attached via
a nucleophilic substitution reaction (Scheme 1). The 1H signals
of the graed products, PBI-monoPip and PBI-bisPip, respec-
tively, were used to verify the success of the graing reaction
and assess the degree of functionalization (DF). Aer the
Fig. 2 1H NMR spectra of (a) PBI, (b) PBI-monoPip-2.5, and (c) PBI-bisP

This journal is © The Royal Society of Chemistry 2023
functionalization of PBI, the intensity of the N–H signal at
13.2 ppm decreased signicantly, and new signals corre-
sponding to side groups appeared below 5 ppm (Fig. 2). The DF
of eachmembrane was determined by comparing the integrated
signals corresponding to the a-hydrogen (Ha) (4.5 ppm, Hb in
Fig. 2b and Hd in Fig. 2c) to those of the PBI backbone signal.
Two hydrogen atoms are in the Ha position, and one repeating
unit of PBI contains two functional sites. Consequently, DF was
calculated as:

DF ¼ AHa

4
(1)

where AHa denotes the integrated area of the Ha signal. Based
on DF, the ion exchange capacity (IEC) of the membranes was
calculated as:

IEC
�
meq g�1

� ¼ DF $ 2 $ NQA $ 1000

MWPBI þ �
MWside group $ DF $ 2

� (2)

where NQA is the number of quaternary ammonium ions (QAs)
in the side group (monoPip: 1 and bisPip: 2), MWPBI is the
molecular weight of the PBI repeating unit, and MWside group is
the molecular weight of the side group including the counter-
ion. Of course, the removal of the halogen and deprotonated
hydrogen atoms was taken into account in the calculation of the
ip-2.5.

J. Mater. Chem. A, 2023, 11, 21170–21182 | 21173
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IEC values. The IEC (OH− form) of the membranes was
controlled from 1.6 to 2.5 meq. g−1, but samples with high
values (2.3 and 2.5 meq. g−1) were the main focus of the study.
The membranes were designated PBI-monoPip-x or PBI-bisPip-
x, where x is the calculated IEC (OH− form) of the polymer. The
NMR spectra of all the samples are presented in Fig. S1 and S2
(ESI†), and the calculated DF and IEC values are collected in
Table S1 (ESI†).
Thermal properties

Thermal analysis of the membranes provides information
about material compositions, as well as thermal stability. To
analyze the thermal properties of each membrane, the weight
loss was monitored up to 800 °C by TGA (Fig. 3). In general,
a weight loss corresponding to H2O evaporation is observed at
around 100 °C.29,30 In the present work, the membranes were
pre-heated at 120 °C for 20 min to remove any water. A typical
TGA curve for pristine PBI exhibits only a weight-loss step at
around 600 °C, denoting backbone decomposition.31,32

However, due to the graed side groups, PBI-monoPip and
PBI-bisPip samples showed a large weight loss in the
temperature range 220–450 °C, in addition to the backbone
decomposition at around 600 °C (Fig. 3a and b). The molec-
ular weight of bisPip was higher than that of monoPip, and
hence the weight loss in connection to the side group
Fig. 3 (a) TGA and (b) corresponding derivative weight curves for the m

Table 1 Membrane properties

Sample DFa

IECb (meq. g−1)

Br− form OH− form
2
w

PBI-monoPip-2.3 0.55 2.00 2.29 3
PBI-monoPip-2.5 0.65 2.18 2.52 5
PBI-bisPip-2.3 0.29 2.00 2.29 4
PBI-bisPip-2.5 0.34 2.16 2.50 7

a Calculated using eqn (1). b Calculated using eqn (2). c Measured in-plan

21174 | J. Mater. Chem. A, 2023, 11, 21170–21182
decomposition was larger in PBI-bisPip than in PBI-monoPip.
Moreover, the higher-IEC samples (2.5 meq. g−1) showed
larger weight losses than the lower-IEC samples (2.3 meq. g−1)
for both PBI-monoPip and PBI-bisPip. Both PBI-monoPip and
PBI-bisPip membranes showed an onset of decomposition
above 200 °C, indicating that both membranes have sufficient
thermal stability to be applied in AEMWEs generally oper-
ating below 100 °C. Table 1 lists the thermal decomposition
temperature (Td,95) for all studied samples, which was deter-
mined when the weight loss reached 5%.
Membrane morphology

