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poly(arylene piperidinium) and poly(arylene quinuclidinium)sra.osess
anion exchange membranes for water electrolysis

Triet Nguyen Dai Luong and Patric Jannasch*

Chrysene-containing polymers functionalized with piperidinium- and quinuclidinium cations, respectively, are prepared by
polyhydroxyalkylation and studied as anion exchange membranes (AEMs). Experimental results, supported by theoretical
considerations, indicate that the chrysene units significantly enhance alkaline stability; a poly(chrysene piperidinium) AEM
shows only 16% total ionic loss, compared to 37% for a corresponding poly(terphenyl piperidinium) benchmark after 20 days
in 5 M NaOH at 90 °C. Quinuclidinium-functional AEMs show an even higher stability without any detectable degradation or
ionic loss after the same conditions during 40 days. In addition, the chrysene units promote microphase separation,
facilitating hydroxide conductivity, which reaches up to 182 mS cm=' at 80 °C. A selected AEM containing 25% chrysene units
is evaluated in a water electrolyzer (AEMWE) single cell with plain Ni foams as electrodes, reaching a current density of 704
mA cm2 at 2.5 V and 90 °C, thereby outperforming a benchmark PiperlON® AEM under the same conditions. An in-situ
durability test at 500 mA cm2 during 200 h at 90 °C further confirms the high performance of the AEM. This study
demonstrates the clear improvements in AEM stability, hydroxide conductivity, and electrolyzer performance achievable by

incorporating chrysene units in the polymer backbone.

Introduction

Hydrogen is both a critical feedstock in many industrial processes?!
and an energy carrier with ultra-high energy density, offering a
renewable alternative to reduce our reliance on fossil fuels.?
Currently, hydrogen production predominantly depends on fossil
fuel sources.? As the industrial demand for hydrogen continues to
grow, the development of cleaner and more sustainable production
methods has become increasingly essential to mitigate the
environmental impact and support the global objective of achieving
net-zero emissions.* Green hydrogen, produced via water
electrolysis using renewable electricity, represents a strategically
significant sustainable solution. Among electrolysis technologies, the
anion exchange membrane water electrolyzer (AEMWE) has
emerged as the most promising one, operating under alkaline
conditions with a zero-gap configuration, thereby allowing the use of
inexpensive non-noble metal catalysts.>® The AEM is a critical
component in AEMWEs, transporting hydroxide ions between the
two electrodes and separating the air and hydrogen. The
development of high-performance AEMWEs requires AEMs with a
comprehensive set of properties, including high hydroxide ion
conductivity, robust mechanical strength, and high chemical stability
under the harsh alkaline conditions. Over the past two decades,
AEMs have been the subject of intensive research, particularly
regarding their synthesis and structure-property relationships,” and
have also been applied in other electrochemical energy conversion
and storage systems, such as anion exchange membrane fuel cells
(AEMFCs), 811 and redox flow batteries.1213

In general, AEMs consist of polymer backbones functionalized with
quaternary ammonium cations. Under harsh alkaline conditions,
both the polymer backbone and the cations can undergo chemical
degradation. For example, AEMs containing aryl ether bonds in the
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polymer backbone, such as polyethersulfone-based AEMs, generally
exhibit poor chemical stability, whereas AEMs with ether-free
backbones normally remain stable in alkaline environments.'* Ether-
free poly(arylene piperidinium)s, synthesized via superacid-catalyzed
polyhydroxyalkylations, show high alkaline stability due to the stable
piperidinium cations and were first reported in 2018.15 Subsequently,
poly(arylene piperidinium) AEMs based on different arene
monomers have been developed and demonstrated extremely high
performance in electrochemical devices.16-22 However, for long-term
operation of electrochemical devices in industrial applications, the
demand for AEMs with even higher alkaline stability remains.
Recently, poly(arylene alkylene) AEMs functionalized with
quinuclidinium cations have been reported to possess exceptional
alkaline stability.2324 This has been attributed to the “cage-like”
structure of the bicyclic N-methylquinuclidinium cation, efficiently
suppressing [-elimination reactions under alkaline conditions.?®

