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able multication-crosslinked
poly(arylene piperidinium) membranes for water
electrolysis†

Xiuqin Wang and Rob G. H. Lammertink *

Cross-linking is a widely employed process to improve the dimensional stability of anion exchange

membranes (AEMs). However, crosslinking often comes at the expense of ion exchange capacity and

ionic conductivity. To address this “trade-off” problem, we introduce a multication crosslinker composed

of two piperidinium groups and a flexible alkyl chain to fabricate novel crosslinked poly(arylene

piperidinium)-based AEMs (C-IL-x). It is found that multication crosslinkers can promote the fabrication

of micro-phase separated morphology and construct highly efficient ion conducting pathways inside the

membrane. Compared to the non-crosslinked AEM, the conductivity and dimensional stability of

crosslinked C-IL-x AEMs were improved simultaneously. The highest ionic conductivity of the

crosslinked C-IL-x AEMs reaches up to 95 mS cm�2 at 80 �C. In addition, alkaline water electrolysis

using the C-IL-100 AEM (100 refers to the expected crosslinking degree) exhibits a high current density

of 880 mA cm�2 at 2.2 V in 1 M KOH solution with Ni-based catalysts, which confirms that multication

crosslinked AEMs are promising for application in alkaline water electrolysis.
1. Introduction

Hydrogen is currently regarded as a crucial energy carrier and is
hailed as the “ultimate energy source of the 21st century”.1 The
majority of commercially available hydrogen is prepared by
steam reforming of natural gas, partial oxidation of methane,
and coal gasication. These processes generate massive
amounts of greenhouse gases and atmospheric pollutants.2 To
make hydrogen economically and environmentally competitive
to fossil fuels, research on efficient and cost-effective hydrogen
production via water electrolysis has attracted substantial
attention. Traditional water electrolysis suffers from a low
hydrogen production efficiency, high energy consumption, high
overpotential and corrosion.2 Compared with traditional water
electrolysis using porous diaphragms, polyelectrolyte
membrane-based water electrolysis has many advantages, e.g.
high electrolyzer lifetimes, high efficiencies, reduced hydrogen
production costs, and low maintenance expenditures.3,4

Protonexchange membrane-based water electrolyzers
(PEMWEs) have been commercialized and show excellent
performance in ultrapure water due to a high conversion effi-
ciency (up to 70%).5–7 However, PEMWEs rely on expensive
precious-metal catalysts (IrO2 and Pt) and peruorinated
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membranes and result in a high cost of water electrolyzer
devices.8–11

As an alternative, anion exchange membrane-based water
electrolyzers (AEMWEs) attract great attention since these use
inexpensive platinum groupmetal-free electrocatalysts (e.g., Ni-,
Fe-, or Co-based) which reduces the cost of the water electro-
lyzer devices and efficiently produces pressurized hydrogen.12

Despite its promise, the development of AEMWEs is still limited
by the poor performance of the anion exchange membranes
(AEMs). AEMs work as solid-state electrolytes between the
cathode and the anode to avoid mixing of hydrogen and oxygen
products while enabling OH� transport.13 The ionic conduc-
tivity of AEMs is much lower than that of PEM due to the lower
mobility of OH� ions compared to protons.14,15 Besides, most
AEMWEs showed a dramatic decline in performance aer pro-
longed operation due to the degradation of the AEMs under
alkaline conditions.16 Thus, it is urgent to develop alkali-stable
and highly conductive AEMs for water electrolysis.

To improve the conductivity of the AEMs, approaches such
as increasing the ion exchange capacity (IEC) are suggested.
Philip et al. found that ionic conductivity is proportional to
IEC.17 However, the inherent “trade-off” between the ionic
conductivity and membrane swelling (i.e., a high IEC usually
leads to a high-water uptake and swelling ratio) limits the
method of merely increasing IEC.18,19 Another approach to
increase conductivity is to incorporate multication into the
AEMs.20 Zhu et al. developed multication side chain AEMs for
fuel cell application.21 A highest conductivity of 99 mS cm�1 was
observed at room temperature for the as-prepared AEMs.
J. Mater. Chem. A, 2022, 10, 8401–8412 | 8401
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However, the water uptake and swelling ratio of AEM could
reach up to 172 wt% and 36% at 80 �C, respectively. The balance
between the dimensional stability and ionic conductivity has
become a challenging issue. Micro-phase segregated AEMs,
containing hydrophilic ion-conducting channels in a more
hydrophobic matrix, present a promising approach for devel-
oping AEMs with high conductivity and low swelling.22,23

However, complex processes are oen required to construct
micro-phase separated morphologies in the AEMs.24,25 Covalent
crosslinking is an alternative approach that could effectively
restrain the water swelling of AEMs. Crosslinkers such as dia-
ldehyde, diol, and dithiol have been used in AEMs via thermal
or UV activation.26,27 Lin et al. developed crosslinked side-chain-
type AEMs via thermal crosslinking.28 They found that the
introduction of crosslinks reduced the IEC and thereby the
conductivity of the AEMs. Thus, there is a need to investigate
crosslinking strategies that improve the dimensional stability of
AEMs without sacricing other performances.