The PBI-monoPip and PBI-bisPip membranes contain
cationic groups in the side chains, resulting in phase sepa-
ration between the ionic side groups and the hydrophobic
backbones. A well-developed percolating hydrophilic phase
domain of the membranes is generally a prerequisite for
efficient ion conduction. Consequently, it is important to
elucidate the nano-scale morphology of the designed PBI-
monoPip and PBI-bisPip membranes. In general, SAXS33 and
AFM34 are commonly used for the nanostructural analysis of
membranes. However, no ionomer peaks were found in any of
the SAXS proles of the membranes (Fig. S3, ESI†), possibly
due to an insufficient intensity of the X-ray beam, or a non-
regular distribution of the ionic domains. In contrast, AFM
embranes.

sc (mS cm−1)

Td,95 (°C)
0 °C,
ater

20 °C,
2 M KOH

80 °C,
water

80 °C,
2 M KOH

1 15 52 19 302
2 28 101 38 301
8 21 92 31 281
3 25 163 34 279

e in deionized water or through-plane in 2 M KOH.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 AFM phase images of (a) PBI-monoPip-2.5 and (b) PBI-bisPip-2.5 AEMs, together with schematic representations of the two membrane
polymer structures (a′ and b′, respectively).
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phase images clearly showed differences in the nano-
structure between the PBI-monoPip and PBI-bisPip
membranes (Fig. 4). In these images, the dark and bright
parts denote the hydrophilic and hydrophobic phases of the
membranes, respectively.34 It is oen found that long and
exible side chains, as present in PBI-bisPip, facilitate
a hydrophilic–hydrophobic phase separation to the
membranes. In addition, the average distance between ionic
Fig. 5 (a) Uptake of 0.5 M aq. KOH at 80 °C as a function of the IEC. (b
concentration at 80 °C. Schematic representations of the uptake of (d) p

This journal is © The Royal Society of Chemistry 2023
side chain gras along the backbone polymer is smaller in
PBI-monoPip than in PBI-bisPip at a given IEC (Fig. 4a′ and
b′). Hence, the ionic phase domains of PBI-monoPip were
small and more scattered (Fig. 4a) than those of PBI-bisPip
which were comparatively more developed and larger
(Fig. 4b). The surface topological AFM images for both
membranes are shown in Fig. S4 (ESI†).
) Electrolyte uptake and (c) in-plane swelling as functions of the KOH
ure H2O and (e) electrolyte solution (aq. KOH solution).

J. Mater. Chem. A, 2023, 11, 21170–21182 | 21175
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Electrolyte solution uptake and membrane swelling

AEM properties such as water uptake, water swelling and
conductivity are usually evaluated with pure water, because the
research has been mainly focused on fuel cell applications.
However, AEMWEs generally operate with an electrolyte solu-
tion (i.e., aqueous KOH) and the present PBI-monoPip and PBI-
bisPip membranes were evaluated with electrolyte solutions, as
well as pure water (Fig. 5). As shown in Fig. 5a, the uptake of
electrolyte solution increased as a function of IEC for both the
PBI-monoPip and PBI-bisPip membranes. At IEC values below 2
meq. g−1, the viscoelastic properties of the AEMs can balance
the osmotic pressure, but aer reaching a certain critical IEC
between 2.1 and 2.2 meq. g−1, the increasing osmotic pressure
caused progressively increasing electrolyte solution uptake of
the membranes. The critical IEC is similar for both side groups,
indicating that it is related to the concentration of ions in the
material. Also, aer exceeding the critical IEC, the electrolyte
uptake of PBI-bisPip increased much more rapidly with the IEC
than that of PBI-monoPip samples, approximately by a factor of
two (Fig. 5a). Thus, this observation seems to be related to the
number of ions per side group. A PBI-monoPip membrane with
a certain IEC has almost twice the DF of a PBI-bisPip membrane
at the same IEC (Fig. S5, ESI†). Most probably, the larger ionic
domains formed by PBI-bisPip membranes (Fig. 4) facilitated
a larger uptake of water, compared with corresponding PBI-
monoPip membranes at a given IEC.