High-performance AEMs also require high ion conductivity. Different
molecular designs of the polymer structure have been extensively
investigated to develop synthetic strategies that enhance
microphase separation and ionic clustering in AEMs, facilitating the
formation of efficiently ion-conducting water-rich channels.26-28
Recently, the incorporation of fused benzene ring units into polymer
backbones of poly(arylene alkylene)s has shown to significantly
improve microphase-separation, resulting in high-performance
AEMs.2%30 The compound chrysene (1,2,5,6-dibenzonaphthalene)
consists of four planar fused benzene rings in a "zigzag"
arrangement. The extended m-system results in significant electron
delocalization, enhancing electronic charge transport and producing
a characteristic red—blue fluorescence under UV light. Because of the
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Scheme 1 Synthetic pathways to chrysene-containing polymers functionalized with piperidinium and quinuclidinium cations,

respectively, via polyhydroxyalkylation and quaternization.

distinct electronic properties, chrysene and corresponding
derivatives have previously been applied in solar cells,3132 organic
semiconductors,3334 and organic transistors.3>

In the present study, we have successfully prepared poly(arylene

piperidinium)s and poly(arylene quinuclidinium)s containing

chrysene units via superacid-mediated polyhydroxyalkylations
involving p-terphenyl, chrysene, and either N-methylpiperidone or
quinuclidone. After quaternization, AEMs with different chrysene
contents were cast and regard to, e.g,
morphology, water uptake, conductivity and alkaline stability to
investigate the effect of the chrysene units on membrane
performance. Furthermore, the AEM with the most favorable ex-situ
properties was selected for evaluation of performance and durability

in an AEMWE cell.
Results and discussion

investigated with

Polymer synthesis and characterization

Chrysene-containing polymers bearing N,N-dimethylpiperidinium
and N-methylquinuclidinium cations, respectively, were synthesized
in two steps, as shown in Scheme 1 (all materials and experimental
methods used are reported as Supporting Information). In the first
step, precursor polymers containing N-methylpiperidine and
quinuclidine groups, respectively, were synthesized by superacid-
mediated polyhydroxyalkylations. In both precursor series, the molar
feed ratios of chrysene to p-terphenyl were adjusted to obtain
polymers with different chrysene contents in the backbones. In the
sample designations, x denotes the molar fraction of chrysene units.
Hence, in the piperidine-containing precursor polymers, the
chrysene content ranged from 0 to 25, 50, 75, and 100% (pre-PCP-x
with x =0, 0.25, 0.50, 0.75, and 1.0), and for the quinuclidine-
containing ones, the chrysene content was set to 25 and 50% (pre-

2| J. Name., 2012, 00, 1-3

PCQ-x with x = 0.25 and 0.50). Notably, copolymers with a chrysene
content exceeding 50% were found to form very brittle materials.

During the polymerizations involving N-methyl-4-piperidone, the
viscosity of the polymerization solutions increased rapidly, which
likely indicated a high reactivity of chrysene with the piperidone. In
comparison, polymerizations involving 3-quinuclidone required
longer reaction times, despite the use of a higher temperature and
concentration, suggesting a comparatively lower reactivity of the
quinuclidone compared to N-methyl-4-piperidone. The structure of
the precursor polymers was characterized by 'H NMR spectroscopy,
and the spectra of the pre-PCP-x and pre-PCQ-x samples recorded in
DMSO-ds with the addition of 5 vol% TFA are displayed in Figures S3—
S7. The signal at around 9.5 ppm in the spectra of the precursor
polymers originated from the protonated tertiary piperidine and
tertiary quinuclidine groups, respectively. In the second step, the
amine groups of the precursor polymers were quaternized in
Menshutkin reactions with methyl iodide. The spectra of the
quaternized PCP-x and PCQ-x polymers, recorded in DMSO-ds after
the addition of 5 vol% TFA, are shown in Figure 1 and Figures S8-S9.
The complete disappearance of the signals of the protonated tertiary
piperidine and tertiary quinuclidine groups, respectively, confirmed
the quantitative quaternizations.