Chen et al. presented crosslinking AEMs based on poly(-
biphenyl piperidinium) and functionalized poly(phenyl ether).29

Although high conductivity and low swelling were obtained, the
backbone with aryl ether-bonds increases the risk of degrada-
tion under alkaline conditions.30 Besides the backbone, the
stability of the cationic group is also a concern. Nowadays, most
of the AEMs are based on polymers tethered with benzyl tri-
methylammonium or alkyl-tethered ammonium cations. These
cationic groups are more prone to be attacked by the hydroxide
ions via nucleophilic substitution, Hofmann elimination, and
ylide formation.31,32 Hofmann elimination would not occur with
Scheme 1 Synthesis route for the multication crosslinked AEMs.

8402 | J. Mater. Chem. A, 2022, 10, 8401–8412
benzyl trimethylammonium cations due to the absence of b-H.
Although the alkyl-tethered ammonium cations such as piper-
idinium showed good chemical stability in some reports, they
still have the risk of Hofmann elimination due to the existence
of b-H.33 Lee et al. systematically studied the alkaline stability of
24 representative N-heterocyclic ammonium groups (NHAs).33

The typical NHAs with a symmetric structure, possess an
electron-donating group which weakens the electronegativity of
the ionic group and provides higher alkaline stability compared
to asymmetric NHAs. Recently, we investigated the effect of N-
cyclic cations on the performance of poly(phenylalkylene)-
based AEMs.34 The results showed that piperidinium-
functionalized AEMs with an ether-bond-free backbone show
good alkaline stability. However, the application of the
poly(phenylalkylene)-based AEMs is limited by the rather low
conductivity (68.7 mS cm�1 at 80 �C) and poor dimensional
stability.

In this study, we introduce a tailored crosslinking method
for poly(phenylalkylene)-based AEMs. A series of novel
multication-crosslinked poly(phenylalkylene) AEMs were
prepared to further improve the performance of the membrane,
as shown in Scheme 1 and Fig. 1. The twisted backbone of C-IL-x
is foldable, as validated by Bae,35which can shorten the distance
between ionic groups and thereby improve hydroxide ion
mobility inside the membrane. The crosslinking is effective to
constrain the swelling of the AEMs. The multication crosslinker
has two NHAs that provide xed charge groups for ionic
conduction, and thus the introduction of the crosslinking
structure not only improves the dimensional stability but also
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) The configurations and schematic diagram of the flexible conducting channels in the C-IL-x AEM. (b) A folding-unfolding test utilizing
the crosslinked C-IL-100 AEMs.
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enhances the conductivity. The design of an ether-bond-free
structure and NHA cation is expected to result in good alka-
line stability. The as-prepared AEMs were assembled in an
AEMWE to investigate their performance (e.g., ionic conduc-
tivity and long-term stability). The effect of operating parame-
ters (KOH concentration and temperature) on the performance
of alkaline water electrolysis was investigated.
2. Experimental
2.1 Materials

4,40-Trimethylenebis(1-methyl piperidine) (>98%), 1,6-dibro-
mohexane (96%), 4-piperidone monohydrate hydrochloride
(PMH, 98%), potassium carbonate (K2CO3, 99%), iodomethane
(CH3I, 99%), dichloromethane (DCM), diethyl ether (AR),
dimethyl sulfoxide (DMSO, AR), potassium hydroxide (KOH,
AR), sodium hydroxide (NaOH, AR), sodium nitrate (NaNO3,
AR), acetone (AR), hydrochloric acid (HCl, AR), and deuterated
dimethyl sulfoxide (DMSO-d6, 99.96 atom% D) were purchased
from Sigma-Aldrich and were used without purication. m-
Terphenyl (99%), triuoromethane sulfonic acid (TFSA, >98%),
and N,N-diisopropylethylamine (DIPEI, >99%) were purchased
from TCI Chemical Co. Acros. Deionized (DI) water (18.2 MU,
0.2 mm ltered) was used for membrane treatments and
measurements throughout this work.
2.2 Preparation of AEMs

2.2.1 Preparation of the precursor poly(terphenyl piperi-
dine). The precursor poly(terphenyl piperidine) (m-TPN) was
prepared via Friedel–Cras type polycondensation, according to
our previous work.34 In a 250 mL round bottom ask equipped
with a magnetic stirrer,m-triphenyl (2.30 g, 1.0 mmol) and PMH
(1.49 g, 1.2 mmol) were dissolved in DCM (50 mL) to make
a homogeneous solution and cooled to 0 �C using an ice bath.
Subsequently, TFSA (8.8 mL) was added drop wise and the
colour of the solution changed from purple to black. The
This journal is © The Royal Society of Chemistry 2022
solution mixture was stirred for 5 h until its viscosity dramati-
cally increased. The resulting highly viscous, black solution was
poured slowly into DI water and thoroughly washed to remove
any residual reactants. The nal light yellow brous solid
polymer was collected and dried completely under vacuum. The
synthesized polymer is soluble in DMF, DMSO, and DMAc.

2.2.2 Synthesis of the multication crosslinker. A mixture of
4,40-trimethylenebis(1-methyl piperidine) (2.38 g, 1 mmol) and
1,6-dibromohexane (7.32 g, 3 mmol) were dissolved in DMSO
(20 mL) in a round bottom ask. The mixture was stirred at
60 �C for 12 h and then poured into diethyl ether, resulting in
the formation of a large number of precipitates. The precipitate
was washed with diethyl ether and dried under vacuum to
obtain an off-white powder. Then the crude product was further
puried by redissolving it in DMSO and reprecipitating it in
acetone to remove impurities. The nal multication ionic liquid
crosslinker dened as IL was dried and stored in a vacuum
dryer.