The electrolyte uptake and swelling of the membranes were
evaluated in various KOH concentrations (Fig. 5b and c). As
expected, PBI-bisPip membranes showed higher electrolyte
uptake compared to PBI-monoPip membranes at all concen-
trations. The dependence of uptake and swelling on the
concentration of the electrolyte solution is important when it
comes to the selection of an AEM and the specic KOH
concentration. When pristine PBI is exposed to alkaline media,
the N–H groups of the imidazole ring are progressively depro-
tonated as the KOH concentration is increased.35 Therefore,
Fig. 6 Possible degradation pathways of the cationic groups in the (a) m

21176 | J. Mater. Chem. A, 2023, 11, 21170–21182
pristine PBI showed increasing electrolyte uptake and swelling
with increasing KOH concentration (Fig. 5b and c). In contrast,
the uptake and swelling of both the PBI-monoPip and the PBI-
bisPip membranes decreased upon increasing KOH concen-
tration. Similar results have been observed with, e.g., Naon in
hydrochloric acid.36 When immersed in pure water, the high
concentration of counterions (OH−) compared to the cations
tethered to the backbone polymers gives rise to absorption of
water and a high osmotic pressure in the AEM (Fig. 5d).
However, when the AEM is immersed in an alkaline solution
with concentrations high enough to overcome the Donnan
exclusion effect, ions from the electrolyte will enter the hydro-
philic domains (Fig. 5e). These will increase the screening of the
graed cations, allowing the hydrophilic domains to shrink,
consequently reducing the water content.36 To summarize, in
contrast to pristine PBI, the electrolyte uptake and swelling of
both PBI-monoPip and PBI-bisPip membranes decreased with
increasing KOH concentration, likely due to screening effects
from additional ions dissolved in the membrane. This trend
indicates that membranes with tethered cations are suitable for
use in the dilute electrolyte solution-fed AEMWE. Because of
their high IEC, both PBI-monoPip-2.5 and PBI-bisPip-2.5 lost
their mechanical integrity in pure water at 80 °C, due to their
high swelling, and consequently their water uptake and
swelling were not measured.

Ex situ conductivity was measured for the membranes
immersed in pure water, as well as in 2 M aqueous KOH. In
contrast to previous studies that reported similar, or increased,
conductivity with increasing electrolyte concentrations,36,37 we
observed a signicantly lower conductivity in 2 M KOH
compared to pure water for all samples, see Table 1. This is in
line with the observed swelling behavior.
Alkaline stability

The alkaline stability is one of the most crucial properties for
stable long-time AEMWE performance. The PBI backbone is
onoPip and (b) bisPip series of AEMs.

This journal is © The Royal Society of Chemistry 2023
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known to be stable at dilute concentrations (<2 M),38 and so we
focused on the alkaline stability of the AEMs in the monoPip
and bisPip series. The a-carbon and b-hydrogen of the nitrogen
atom in the piperidinium ring can be attacked by hydroxide
ions, resulting in nucleophilic substitution (SN2) and Hofmann
elimination, respectively.39 The most plausible degradation
pathways are shown in Fig. 6.
Fig. 7 1H NMR spectra of PBI-monoPip-2.5 (a and a′) and PBI-bisPip-2.
degradation pathways of PBI-bisPip membranes by Hofmann b-eliminat
1H NMR data (d).

This journal is © The Royal Society of Chemistry 2023
To evaluate the alkaline stability of PBI-monoPip and PBI-
bisPip membranes, sample pieces with IEC values of 2.3 and 2.5
meq. g−1 from the two series were immersed in 2 M KOH solution
at 80 °C for up to 6 months. Any changes in the molecular
structure were then studied and quantied at different time
intervals by NMR spectroscopy. As shown in Fig. 7a and a′, there
were no detectable signs of degradation of the PBI-monoPip
5 (b and b′) membranes before and after storage in 2 M KOH at 80 °C,
ion (c), and the ionic loss of PBI-bisPip-2.5 membranes evaluated from
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samples, even aer the full 6 months, indicating the excellent
alkaline stability of themonoPip group. In contrast, the PBI-bisPip
samples showed two new, clear but rather small, signals observed
between 4.5 and 6 ppm (Fig. 7b and b′). These are attributed to two
types of Hofmann b-elimination, ring-opening and alkyl chain
scission, respectively, of the 1-butyl-1-methylpiperidinium cation
close to the backbone (Fig. 7c).25 The DMP cation, located at the
terminus of the bisPip group, has previously been shown to
possess excellent alkaline stability.40 The 1-butyl-1-
methylpiperidinium cation is also quite stable but is more
susceptible to attack by hydroxide ions than the DMP cation due
to the presence of the N-butyl tether and the more constrained
piperidinium ring.25–27 Based on the integrals of the two new NMR
signals, the ionic loss was quantied (Fig. 7d). Among the two
types of Hofmann b-elimination reactions, scission of the alkyl
chain occurred at a higher rate compared to ring opening, which
is consistent with our previous results on these kinds of cations.25