The quaternized PTP, PCP-x, and PCQ-x polymers were dissolved in
DMSO and cast into AEMs in a ventilated oven at 80 °C. Notably, the
homopolymer PCP-1.0, exclusively containing chrysene units, formed
a robust and flexible membrane. To the best of our knowledge, this
is the first reported case in which a homopolymer based on a fully
fused benzene ring monomer and piperidone has formed a
mechanically strong membrane. This may be the result of the high
reactivity between  chrysene and piperidone in the
polyhydroxyalkylation. After casting, the AEMs were ion-exchanged

This journal is © The Royal Society of Chemistry 20xx
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to the bromide form and titrated to determine the ion exchange
capacity (IEC). The experimental IEC values of the AEMs closely
matched the theoretical values, providing further evidence of
complete quaternization reactions (Table 1). Because chrysene and
p-terphenyl have very similar molecular weights (228.28 g mol-! and
230.30 g mol?, respectively), all the AEMs showed similar IEC values
(IECg,- ranging from 2.34 to 2.41 mequiv mol1) regardless of
monomer content. Unfortunately, determining the contents of
aromatic copolymers is notoriously difficult because of the often
broad and overlapping proton signals in the aromatic region. In the
present case, the signals of the p-terphenyl and chrysene units were
sufficiently overlapped to disable a meaningful compositional
determination (Figure S1 and S2). The chrysene signals appeared
between 7.5 and 9.3 ppm, while the ones from the p-terphenyl units
were observed in a more narrow range between 7.3 and 7.7 ppm.
However, the trends in the 'H NMR spectra indicated that the
copolymer content closely followed the feed ratio of the aromatic
monomers in the polymerizations.

Intrinsic viscosity measurements were performed to estimate the
molecular weights of the PTP, PCP-x, and PCQ-x polymers, and the
results are summarized in Table 1. The measurements were carried
out with the polymers dissolved in 0.1 M LiBr solution in DMSO to
suppress the polyelectrolyte effect (notably, the intrinsic decreases
with the salt concentration). In the piperidinium-containing series, all
polymers showed medium to high intrinsic viscosity values, ranging
from 0.34 to 0.56 dL g1. An increase in the chrysene content was
found to decrease the intrinsic viscosity of the respective polymers.
The values of the quinuclidinium-containing PCQ-x polymers (0.21—
0.25 dL g!) were lower than for corresponding piperidinium-
containing samples with the same chrysene content, which may
indicate a lower reactivity of 3-quinuclidone, compared with N-
methyl-4-piperidone, in the polyhydroxyalkylations.
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Water uptake and swelling View Article Online
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The water uptake data of the AEMs are shown(l)n Figure éc an a9b e

1. Because all the AEMs have high IECoy~ values (2.75-2.84 mequiv
mol-1), the water uptake of all AEMs was above 100% at 20 °C. For
the piperidinium-functionalized AEMs, the water uptake increased
with increasing chrysene content. For example, the water uptake
rose from 265% for the PTP membrane (0% chrysene content) to
608% for the PCP-0.75 membrane (75% chrysene content) at 80 °C.
The data of PCP-1.0 was not evaluated at 80 °C because of the
extremely high uptake, which led to severe swelling and mechanical
fragility, making accurate measurements difficult. The increase in
water uptake of the AEMs in PCP-x series with the chrysene content
may be a combination of a decrease in the molecular weight of the
polymers and an increase in free volume with increasing chrysene
content, while the increase in water uptake in PCQ-x AEMs with
increase chrysene content more possibly due to the latter reason. An
increase in free volume in AEMs containing fused benzene ring units
has recently been reported.3® The water uptake of the
quinuclidinium-functionalized PCQ-x membranes was lower
compared to the piperidinium-functionalized PCP-x membranes, and
the swelling of the AEMs increased with the water uptake (Figures
2d and 2e). Notably, the PCQ-0.25 and PCQ-0.50 membranes
maintained an in- and through-plane swelling equal to or below, 50%
at 80 °C.