2.2.3 Preparation of crosslinked membranes. Scheme 1
shows the synthesis route of the crosslinked membranes
marked as C-IL-x, (C represents the crosslinking, IL represents
the multication-ionic crosslinker and x is the crosslink density x
¼ 20, 40, 60, 80, and 100) representing targeted crosslinking
degrees which are controlled by the ratio of the IL and m-TPN.
For C-IL-20, as an example, themolar ratio of the –CH2Br groups
in IL to the –NH groups in m-TPN was 1 : 5, indicating a theo-
retical 20% crosslinking. The synthetic procedure for C-IL-20 is
described as follows: m-TPN (0.20 g) and IL (0.04 g) were
completely dissolved in DMSO (5 mL) to form a homogeneous
solution. Then DIPEI (10 mL) used as an acid-binding agent to
promote the deprotonation of m-TPN and promote the
following functionalization reaction was added to the above
solution.15,36 A small amount of precipitate was formed in the
solution, but it disappeared aer shaking the mixture for
several minutes (Fig. S1†). This may be caused by the incom-
patibility between the polymer solution and liquid DIPEI. When
J. Mater. Chem. A, 2022, 10, 8401–8412 | 8403
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it reacted with m-TPN the product became soluble, and the
precipitate disappeared. The nal solution (ab. 5 mL) was then
poured onto the glass plate and moved to an oven at 80 �C for
24 h to crosslink and evaporate the solvent. The resulting
thickness of the crosslinked membranes was 50 � 5 mm as
recorded by using a digital micrometer. The remaining piperi-
dine groups were functionalized by methyl iodide solution. The
membrane was then immersed in iodomethane/methanol
solution to convert the piperidine groups to piperidinium
groups. The quaternization reaction was performed at room
temperature (RT) in the dark for 24 h, aer which the
membrane was washed several times with water to remove
excess iodomethane. The resulting membranes were immersed
in 1 M KOH at RT for 48 h to exchange the negative ions with
hydroxyl, followed by washing with DI water and storing in DI
water before measurements.

For comparison,m-TPN was functionalized by CH3I to obtain
non-crosslinked AEMs (m-TPNPiQA), as shown in Scheme S1,†
which was studied in our previous work.34 The reaction steps
were as follows. m-TPN (2.00 g), K2CO3 (2.20 g), DMSO (40 mL)
and CH3I (1.80 mL) were mixed in a ask. The reaction was
carried out at RT for 24 h in the dark. The product was obtained
by pouring the reaction solution into diethyl ether to precipi-
tate. The raw product was washed with ethanol/water solution
and dried under vacuum for 24 h. The membrane was made by
casting and solvent evaporation as well.

2.3 Characterization

The chemical structures of the synthesizedm-TPN polymers and
IL were identied by 1H NMR spectroscopy using a 400 MHz
NMR instrument (Bruker ASCEND™). DMSO-d6 and tetrame-
thylsilane (TMS) were used as the solvent and internal standard,
respectively. Fourier transform infrared spectroscopy (FT-IR)
spectra were collected using a PerkinElmer UATR spectrom-
eter in the range of 4000–400 cm�1 with resolutions of 4 cm�1

and 16 scans. Scanning electron microscope (SEM) images were
collected on a JEOL JSM-6010LA InTouchScope™ instrument
with an accelerating voltage of 5.0 kV. Prior to SEM imaging, the
membrane was dried in a vacuum oven at 30 �C and then coated
with a 5 nm Pt layer. The surface microstructure of the AEMs
was further investigated by tapping-mode atomic force
microscopy (AFM) (Bruker Dimension® Icon™) with a TESPA-
V2 nanosensor at RT. Small-angle X-ray scattering (SAXS) was
performed on a SAXS SYSTEM (XENOCS, France). A Zwick Z5.0
mechanical tester was used to measure the mechanical prop-
erties of the AEMs in the wet state at RT. The crosshead speed of
the tester was 10 mm min�1. The membrane samples were cut
into dumbbell shapes with an active area of 20 mm � 4 mm.
The thermal stability of the AEMs was investigated by using
a thermogravimetric analyzer (PerkinElmer TGA 4000), oper-
ating from RT to 800 �C at a heating rate of 10 �C min�1 under
a nitrogen atmosphere.

2.4 Membrane characteristics

2.4.1 Gel fraction (GF). GF is measured to evaluate the
crosslinking degree of the AEMs. The sample was weighed (ma,
8404 | J. Mater. Chem. A, 2022, 10, 8401–8412
g) aer drying under vacuum at 80 �C for 24 h and then
immersed in DMSO solution at 80 �C for 48 h to remove the
soluble polymer component. Aer that, the insoluble polymer
component was taken out and dried under vacuum at 80 �C for
24 h to remove the residual solvent. Finally weighed as mb (g).
The gel fraction can be calculated by using the following
equation:

GF ¼ mb

ma

� 100% (1)

where mb (g) and ma (g) are the weights of the nal membrane
aer the gel fraction test and the inital membrane, respectively.

2.4.2 Ion exchange capacity (IEC). The IEC of AEMs was
measured by Mohr's titration method. The samples with
a certain weight were immersed in a 2 M NaCl solution at RT for
48 h to exchange OH� ions with Cl� ions. Subsequently, the
samples were rinsed three times with ultrapure water to remove
residual NaCl and then immersed in 2 M Na2NO3 solution for
48 h to release the Cl� ions into the solution. Cl� titration was
performed by using a 0.1 M AgNO3 solution and a silver elec-
trode in an 805 Dosimat Metrohm AG. The measurements were
repeated three times and an average IEC value was obtained in
this work. The IEC (mmol g�1) value was calculated by using the
following equation:

IEC ¼ C � V

m
(2)

where C (mol L�1) is the concentration of AgNO3 solution, V (L)
represents the consumption volume of AgNO3 solution and m
(g) is the weight of the dry membrane sample.