Still, the total ionic loss of PBI-bisPip during 6 months was merely
7%, which suggests high-performance AEMWE operation during
a fairly long period. Similar cations have previously been utilized
in AEMs with backbones such as poly(arylene piperidine).27 Two
different cationic side groups were used in this work, namely
a monocationic DMP (similar to PBI-monoPip), and a dicationic
group containing an N-methylpiperidinium cation connecting
a terminal DMP cation to the backbone polymer via an alkyl chain.
In the case of the AEM with the monocationic side groups, the
ionic loss was between 6 and 8% aer 30 days in 2MNaOH at 90 °
C. The dicationic side groups were reported to be less stable with
18 to 22% cations lost aer 30 days in 1 M NaOH at 80 °C.27

AEMWE performance

Membranes with a thickness of 80 mm in the dry state were
mounted in electrolysis cells to investigate the performance under
real operating conditions. The test station and cells have been
described previously41 and plain Ni foam served as electrodes.
Fig. 8 Polarization curves of electrolysis cells with the different
membranes. The current density at 2 V is given next to the respective
curves.

21178 | J. Mater. Chem. A, 2023, 11, 21170–21182
Polarization curves with the different membranes were recorded
aer conditioning at 1.7 V for 20 h (Fig. 8). The current density at
2 V increased in the order PBI-monoPip-2.3 < PBI-bisPip-2.3 < PBI-
monoPip-2.5 < PBI-bisPip-2.5. This trend was the same as that
shown by the ex situ conductivity measurements performed in
pure water. Clearly, PBI-bisPip exhibited better performance than
PBI-monoPip, and the performance improved with the IEC.

The current density with PBI-bisPip-2.5 was 358 mA cm−2 at
2 V. In comparison, Zirfon UTP 500 and 40 mm thick m-PBI
membranes were tested at the same KOH concentration as the
PBI-monoPip and PBI-bisPip membranes (Fig. 8). The resulting
current density at 2 V was signicantly lower, reaching 163 and
176 mA cm−2, respectively. The comparison may be considered
unfair, as Zirfon and m-PBI work much better at higher KOH
concentrations. At a KOH concentration of 24 wt%, ion
solvating m-PBI membranes have been reported to reach 397
mA cm−2 with Ni-foam electrodes.9 A classic Zirfon UTP 500
with Ni-foam electrodes yielded 300 mA cm−2 at 2 V with
a concentration of 32.5 wt% KOH.41 Consequently, the current
density obtained using PBI-bisPip-2.5 (358 mA cm−2 at 2 V) in
2 M KOH is comparable to that of Zirfon UTP 500 and pure m-
PBI operating at much higher concentrations of KOH. The high
electrolyte uptake and high ionic conductivity of the present
AEMs at low KOH concentration are thus also reected in the
electrolysis measurements. The low concentration is advanta-
geous in terms of material stability for the cell, as well as for the
balance of plant.

Galvanostatic impedancemeasurements at 10mA cm−2 were
performed and tted to estimate the specic conductivity of the
membranes (see Fig. S7 and S8 in the ESI†). This yielded 52 and
63 mS cm−1 for PBI-monoPip-2.3 and −2.5, respectively, and 50
and 58 mS cm−1 for PBI-bisPip-2.3 and −2.5, respectively.
Comparison of the impedance measurements for different cells
with the same membrane showed that the error of the
measurements can be estimated to be up to 5 mS cm−1. The
numbers given should therefore be taken with some caution.
Still, the trend of the specic conductivity from the impedance
data agreed quite well with the trend of the slopes at high
current densities in the polarization curves.

The observed specic conductivities are systematically higher
than those in the ex situ measurement at the same concentration
and temperature. This was rather unexpected as systematically
lower conductivities in cell measurements compared to ex situ
measurements have been reported for alkaline diaphragms.42 It
might be related to the compression of the membrane in the
electrolysis cell resulting in less swelling. The trend of the specic
conductivities in the cell measurement was the same as that of the
ex situ measurements in 2 M KOH, except for PBI-monoPip-2.3,
which showed a higher conductivity than expected. This could
be due to a variety of factors such as differentmechanical behavior
in the cell assembly, minor differences inmembrane thickness, or
an undetected membrane damage.