The uptake and swelling of the present AEMs and the commercial
PiperlON® 60 membrane in 2 M KOH (aq.) solution are reported in
Figure S11. As expected, compared with the water uptake, the
uptake of the KOH solution by the AEMs was significantly lower. For
example, the alkaline uptake of PCP-1.0 was approximately 130% at
80 °C, compared to the water uptake of this membrane of >400% at
60 °C.
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Figure 1 Representative 'H NMR spectra of the quaternized polymers: a) PCP-1.0 and b) PCQ-0.50 recorded in

DMSO-ds with 5 vol% TFA.
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Figure 2 Water uptake, swelling and conductivity of the AEMs: a) hydroxide conductivity of the piperidinium-functionalized series, b)

hydroxide conductivity of the quinuclidinium-functionalized series, c) water uptake of all the AEMs, d) in-plane swelling, e) through-plane
swelling, and f) hydroxide conductivity as a function of hydration number (A = [H,0]/[cation]). All the data measured with fully hydrated

(immersed) AEMs.
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Table 1. Data of the chrysene-containing AEMs
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Q/NETA1INZOZD
T

AEM IEC (mequiv g1) WU (%) WU (%) o (mS cm-1) A Taes
(80°C) (°C) (dLg™)
Theoretical? Titrate 20°C 80°C 20°C 80°C
PTP 2.38(2.80) 2.41 (2.84) 106 265 70 139 52 289 0.56
PCP-0.25 2.38 (2.80) 2.39 (2.81) 124 420 82 175 83 320 0.52
PCP-0.50 2.38 (2.80) 2.42(2.86) 121 515 76 178 102 309 0.43
PCP-0.75 2.39 (2.81) 2.40(2.83) 126 608 74 160 120 309 0.38
PCP-1.0 2.39 (2.81) 243(2.87) 153 n.e. 68 144 ne. 341 0.34
PCQ-0.25 232 (2.72) 235(2.76) 110 309 77 182 61 351 0.21
PCQ-0.50 232 (2.72) 234(2.75) 113 325 60 142 64 365 0.25

a calculated from polymer structures in the Br~ form (OH- form within parentheses)
*n.e: not evaluated because of excessive uptake.
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Figure 4 Stress-strain data of the PCP-x and PCQ-x AEMs in the bromide form, recorded in the a) dry and b) wet state at 30 °C duringa 0.5 N

min~1 ramping force test.
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Morphology and mechanical properties

Atomic force microscopy (AFM) was employed to analyze the
surfaces of dry AEM samples in the bromide form to study the impact
of the chrysene content on membrane morphology (Figure 3). For
the piperidinium-functionalized AEM samples, the PTP sample (0%
chrysene) showed no clear hydrophilic (dark)—hydrophobic (bright)
phase separation. Increasing the chrysene content to 25% clearly
promoted the microphase separation in the PCP-0.25 sample.
Further increases in chrysene content made the hydrophobic phase
more dominant and distinct in the PCP-1.0 sample. Still, the
hydrophilic phase domain remained well-distributed and
continuous. The hydrophilic channel width and area fraction of the
AEMs is reported in Figure S12. The hydrophilic area fraction
increased significantly from PTP (25%) to PCP-0.25 (46%) and PCP-
0.50 (45.1%), but decreased in PCP-1.0 (40%). In the quinuclidinium-
functional membrane series, the PCQ-0.25 sample exhibited a
distinctly microphase-separated morphology with a regular and
continuous hydrophilic phase domain. The hydrophilic area fraction
of PCQ-0.25 was larger than that of PCQ-0.50 (Figure S12). The AFM
data indicated that an increased chrysene content enhanced
microphase separation and the formation of a morphology with an
increasing size of the hydrophobic phase domain. This suggests that
the chrysene content should be optimized to achieve a morphology
with a balanced content of hydrophilic-hydrophobic phase domains.

Small-angle X-ray scattering (SAXS) was used to study the bulk
morphology of the dry AEMs in the bromide form. However, no
distinct ionomer peak was observed in the SAXS profiles for any of
the AEM samples (Figure S13). This may be due to the highly rigid
chrysene-containing polymer backbones and the limited local
mobility of the piperidinium and quinuclidinium cations tethered to
the polymer backbones, limiting ionic clustering during the
membrane casting process.