2.4.3 Water uptake (WU) and swelling ratio (SR). The WU
and in-plane SR of the AEMs were tested in the OH� form. The
membranes were immersed in DI water at a certain temperature
(20, 40, 60, and 80 �C) for 24 h. The weight (Wwet) and length
(Lwet) of the wet membrane samples were measured. Before
measurements, the surface of the membrane was wiped with
tissue paper, and the sample was weighed quickly. Then the
membranes were dried at 80 �C under vacuum for 24 h, and the
weight (Wdry) and length (Ldry) of the dry membrane were
measured again. Each sample was measured at least three times
to obtain an average value.

The WU (%) of the AEMs was determined by using the
following equation:

WU ¼ Wwet �Wdry

Wdry

� 100% (3)

The in-plane SR (%) of the AEMs was calculated using the
following equation:

SR ¼ Lwet � Ldry

Ldry

� 100% (4)

2.4.4 Hydroxide conductivity. The conductivities were
tested in the in-plane direction. Alternating current (AC) two-
point probe impedance spectroscopy was performed on an
electrochemical workstation (Autolab, PGSTAT302N) at
frequencies from 106 Hz to 1 Hz with an amplitude of 10 mV.
This journal is © The Royal Society of Chemistry 2022
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The impedance measurement of each membrane (size: 10 mm
� 20 mm) was carried out at 20 �C to 80 �C (�1 �C) in DI water
under a N2 atmosphere. Before each measurement, the testing
cell was equilibrated for at least 30 min and this was repeated at
least 3 times. The conductivity (s, mS cm�1) was calculated from
the following equation:

s ¼ L

RA
(5)

where L (cm) is the distance between electrodes, A (cm2) is the
cross-sectional area and R (U) is the membrane resistance.

The Arrhenius activation energy (Ea) for ion conduction was
calculated from the slope of ln s versus 1/T.

ln s ¼ ln s0 � Ea

RT
(6)

where s (mS cm�1) is the ionic conductivity, s0 is the pre-
exponential factor, R (8.314 J mol�1 K�1) is the gas constant,
and T (K) is the absolute temperature.

2.4.5 Alkaline stability. The alkaline stability of the C-IL-x
membranes was assessed by exposing AEMs to 1 M KOH solu-
tion at 50 �C for 50 days. The chemical structure aer this
exposure was monitored by FT-IR. Besides, the remaining
conductivity of the C-IL-100 membrane at 50 �C was measured
during the test. Before testing, all the samples were washed with
DI water to remove residual KOH.
2.5 Membrane electrode assembly and AEMWE
performance

The water electrolysis tests were carried out by using C-IL-100
(50 mm) and m-TPNPiQA (53 mm) as the AEMs. Before
preparing the membrane electrode assembly (MEA), the AEMs
were soaked in a 1 M KOH solution overnight to exchange the
negative ions with the hydroxide form and rinsed with DI water
to remove the residual KOH. Then the AEM is sandwiched
between the cathode and anode and hot-pressed at 10 MPa at
50 �C for 10 min. The cathode consists of a nickel ber paper
coated with a NiFeCO catalyst and the anode consists of
a stainless-steel ber paper coated with a NiFe2O4 catalyst
(Dioxide Materials, US). The catalyst loading is 2 mg cm2 for
each electrode. The active area of the MEA is 1.0 � 1.0 cm2.

The fabricated MEA was then assembled into an AEMWE cell
(Fig. S2†) where the endplates, with embedded ow channels, are
made of corrosion-resistant nickel. The 1 M KOH aqueous solu-
tion ow rate was 2 mL min�1 and the temperature was
controlled at RT, 50 �C, and 80 �C. Before collecting the polari-
zation curves and electrochemical impedance spectroscopy (EIS),
the AEMWE cell was activated for 30 min at a current density of
10–50 mA cm�2. The polarization curves were then recorded by
scanning the potential from 1.2 V to 2.5 V with a scan rate of 5mV
s�1. EIS was studied to evaluate the resistance cell in the through-
plane direction. The impedance measurement was performed
under constant voltage mode (1.5 V, 1.8 V, and 2.1 V) with
a frequency range from 105 Hz to 1 Hz and an AC amplitude of
10 mV. The alkaline durability test in 1 M KOH was operated at
a constant current of 100 mA cm�2 for C-IL-100 and 10 mA cm�2

for m-TPNPiQA at 50 �C with a ow rate of 5 mL min�1.
This journal is © The Royal Society of Chemistry 2022
3. Results and discussion
3.1 Preparation and characterization of crosslinked AEMs

m-TPN was prepared via Friedel–Cras type polycondensation
according to our previous work.34 Fig. 3a shows the 1H NMR
spectrum of m-TPN, and the characteristic peaks appearing
between 7.0 and 8.2 ppm are assigned to the proton peaks of the
benzene rings. The peaks around 2.8 ppm (H3) and 3.2 ppm (H2)
correspond to the proton resonance from the piperidine ring.
The characteristic signal at 8.3 ppm (H1) belongs to the proton
resonance from the –NH group.15 The location of the peaks is
consistent with the results from previous work, which indicates
that the m-TPN polymer was synthesized successfully. The
chemical structure of the iodomethane functionalized m-
TPNPiQA polymer is shown in Fig. S4.†