As the PBI-bisPip AEMs showed systematically better
performance than the PBI-monoPip ones, the former
membranes were subsequently subjected to a 100 h electrolysis
test at 200 mA cm−2. The resulting voltage is plotted in Fig. 9. In
the polarization curves, PBI-bisPip-2.5 exhibited a lower voltage
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Change of cell voltage in a 100 h durability test at 200mA cm−2.
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than PBI-bisPip-2.3. A linear t of the last 50 h gave a degrada-
tion rate of 419 ± 2 mV h−1 for PBI-bisPip-2.5 and 153 ± 0.4 mV
h−1 for PBI-bisPip-2.3. Generally, the degradation rate depends
on the separator, the electrodes, and the test conditions.
Consequently, it is thus not straightforward to compare and
identify the causes for variations in the results between
different studies. State-of-the-art electrolyzers are specied to
have degradation rates between 0.4 and 5 mV h−1.43 A recent
review on AEM electrolysis states degradation rates between
<1 mV h−1 and 3 mV h−1.44 One study performed a long term
test with a water-fed AEM electrolyzer with a uoride-
incorporated Ni–Fe anode at 200 mA cm−2, the same current
density as in this work.45 Here, a degradation rate of 0.56 mV
h−1 was observed over 260 h. Nevertheless, the degradation also
includes degradation of the electrodes and potential reversible
degradation contributions, which are not in the scope of this
work. The impedance spectra show no signicant change of the
ohmic resistance before and aer the long-term test (see Fig. S9,
ESI†). The degradation is thus primarily due to the Ni foam
electrodes and the stability of the AEMs can be considered to be
good, even though further investigation on industrially relevant
time scales and at high current density would be advantageous.
Signicant degradation of Ni-foam electrodes over 100 h has
been previously reported,46 and different swelling and
mechanical behavior of the membranes might be responsible
for the different degradation rates.

In summary, the electrolysis test of the new AEMs showed
a high current density and good stability over 100 h using only
simple nickel foam electrodes and a low electrolyte concentra-
tion of 2 M KOH. Future investigations should focus on
exploring the H2 crossover of the new membranes and the
stability on industrial time scales.
Experimental
Materials

The following chemicals were used as received: meta-poly-
benzimidazole (PBI, kindly supplied by Blue World Technologies,
This journal is © The Royal Society of Chemistry 2023
Mw z 70 kg mol−1), 2-(piperidin-4-yl)ethanol (TCI, 96%), sodium
hydroxide (NaOH, VWR, 99%), acetonitrile (MeCN, Fisher, 99%),
hydrobromic acid (HBr, Acros organics, 48%), 4,4-
trimethylenebis(1-methylpiperidine) (Sigma-Aldrich, 97%),
diethyl ether (Sigma-Aldrich, 99%), methyl iodide (MeI, Sigma-
Aldrich, 99%), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
99%), 1,4-dibromobutane (Sigma-Aldrich, 98%), acetone (VWR,
99%), anhydrous dimethyl sulfoxide (anhydrous DMSO, Sigma-
Aldrich, 99%), dimethyl sulfoxide (DMSO, Fisher, 99%), sodium
hydride (NaH, Sigma-Aldrich, 60 wt% dispersion in mineral oil),
sodium bromide (NaBr, VWR, 99%).

Synthesis of monoPip and bisPip

In the synthesis of monoPip, 2-(piperidin-4-yl)ethanol (7.2 g,
55.7 mmol, 1 eq), NaOH (2.22 g, 55.5 mmol, 1 eq), and MeCN (50
ml) were added to a round bottom ask. The mixture was cooled
to 0 °C and MeI (6.94 ml, 111.5 mmol, 2 eq.) was added dropwise
to carry out the quaternization reaction. Next, the ice bath was
then removed and the ask was covered with aluminum foil,
before stirring the reaction mixture for 12 h at 25 °C. The mixture
was then cooled to 0 °C for 1 h and ltered to remove MeCN. The
white precipitate was then repeatedly washed with acetone to
remove the byproduct NaI, and dried under vacuum to yield an
intermediate compound (11.9 g, yield: 75%). The intermediate
was transferred to a round bottom ask with HBr (50 ml, 48%)
and stirred at 110 °C for 5 days. Aerwards, the mixture was
cooled to 25 °C and ltered to remove black solids. The clear
orange ltrate was evaporated under reduced pressure, and the
dry residue washed with acetone and dried under vacuum to yield
a pale yellow powder (monoPip, 6.8 g, approximate yield: 50%).