The mechanical properties of dry and wet AEMs were evaluated by
tensile testing, and the results are shown in Figure 4 and Figures S14—
$15. In the dry state, the AEMs exhibited high tensile strength, with
a strength at break reaching 53.7 MPa, displaying a 0.5% secant
modulus up to 1,900 MPa (Figure 4a and Figure S15). The mechanical
strength of the dry samples was strongly correlated with the
molecular weight of the polymers, as the tensile strength at break
decreased from 53.7 MPa for the PTP sample ([n] = 0.56 dL g™1) to
20.6 MPa for the PCP-1.0 sample ([n] = 0.34 dL g™1). In the wet state
(Figure 4b and Figure S13), the tensile strength was, as expected,
lower than in the dry state but still reached up to 20 MPa, with the
strain at break exceeding 40%. Based on this data, the AEMs had
sufficient mechanical properties for electrochemical device testing.

Hydroxide conductivity

Hydroxide conductivity is a key parameter of AEMs that directly
determines the performance in electrochemical devices. In the
present work, the incorporation of chrysene into the AEM polymer
backbones improved the hydroxide conductivity of the membranes
(Figure 2a). For the piperidinium-functionalized AEMs, an increasing
chrysene content raised the hydroxide conductivity from 139 mS
c¢cm (PTP, 0% chrysene) to 175 mS cm~! (PCP-0.25) and 178 mS cm~1
(PCP-0.50) at 80 °C. When the chrysene content exceeded 50%, the
hydroxide conductivity began to decrease, most likely because the

6 | J. Name., 2012, 00, 1-3

changing in morphology that was mentioned in the Morphology,and
mechanical properties section and the high WatelOcorteRb Ealisetrd
dilution effect.3” In the quinuclidinium series, PCQ-0.25 (25%
chrysene) reached a hydroxide conductivity of 182 mS cm-1, which
dropped to 142 mS cm~ for PCQ-0.50 (50% chrysene) at 80 °C (Figure
2b). This difference can be explained by the more distinct
microphase separation observed in PCQ-0.25, as discussed in
Morphology and mechanical properties section.

Figure 2f shows the hydroxide conductivity of the AEMs as a function
of the hydration number. Membrane PCQ-0.25 displayed the highest
hydroxide conductivity at the lowest hydration level, indicating
superior efficiency in the use of the water for hydroxide ion
transport. In the PCP-x series, the slope of the graph became
significantly less steep from PCP-0.50 to PCP-0.75, indicating a
negative effect of excessive water uptake on the conductivity (Figure
2f). Overall, these results demonstrate that incorporating an
optimized content of chrysene improves the hydroxide conductivity
of AEMs.

Alkaline and thermal stability

Alkaline stability is a critical property of AEMs, demonstrating their
ability to retain molecular structure and function in a highly alkaline
environment. The ex-situ alkaline stability of the AEMs was evaluated
by immersing membrane samples in 2 and 5 M NaOH (aq.) during
specific periods. TH NMR spectroscopy of membrane samples,
dissolved in DMSO-ds with 5 vol% TFA, before and after storage
revealed any structural changes (Figure 5a—e). Some of the signals at
around 8 ppm and below 2 ppm resulted from the added TFA and
were also observed in the H NMR spectrum of neat TFA in DMSO-ds
(Figure S10). In the series of piperidinium-functionalized AEMs, PTP,
PCP-0.50, and PCP-1.0 were selected for the alkaline stability
evaluation (Figure 5a-5c). The common degradation pathways and
products of the N,N-dimethylpiperidinium cation under hydroxide
attacks are displayed in Figure 5f. New signals appearing after the
alkaline storage at around 5 ppm and 6.5 ppm originated from vinylic
groups formed by B-elimination of piperidinium cations, leading to
ionic loss and the formation of tertiary amines (Figure 5f). The new
signal at around 9.5 ppm and 8.4 ppm originated from (protonated)
amines formed in elimination (and possibly substitution) reaction
products, respectively, and was used to quantify the total ionic loss.
Notably, the AEMs became more stable with increasing chrysene
contents under the employed conditions. PCP-1.0 showed no
detectable degradation after storage for 20 days in 2 M NaOH at 90
°C (Figure 5c), and PCP-0.50 showed negligible degradation that was
difficult to quantify (Figure 5b), while PTP clearly degraded, with new
signals appearing to indicate a 7% total ionic loss (Figure 5a).