The 1H-NMR spectrum of the multication crosslinker IL is
presented in Fig. S3(b).† The peaks from 3.3–3.6 ppm (H1,6,8) are
attributed to the –CH2– that connects to the N or Br atom. The
signals located at 3.1 ppm (H7) are ascribed to the proton
resonance from –CH3 of the piperidinium groups and the peaks
around 1.3 ppm (H4,11,12) correspond to the signals from the
alkyl chains. The peak areas at different positions were inte-
grated and the proportion of the peak areas were consistent
with the ratio of hydrogen atoms in the polymer. For example,
the ratio of the integral area of H7 to H3,4,11,12 is equal to 1 : 2.34,
which is consistent with the theoretic value of 1 : 2.33, indi-
cating that the multication crosslinker was synthesized
successfully.

The crosslinking density of the C-IL-x AEMs was adjusted by
controlling the molar ratio of IL to the m-TPN polymer. As
shown in Fig. 1b, the polymer solution became a gel aer
crosslinking. Although the twisted ether-free backbone is
composed of rigid aromatic rings, the resulting cross-linked
membranes are extremely exible. Notably, the membrane
maintained its exibility aer being folded four times and then
unfolded into its original state. In addition, the SEM image of C-
IL-100 (Fig. S5†) showed a smooth membrane.

The chemical structure of the crosslinked C-IL-x AEMs was
conrmed by FT-IR spectroscopy, as shown in Fig. 2a. The broad
vibration band at 3400 cm�1 is attributed to water. The C-IL-100
AEM with the highest IEC or/and WU has an obvious water
peak. The signals around 2929 and 1670 cm�1 are associated
with the stretching vibration of –CH2–, which shows an
enhanced intensity aer the introduction of the multication
crosslinker. The peak at 1080 cm�1 corresponds to the bending
vibration of C–N+ from ammonium groups, indicating the
successful cross-linking reaction.18

All the crosslinked AEMs show a high gel fraction in DMSO
as shown in Fig. 2b, indicating that the crosslinking reaction
was carried out successfully. The gel fraction increases with
increasing addition of the multication crosslinker except for the
C-IL-100 membrane (86.7 � 2.4%) which shows a slightly lower
gel fraction than that of C-IL-80 (91.2 � 3.3%). Possibly the
concentration of the multication crosslinker is too high which
results in an incomplete reaction with m-TPN. The gel fraction
of C-IL-20 is lower than 50% since some of the multication
J. Mater. Chem. A, 2022, 10, 8401–8412 | 8405
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Fig. 2 (a) The FT-IR spectra of the IL, non-crosslinkedm-TPNPiQA and crosslinked C-IL-x AEMs. (b) Gel fraction of the C-IL-x AEMs. (c) Stress–
strain curves and (d) TGA graphs of the m-TPNPiQA and C-IL-x AEMs.
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crosslinker may be used for connecting the polymer chains to
increase the molecular weight rather than actual crosslinking.

3.2 IEC, thermal and mechanical properties of the
crosslinked AEMs

IEC is an important parameter that represents the number of
charged groups in the membrane. As listed in Table 1, the non-
crosslinked m-TPNPiQA membrane shows an IECtitr value of
2.54 mmol g�1. The crosslinked C-IL-x AEMs do not sacrice
IEC since the multication crosslinker contains two cationic
groups that even enhances the IEC. The IECtitr of C-IL-20, C-IL-
40, C-IL-60, C-IL-80, and C-IL-100 membranes were measured to
be 2.76, 2.79, 2.83, 2.85, and 2.99 mmol g�1, respectively. These
Table 1 IEC, WU, SR, and conductivity of the m-TPNPiQA and C-IL-x A

Samples

IEC (mmol g�1) WU (%)

Theo.a Titr.b 20 �C 80 �C

m-TPNPiQA 2.66 2.54 52.3 65.2
C-IL-20 2.85 2.76 � 0.05 16.5 � 2.4 26.3 �
C-IL-40 3.01 2.79 � 0.08 22.7 � 3.9 32.0 �
C-IL-60 3.14 2.83 � 0.06 32.1 � 4.5 53.7 �
C-IL-80 3.24 2.85 � 0.10 44.2 � 4.1 56.7 �
C-IL-100 3.33 2.99 � 0.16 66.7 � 2.2 97.0 �
a Theoretical values were calculated via the ratio of the m-TPN polymer
titration.

8406 | J. Mater. Chem. A, 2022, 10, 8401–8412
values are near the theoretical values, IECtheo, that range from
2.85 to 3.33 mmol g�1. The possible reason for the slightly lower
experimental values is that the functionalization of the cross-
linked AEMs was carried out by the immersion method, during
which some of the piperidine groups were not fully
functionalized.37

The mechanical stability of the AEM is one of the important
parameters for applications in water electrolysis. Fig. 2c and
Table S1† show the mechanical properties of non-crosslinked
m-TPNPiQA and multication crosslinked C-IL-x AEMs.
Compared to the non-crosslinked m-TPNPiQA membrane, all
the crosslinked C-IL-x membranes obtained a higher tensile
strength and elongation at break, indicating that introducing
EMs

SR (%) Conductivity (mS cm�1)