To synthesize bisPip, 4,4′-trimethylenebis(1-methylpiperidine)
(13.3 ml, 50 mmol, 1 eq.) was dissolved in diethyl ether (250
ml), and the solution was cooled down to 10 °C. The MeI (3.11 ml,
50 mmol, 1 eq.) dissolved in diethyl ether (50 ml) was added
dropwise for 1 h, and the mixture was stirred at 10 °C for 6 h.1 The
reaction was performed under dark conditions by protecting the
reactor with aluminum foil due to the presence of the light
sensitive MeI. Next, the white precipitate was washed with diethyl
ether three times, and dried under vacuum to yield the interme-
diate compound (17.7 g, yield: 93%). Subsequently, the interme-
diate white powder (1.9 g, 5 mmol, 1 eq.) was dissolved in NMP
(95 wt%, 35.1 ml), and the solution was heated to 70 °C. This
solution was then added dropwise to 1,4-dibromobutane (5.9 ml,
50 mmol, 10 eq.) dissolved in NMP (95 wt%, 199.1 ml) for 30 min,
and the mixture was then stirred at 70 °C for 24 h. Notably, 10
equivalents of 1,4-dibromobutane were used to prevent Men-
shutkin reaction at both ends of 1,4-dibromobutane. Aer that,
the pale-yellow solution was poured into diethyl ether to precipi-
tate the product (bisPip) as a yellow powder. To completely remove
NMP and unreacted 1,4-dibromobutane, the product was washed
with diethyl ether and acetone several times, and then dried in
a vacuum desiccator (1.5 g, yield: 51%).

Tethering PBI with monoPip and bisPip

PBI was tethered withmonoPip and bisPip, respectively, and the
degree of functionalization was controlled by varying the ratio
J. Mater. Chem. A, 2023, 11, 21170–21182 | 21179
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of the reactants. The relationship between the NaH : PBI ratio
and the resulting IEC of monoPip can be seen in Fig. S10, ESI.†
Below, the syntheses of PBI-monoPip-2.3 and PBI-bisPip-2.3 are
given as examples. All the reactions were performed in
a nitrogen atmosphere.

To synthesize PBI-monoPip-2.3, PBI (0.2 g, 0.65 mmol, 1 eq.)
was dissolved in anhydrous DMSO (12 ml, 98.5 wt%) at 120 °C.
Aer cooling the solution to 25 °C, NaH (0.103 g, 2.6 mmol, 4
eq.) was added to the solution and the mixture was stirred at
80 °C for 2 h. Bubbling of H2 gas was observed as the depro-
tonation of the N–H groups proceeded. Next, monoPip (0.82 g,
2.6 mmol, 4 eq.) dissolved in anhydrous DMSO (10 ml, 93 wt%)
was added to the solution of deprotonated PBI. Immediately
aer addition, a deep red precipitation appeared, which grad-
ually dissolved over 3 h. The reaction was kept at 80 °C for a total
of 72 h. Aer cooling to 25 °C, the deep red solution was poured
into acetone to precipitate the product. The collected brown
powder (PBI-monoPip-2.3) was washed three times with acetone
and water, and then dried in a vacuum desiccator (0.583 g, yield:
83%).

To synthesize PBI-bisPip-2.3, PBI (0.2 g, 0.65 mmol, 1 eq.)
was dissolved in anhydrous DMSO (12 ml, 98.5 wt%) at 120 °
C. Aer cooling the solution to 25 °C, NaH (0.042 g, 1 mmol,
1.6 eq.) was added and the mixture was stirred at 80 °C for 2 h.
Aer the formation of H2 gas (bubbling) had stopped, bisPip
(0.62 g, 1 mmol, 1.6 eq.) dissolved in anhydrous DMSO (10 ml,
94.7 wt%) was added to the solution of deprotonated PBI.
Immediately aer the addition, a brown precipitation
appeared, which then completely dissolved at 80 °C over 72 h.
Aer cooling to 25 °C, the brown solution was poured into
acetone to precipitate the product. The collected brown
powder (PBI-bisPip-2.3) was washed three times with acetone
and water, and then dried in a vacuum desiccator (0.576 g,
yield: 87%).