Under harsher alkaline conditions, the differences in alkaline stability
among AEMs with different chrysene contents became more
significant. The total ionic losses of PTP, PCP-0.50, and PCP-1.0 were
37, 25, and 16%, respectively, after 20 days in 5 M NaOH at 90 °C. A
57% decrease in total ionic loss was observed when comparing PTP
(0% chrysene) with PCP-1.0 (100% chrysene). Motivated by this
significant finding, quantum chemical calculations were carried out
to study the electron density distributions in three different 4,4-
diaryl-N, N-dimethylpiperidinium model compounds (Figure S16).
Electrostatic potential (ESP) maps (Figure S16) showed differences in

This journal is © The Royal Society of Chemistry 20xx
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the maximum ESP values at the N atoms of the N,N-
dimethylpiperidinium cations of the three model compounds. A
higher ESP value at the N atom in the dimethyl piperidinium cation
implies a higher tendency for nucleophilic attack by hydroxide ions.38
The ESP analysis showed that the model compound with two

chrysene substituents at the 4-position of the N,N-
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dimethylpiperidinium cation had the lowest maximym, ESP.valye
(4.684 eV), followed by the model compoundWitAGHEHPYSAA3SRE
one p-terphenyl substituent (4.692 eV). The model compound with
two p-terphenyl substituents had the highest maximum ESP value
(4.715 eV). This observation indicated the benefit of the planar

d)
PCQ-0.25 DMsO

5M NaOH 40 days

No degradation

i0 9 8 7 6 5 4 3 2 1 1]
Chemical Shift (ppm)

PCQ-0.50 bmso

5M NaOH 40 days

No degradation

Initial A
10 9 8 7 6 5 4 3 2 1 o
Chemical Shift (ppm)
protonated by TFA
or —_— o) e
f e gl
® +0OH"
;1 gez.
%% protonated by TFA a
_ =
| @ lp v
~ 1™

c

Figure 5 'H NMR spectra of a) PTP, b) PCP-0.50, c) PCP-1.0, d) PCQ-0.25, e) PCQ-0.50 AEMs before and after 20- and 40-days storage,
respectively, in 2 and 5 M NaOH at 90 °C, and f) an outline of common degradation pathways and products of N,N-dimethylpiperidinium
cation under hydroxide attacks (including H NMR signal designations after protonation by TFA).
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conjugated chrysene structure to improve the alkaline stability of the
AEMs, as planarity facilitates electron delocalization, thereby
enhancing the electron density of the piperidinium cation and
mitigating nucleophilic attacks by hydroxide ions. The combination
of the experimental observations and the computational results
strongly supported that the incorporation of chrysene units into the
polymer backbone significantly improves the alkaline stability of the
AEMs. In addition, the increase in water uptake with increasing
chrysene content may slightly contribute to improving alkaline
stability in piperidinium-functionalized AEMs. In the series of
quinuclidinium-functional AEMs, the PCQ-0.25 and PCQ-0.50
samples exhibited exceptional stability, showing no structural
degradation after 40 days in 5 M NaOH at 90 °C, which is attributed
to the highly robust ‘cage-like’ structure of the N-
methylquinuclidinium cation and the proximity of the chrysene units.

2,0
100 ¢
90 ¢
148
80} g
s —PTP £
£ .l —PCP025 o2
- —— PCP-0.50 NN 1% =
= s0f ——PCP-OTS 5, i.“_*
2 —— PCP-1.0 \\\ :
sop —PCO-025 A {osE
PCO-0-50 5] \, 2
s} A i—
Yl S\
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0 100 200 300 400 500 600

Temperature (°C)

Figure 6 TGA traces corresponding derivative weight data of the
AEMs recorded under N, atmosphere at a heating rate of 10 °C
min-1.