20 �C 80 �C 30 �C 80 �C

21.1 25.7 28.8 68.7
4.5 5.4 � 2.6 8.4 � 1.3 30.7 � 0.6 75.6 � 1.4
1.7 12.8 � 1.5 16.5 � 1.6 31.8 � 1.2 80.8 � 3.2
2.3 17.0 � 1.3 22.5 � 1.3 34.2 � 0.1 82.1 � 1.5
2.8 18.7 � 2.7 24.1 � 1.2 35.6 � 0.7 87.9 � 2.7
5.9 27.7 � 3.9 35.9 � 1.7 39.5 � 0.4 94.6 � 2.0

and multication crosslinker. b Experimental values were obtained via

This journal is © The Royal Society of Chemistry 2022
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multication crosslinking into the AEMs is effective to improve
the mechanical properties of the membranes. Compared to the
crosslinked polymers, the relatively low molecular weight of m-
TPNPiQA may be responsible for the lower mechanical prop-
erties. For the crosslinked AEMs, C-IL-20 has the highest tensile
strength (49.77 MPa) and Young's modulus (781.49 MPa), while
C-IL-100 shows the lowest tensile strength (22.91 MPa). Due to
the plasticization of water,38 the elongation at break of C-IL-100
(25.25%) was higher than that of C-IL-20 (14.70%) and even
higher than that of the reported crosslinked poly(4-
vinylphenol)-based, poly(phenylene oxide)-based, and poly-
mers of intrinsic microporosity-based AEMs.39–41 Therefore, the
incorporation of a multication crosslinker in AEMs could
improve the tensile strength and overcome the trade-off
between the IEC and mechanical properties.

The thermal stability of the C-IL-x AEMs in the halogen form
was investigated by TGA, as presented in Fig. 2d. The initial
weight loss around 275 �C can be attributed to the
Fig. 3 AFM phase images and 3D height topography of the crosslinked

This journal is © The Royal Society of Chemistry 2022
decomposition of the alkyl chain and cationic groups. It is
observed that the initial decomposition temperature decreased
with the increasing content of the multication crosslinker. m-
TPNPiQA without a crosslinker shows an initial decomposition
temperature of 360 �C and is more stable than the crosslinked
AEMs. The weight loss starting at 470 �C can be attributed to the
decomposition of the rigid polymer backbone. The results show
that all the crosslinked AEMs are stable up to 250 �C, indicating
that the membranes could meet the requirements for the
application of water electrolysis.

3.3 Morphology

The morphology of AEMs plays an important role in the
formation of effective ion conduction channels. The
morphology of m-TPNPiQA was characterized by SAXS and
transmission electronmicroscopy (TEM) in our previous work,34

while the surface morphology of crosslinked C-IL-x AEMs was
characterized by AFM, as shown in Fig. 3. The darker area
AEMs.
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represents the hydrophilic ionic domains which contain the
ionic groups, while the lighter area belongs to more hydro-
phobic domains. Aer introducing the multication crosslinker
into the AEMs, the microphase separation morphology of the
membranes become obvious and well-organized. In particu-
larly, C-IL-100 exhibits a strongly microphase separated
morphology due to its high IEC, indicating that the introduc-
tion of a hydrophilic multication crosslinker into the m-TPN
could promote the formation of hydrophilic/hydrophobic
micro-phase separation. Well-developed domains forming
continuous percolating ion transport channels are favorable for
improving ionic conductivity in the AEMs and will be discussed
below. In addition, all the AEMs display a root-mean-square
surface roughness below 3 nm, indicating that the AEMs have
smooth surfaces.

SAXS was used to investigate the bulk morphology of the
crosslinked AEMs. Fig. 4 shows the scattered intensity with
respect to the scattering vector (q). The cross-linked AEMs
demonstrated obvious micro-phase separation peaks. Accord-
ing to Bragg's equation (d ¼ 2p/q), the d-spacing of the AEMs
was calculated to be in the range of 4.5–5.2 nm. In our previous
work, the non-crosslinked m-TPNPiQA membrane showed a d-
spacing of 1.85 nm,34 which is much lower than that of C-IL-x
AEMs. This can be attributed to the introduction of multi-
cations that promote the aggregation of the ions, thereby
enhancing micro-phase separation.21,42,43 Notably, with
increasing content of the multication crosslinker, a larger
domain size is observed. Besides, with the increasing content of
the multication crosslinker, there is another peak appearing
around 0.64 nm�1 for C-IL-60, C-IL-80 and C-IL-100. This peak
may come from the incompletely reacted multication cross-
linker which works as a side chain of poly(phenylalkylene)s that
may self-assemble. These results further conrmed the contri-
bution of multications to ion aggregation. Given the results
from AFM and SAXS, it can be concluded that the exible
multication crosslinker plays an important role in
Fig. 4 SAXS profiles of the C-IL-x membranes.