Membrane preparation

To prepare PBI-monoPip and PBI-bisPip membranes, each
polymer sample (0.15 g) was dissolved in DMSO (6ml, 97.8 wt%)
at 80 °C for 24 h. Subsequently, each solution was passed
through a syringe-driven lter (f: 25 mm, Fluoropore
membrane, 5 mm) into a glass Petri dish (f: 40 mm). Aer
casting, the membranes were vacuum-dried at 80 °C for up to
48 h to evaporate any remaining solvent residues. Aer peeling
the membranes from the Petri dish, they were kept in 1 M
aqueous NaBr solution before further characterization.

Characterization techniques

MonoPip and bisPip and all the polymers were quantitatively
analyzed by 1H NMR spectroscopy (Bruker DR X400 spectrom-
eter, 400 MHz). The compounds were dissolved in D2O for the
analysis of monoPip and bisPip, and DMSO-d6 for the PBI
derivatives.

Thermogravimetric analysis (TGA) was performed using
a Q500 instrument from TA Instruments to analyze the thermal
properties of the membranes in the temperature range 50–800 °C.
Prior to themeasurements, the samples were pre-heated at 120 °C
21180 | J. Mater. Chem. A, 2023, 11, 21170–21182
for 20 min to remove traces of water. The weight loss was then
recorded at a heating rate of 10 °C min−1 under a nitrogen ow
rate of 40 mL min−1.

To analyze the nanostructure of the membranes, small angle
X-ray scattering (SAXS) was measured using a SAXSLAB instru-
ment (JJ X-ray Systems Aps) with copper Ka radiation (wave-
length: 0.154 nm). The SAXS measurements were performed
under dry conditions in the q range 0.5–6.7 nm−1. In addition,
atomic force microscopy (AFM) was used to investigate the
morphology of the membranes using a Bruker Dimension Icon
microscope. All samples were measured in tapping phase and
surface topological modes under ambient conditions.

The electrolyte solution uptake was calculated from the
difference between the dry and immersed weights of the
membranes. The electrolyte uptake was determined using eqn (3):

Electrolyte uptake ð%Þ ¼ 100 �
 
weightwet � weightdry

weightdry

!
(3)

To determine the weightwet, the membranes were immersed
in the electrolyte solution for at least 24 h.

Swelling of the membranes was determined from the
dimensional change between the dry and immersed
membranes. In-plane and through-plane swelling were calcu-
lated using eqn (4) and (5), respectively:

swellingin-plane ð%Þ ¼ 100 �
�
widthwet � widthdry

widthdry

�
(4)

swellingthrough-plane ð%Þ ¼ 100 �
�
thicknesswet � thicknessdry

thicknessdry

�
(5)

To determine the widthwet and thicknesswet, the membranes
were immersed in the electrolyte solution for at least 24 h.

The in-plane ion conductivity in water was measured using
a Novocontrol high resolution dielectric analyzer V 1.01S at an
amplitude of 50 mV. Stainless steel electrodes were clamped
onto the sample on opposite sides in a PTFE and brass test
cell and water was added to immerse the membrane. Prior to
measurement, the membranes in Br− form were rst
exchanged to the OH− form by immersion in 1 M aqueous
KOH solution for at least 2 days, then thoroughly washed with
degassed distilled water.

The method to measure the conductivity of membranes
immersed in KOH solution was adapted from that reported by
Xia et al.47 The impedance was measured through-plane using
a Gamry Reference 600 at an amplitude of 10 mV, using a two-
compartment PTFE cell lled with 2 M aqueous KOH using
perforated Ni plates as electrodes. Temperature control was
achieved by placing the cell in a heated sand bath. To ensure
sufficient cell equilibration, measurements were performed
every 30 min until a stable impedance was recorded. Prior to
the measurements, the membranes were ion exchanged to the
OH− form by immersion in 2 M aqueous KOH for 2 weeks,
changing the solution every three days. Thicknesses used for
This journal is © The Royal Society of Chemistry 2023
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the conductivity calculations were measured in the wet form
before cell assembly.