8408 | J. Mater. Chem. A, 2022, 10, 8401–8412
microstructure formation and enhanced ionic conduction
through the AEMs.44
3.4 WU, SR and conductivity

Fig. S6† and Table 1 show the WU and SR of the AEMs in the
OH� form as a function of temperature. TheWU (52.3%) and SR
(22.1%) of the non-crosslinked m-TPNPiQA AEM at 20 �C were
slightly higher than most of the C-IL-x AEMs except C-IL-100. By
increasing the expected crosslinking degree or IEC values, the
WU of C-IL-x AEMs increased from 26.3% to 97.0% and the SR
varied from 8.5% to 35.7% at 80 �C. The swelling ratio of the
crosslinked AEMs mainly relies on the IEC rather than the
actual crosslinking degree (represented in Fig. 2b by the gel
fraction). The IEC increases whereas the crosslinking degree
saturates at a higher content of the crosslinker. A similar
phenomenon can be observed in other multication crosslinked
AEMs.44 The WU and SR of C-IL-x (x ¼ 20, 40, 60, and 80) were
relatively low except for C-IL-100, for which the increase in
charge by the crosslinker and incomplete crosslinking led to
swelling. Therefore, it can be concluded that the trade-off
between IEC and dimensional stability can be solved by intro-
ducing a multication crosslinker with a proper crosslinking
degree into the AEMs.41,45

Ionic conductivity forms a crucial property of ion exchange
membranes for their potential performance in water electrol-
ysis. High conductivity and a low swelling ratio are required for
the application of AEMs. Table 1 and Fig. 5a show the hydroxide
conductivity of the as-prepared AEMs in the OH� form. The
hydroxide conductivities of the membranes displayed
a common upward trend with temperature elevation due to the
increased mobility of ions at elevated temperatures. The
conductivity of the crosslinked C-IL-x AEMs ranges from 30.7 to
94.6 mS cm�1 at 30–80 �C. It is clear that increasing the content
of the multication crosslinker is helpful to improve the
conductivity of the AEMs. This is attributed to the increased IEC
or crosslinking degree of C-IL-100, which is benecial to
promote the aggregation of ionic groups giving a micro-phase
separated structure, as conrmed by the results from AFM
and SAXS (Fig. 3 and 4). Compared with non-crosslinked m-
TPNPiQA membranes (Table 1), the conductivity of crosslinked
C-IL-x membranes did not decline, conrming that the intro-
duction of multication crosslinkers do not sacrice the
conductivity. The conductivities of the C-IL-x AEMs showed an
approximate Arrhenius-type temperature dependence
(Fig. 5b).39 The apparent activation energy (Ea) estimated from
the slopes of the ln s (OH�) vs. 1/T plots was calculated to be
15.7–16.7 kJ mol�1, suggesting that the ion migration in the C-
IL-x AEMs occurs via hopping processes between coordination
sites.46,47

The application of AEMWEs requires the AEM material to
have high conductivity and a low SR, which could minimize the
overall cell voltage andmaintain structural integrity.15,48,49 Thus,
the hydroxide conductivity and SR of the C-IL-x AEMs in this
study were compared with some typical polyphenylene-based
AEMs reported in the literature, as shown in Fig. 5c. It was
found that the C-IL-x AEMs exhibited a lower SR and higher
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) The hydroxide conductivity of the fully hydrated C-IL-x AEMs. (b) Arrhenius plots of the C-IL-x AEMs. The Ea of C-IL-x (20, 40, 60, 80,
and 100) are 16.14� 0.07 kJ mol�1, 16.69� 0.09 kJ mol�1,15.74� 0.04 kJ mol�1, 15.84� 0.17 kJ mol�1, and 15.98� 0.19 kJ mol�1, respectively.
(c) Comparison of hydroxide conductivity and (d) SR as a function of IEC at 80 �C.15,35,50–53
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ionic conductivity than most reported AEMs under the same
condition. This is because the introduction of multication
crosslinkers results in a microphase separated morphology. As
discussed above, the multication crosslinker could facilitate ion
aggregation and provide more pronounced microphase sepa-
ration, resulting in the formation of efficient ion transport
channels for high ion conduction. The crosslinking constrains
the SR and avoids low conductivity caused by ion dilution.
These results conrm that the crosslinked C-IL-x AEMs are
attractive candidates for water electrolysis applications.
Fig. 6 (a) The FT-IR spectra of the C-IL-100 AEM before and after treatm
the C-IL-100 AEM during the stability test.

This journal is © The Royal Society of Chemistry 2022
3.5 Alkaline stability

The development of cationic polymers for AEMs with excellent
alkaline stability is a considerable challenge in materials
chemistry. In our previous work, the alkaline stability of m-
TPNPiQA was tested in 1 M, 2 M, and 5 M NaOH solution at
80 �C for 240 h. Less than 6% of IEC was lost aer the stability
test, indicating good stability of m-TPNPiQA.34 Here, the alka-
line stability of the C-IL-x AEMs was systematically investigated
by monitoring the variation in the chemical structure aer
alkaline exposure via FT-IR spectroscopy. Fig. 6a compares the
ent with 1 M KOH at 50 �C for 1200 h. and (b) Remaining conductivity of
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FT-IR spectra of the C-IL-100 AEM before and aer immersing
the membranes into 1 M KOH at 50 �C for 1200 h. The two new
absorption bands around 1420 cm�1 and 1600 cm�1 were
attributed to the degradation product, which can be observed
for C-IL-100 and other C-IL-x AEMs (x ¼ 20, 40, 60, and 80).
Based on our previous studies on the degradation mechanism
of m-TPNPiQA, these two new peaks may be attributed to the
–CH]CH2 groups which were generated from the b-Hofmann
elimination reaction of the piperidinium groups.34 The change
in OH� conductivity of C-IL-100 AEMs during ex situ durability
testing is shown in Fig. 6b. The conductivities of C-IL-100
decreased slightly to 97.8% aer treating with 1 M KOH at
Fig. 7 Polarization curves of the AEMWE based on (a) C-IL-100 and (b
voltages and (d) different temperatures. (e) Electronic equivalent circuit an
density of 100 mA cm�2 and m-TPNPiQA-based AEMWE at a current de

8410 | J. Mater. Chem. A, 2022, 10, 8401–8412
50 �C for 1200 h. These results indicate that the combination of
the ether-bond-free structure and multication crosslinker is
benecial to obtain AEMs with robust alkaline stability.
3.6 Alkaline water electrolysis performance

The performance of AEMWEs based on C-IL-100 and m-
TPNPiQA membranes was investigated. Because C-IL-100 AEM
has the best overall performance (mechanical properties, OH�

conductivity and alkaline stability) it was sued for comparison
against m-TPNPiQA. Fig. 7a and b show the linear sweep vol-
tammogram of the AEMWE at RT, 50 �C and 80 �C with 1 M
) m-TPNPiQA. (c) EIS curves of the C-IL-100 AEMWE at various cell
d (f) durability test at 50 �C of the C-IL-100-based AEMWE at a current
nsity of 10 mA cm�2.

This journal is © The Royal Society of Chemistry 2022
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KOH fed into both the anode and cathode. Electrochemical
polarization is dominant in the non-linear region (low current
region), while ohmic polarization is dominant in the linear
region (high current region).15 A tremendous improvement in
performance was observed for C-IL-100 AEMs compared to m-
TPNPiQA. As shown in Table S2,† the current density of the C-
IL-100-based AEMWE was 0.55 A cm�2 at 2.0 V while that of
the m-TPNPiQA was 0.25 A cm�2 under the same testing
condition at 80 �C, established by the high ionic conductivity of
the C-IL-100 membrane. In addition, the current density of the
C-IL-100 AEM increases with temperature (from 0.31 A cm�2 at
RT to 0.55 A cm�2 at a voltage of 2 V and 80 �C), which is
comparable with the literature.54–56 Table S3† shows the
performance comparison of alkaline water electrolysis based on
various AEMs.57–60 The current density of the cell based on C-IL-
100 is higher than that of many reported results at a voltage of
about 2 V, indicating that C-IL-100 has promising potential for
this application.

The Nyquist plots of the C-IL-100-based AEMWE were ob-
tained using EIS to explain the inuence of voltage and
temperature on cell resistance (ohmic resistance (RU), charge-
transfer resistance (RCT), and mass transport resistance), as
illustrated in Fig. 7c and d. By increasing the cell voltage from
1.5 V to 2.1 V, the production rate of hydrogen increased
combined with a decline in RCT. The ohmic resistance, RU,
remained almost unchanged at 2.1 V (0.51 U cm2), 1.8 V (0.49 U

cm2), and 1.5 V (0.47 U cm2). The impedance data of the m-
TPNPiQA-based AEMWE at 50 �C is shown in Fig. S7.† The RU of
them-TPNPiQA-based cell is 4.0U cm2 which is higher than that
of the C-IL-100-based cell. This may be one of the reasons that
C-IL-100 demonstrated better electrolysis performance than m-
TPNPiQA. The crosslinked C-IL-x AEMs have higher molecular
weight and better mechanical properties than m-TPNPiQA. The
molecular weight difference between m-TPNPiQA and the
crosslinked C-IL-100 membrane is also responsible for the
electrolysis performance difference since AEMs with low
molecular weight detrimentally affect the interface between the
membrane and electrode during MEA fabrication.61 As the
hydroxide conductivity of the C-IL-100 membrane increased
with increasing temperature (from RT to 50 �C), the RU

decreased from 1.20 U cm2 to 0.49 U cm2 and the RCT decreased
from 3.82 U cm2 to 1.30 U cm2 (Fig. 7d).

A long-term durability test using a C-IL-100-based AEMWE
was performed at a current density of 100 mA cm�2 at 50 �C. As
a comparison, an m-TPNPiQA-based AEMWE was operated at
a lower current density of 10 mA cm�2, because of its poorer
overall performance. As shown in Fig. 7f, an obvious increase in
cell voltage over time was observed for the m-TPNPiQA-based
AEMWE while only a slight increase was observed for the C-
IL-100-based AEMWE, despite the higher current density. The
voltage of the C-IL-100-based AEMWE remained almost
constant at around 1.81 V during the stability test (500 min).
Evidently, there is still room for improvement of the perfor-
mance of AEMWEs, by optimizing the MEA fabricationmethods
and operating conditions, and developing highly efficient
catalysts and new cell congurations.
This journal is © The Royal Society of Chemistry 2022
4. Conclusion

In summary, we present the preparation and characterization of
multi-cation crosslinked C-IL-xmembranes and investigated their
potential for alkaline water electrolysis. The combination of ex-
ible and densely functionalized crosslinkers is effective to achieve
AEMswith good exibility andmechanical properties. In addition,
the crosslinked C-IL-x membranes formed distinct hydrophilic/
hydrophobic phase separated structures as conrmed by SAXS
and AFM. Compared to non-crosslinkedm-TPNPiQA membranes,
a signicant improvement in ionic conductivity was observed for
the multi-cation crosslinked C-IL-100 AEM (94.6 mS cm�1 at 80
�C). The C-IL-x membranes also limit water swelling of the AEMs
compared to the non-crosslinked m-TPNPiQA. Besides, C-IL-x
have better alkaline stability, electrochemical performance and
stability than the m-TPNPiQA membrane. These improvements
indicate that multi-cation crosslinked C-IL-x AEMs are potential
candidates for AEMWE applications.
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