The alkaline stability of the membranes was assessed by
studying the changes in chemical structure via 1H NMR spec-
troscopy. Samples were stored in sealed PTFE vials containing
2 M aq. KOH solution in an oven at 80 °C for up to 6 months.
Samples were taken out at different time intervals, exchanged to
the Br− form, and then washed and dried before dissolution in
DMSO-d6 for the NMR analysis.
AEMWE measurement

The membranes were tested in an electrolysis cell to assess their
performance and stability under real operating conditions. Each
membrane was tested in duplicate and the results averaged. The
cell, as well as the test station, has been described in detail
previously.41

The membranes used in the test had a dry thickness of
80 mm. They were soaked in 2 M KOH in an oven at 80 °C for 6 h
and then mounted in the cells. Aer connecting the cells to the
test station, an electrolyte ow of 50 mlmin−1 for each electrode
was set and the cells were heated to 80 °C and then le for
temperature stabilization for 2 h. The cells were conditioned by
holding them at 1.7 V for 20 h. The conditioning is crucial for
good reproducibility and comparability.41

Aer 30 s at open circuit, a polarization curve was recorded
by holding a current of 0.2, 1, 2, 5, 10, 15, 50, 75, 100, 200, 300,
400, and 500 mA cm−2 for one minute each. The measured
voltage was averaged over the last ve seconds of each current
step. A galvanostatic impedance measurement was performed
at the 10 mA cm−2 step, with a frequency range from 6.7 kHz to
100 mHz, an amplitude of 1 mA cm−2 and 5 measurements per
frequency. The impedance data were tted in the Biologic BT-
Lab Soware using a R1 + Q2/R2 + Q3/R3 equivalent circuit.
R1 was taken as the estimate for the membrane resistance, even
though it includes other ohmic contributions. The specic
conductivity of the membranes was calculated using the dry
thickness of the membranes corrected for the swelling in
thickness as reported in Fig. S6 (ESI†). Selected cells were nally
subjected to a stability test at 200 mA cm−2 for 100 h.

As a benchmark for comparison, PBI and Zirfon were also
evaluated. Before mounting, the PBI membrane (supplied by Blue
World Technologies, formerly Danish Power Systems, 40 mm
thickness) was kept in de-ionized water at 90 °C for 4 h, and then
immersed into 2M KOH at room temperature for 20 h. Zirfon Perl
UTP 500 (Agfa-Gevaert N.V.) was used as received and surrounded
by a 450 mm thick PTFE gasket to compensate for the added
thickness.
Conclusions

PBI membranes have so far been mainly applied in high
concentration electrolyte-fed AEMWEs because their electrolyte
uptake is highly concentration-dependent. Under these harsh
conditions, the membranes are easily degraded, which moti-
vates the use of dilute electrolyte solutions. In the present work,
PBI membranes were tethered withmonoPip and bisPip groups,
This journal is © The Royal Society of Chemistry 2023
respectively, and evaluated for dilute electrolyte-fed AEMWEs.
The side group precursors (monoPip and bisPip) were synthe-
sized in simple two-step procedures and then separately graed
onto the PBI backbone. AFM phase images revealed that PBI-
bisPip membranes possessed larger ionic domains than the
PBI-monoPip ones. Hence, PBI-bisPip membranes also showed
higher electrolyte uptake and swelling than PBI-monoPip
membranes at a given IEC. In contrast to pristine PBI, the
electrolyte uptake and swelling of the present AEMs were
inversely proportional to the electrolyte concentration. This
suggests that the cation-tethered membranes are suitable for
dilute electrolyte-fed AEMWEs. When it comes to alkaline
stability, the PBI-monoPipmembranes were highly stable in 2M
KOH at 80 °C, whereas two types of Hofmann b-elimination,
leading to ring-opening and alkyl chain scission, respectively,
were detected for the PBI-bisPip membranes. Nevertheless, the
total ionic loss of PBI-bisPip membranes was merely 7% aer 6
months. The high stability of the membranes was also veried
in an electrolysis measurement over 100 h. In agreement with
the ex situ characterization, PBI-bisPip-2.5 showed the highest
current density at 358 mA cm−2 at 2 V using only plain nickel
foam as electrodes. This study provides fundamental insights
into the electrolyte concentration-dependent behaviour of
cation-tethered AEMs, as well as an introduction to PBI-
monoPip and PBI-bisPip membranes. We believe that this
study is a useful guide for the molecular design of AEMs for
dilute electrolyte-fed AEMWEs.
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