The thermal stability of the AEMs in the bromide form was studied
by TGA, and the results are shown in Figure 6 and Table 1. No AEM
exhibited any thermal decomposition below 230 °C. Among
piperidinium-functionalized AEMs, PTP (0% chrysene) had the lowest
thermal decomposition temperature with Ty9s = 289 °C, while the
Tq,05 values of the chrysene-containing samples PCP-0.25, PCP-0.50,
PCP-0.75, and PCP-1.0 were all above 308 °C (Table 1). In
comparison, the thermal stability of the quinuclidinium-
functionalized AEMs was higher than that of the piperidinium-
functionalized AEMs, with Tg,es values exceeding 350 °C for all
samples. A higher thermal stability of quinuclidininum-functionalized
AEMs, compared to piperidinium ones, has been reported
previously.3?

AEMWE performance and durability evaluations

In the present study, AEMWE operation was conducted to evaluate
the initial feasibility and operational stability of the synthesized
membrane, with electrochemical characterizations focused on
performance than in-depth mechanistic
investigation. The components and structure of the 6.25 cm? AEMWE
test cell are shown in Scheme S1. Based on the high hydroxide
conductivity and excellent alkaline stability of PCQ-0.25, a 65 um-
thick sample of this membrane was selected for a detailed AEMWE

device-level rather

evaluation. Plain uncatalyzed nickel foams (i.e., completely non-
platinum) were used as electrode layers, and a 2 M KOHi{am)selution
was employed as the electrolyte. Although Ef@‘fé%‘ﬁ%g/%-f%%@ﬁ
performance catalyst material for AEMWE, this material was chosen
in the present study because of its low cost, accessibility, and well-
established tolerance to high electrolyte concentrations. These
features allow Ni foam to serve as a benchmark catalyst, enabling
comparisons of membrane performance across different AEMWE
setups and research groups. The polarization curves were obtained
from  Staircase  Galvanostatic  Electrochemical Impedance
Spectroscopy (SGEIS) measurements, as describled in Supporting
Information, Section 1.17. As the operational temperature of the
AEMWE single cell was raised from 70 to 80 and 90 °C, the current
density successively increased from 545 to 592 and 704 mA cm~2,
respectively, at a potential of 2.5 V (Figure 7b). The expected
improvement in cell performance with increasing temperature was
attributed to enhanced electrode kinetics and the hydroxide
conductivity of the PCQ-0.25 AEM. As a benchmark, a 60 pm-thick
commercial PiperlON® AEM was evaluated under the same
conditions as the PCQ-0.25 AEM. The properties of PiperlON® AEM
was reported in Sl Table S1. The results showed that the PCQ-0.25-
based cell (704 mA cm=2 at 2.5 V) achieved a higher performance
than the PiperlON®-based cell (656 mA cm=2 at 2.5 V) at 90 °C (Figure
7a). The higher performance of the former cell was attributed to the
high hydroxide conductivity of the PCQ-0.25 AEM (182 mS cm~! at 80
°Cin pure water). Subsequent studies by electrochemical impedance
spectroscopy (EIS) to examine the influence of the AEMs on AEMWE
performance furthermore confirmed the advantage of the PCQ-0.25
AEM, and the cell assembled with PCQ-0.25 exhibited a lower ohmic
resistance (0.080 Q) compared to that with PiperlON® 60 (0.091 Q)
(Figure 7d).

The in-situ stability of the PCQ-0.25-based cell was evaluated at a
constant current density of 500 mA cm=2 during 200 h at 90 °C, with
the 2 M KOH electrolyte refreshed every 25 h (Figure 7e). During the
first 25 h period of operation, the voltage increased to 2.47 V but
began to decrease in the subsequent 25 h period. At the end of each
period, the voltage ranged from 2.36 to 2.44 V. Because the cell
voltage required time to reach a stable value after each period, the
first 5 h of each period was excluded in the linear fitting used to
calculate the voltage decay. After the 200-h durability test, the cell
showed some degradation, with a voltage decay rate of 0.237 mV
h-1. A comparison of the polarization curves before and after the
durability evaluation revealed that the current density at 2.5 V
decreased from 704 mA cm~2 (before test) to 640 mA cm~2 (after test)
(Figure 7c).
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Figure 7 I-V curves of AEMWE cells assembled with: a) PiperlON® 60 and PCQ-0.25 in 2 M KOH at 90 °C, b) PCQ-0.25 in 2 M KOH at
different temperatures, ¢) PCQ-0.25 in 2 M KOH at 90 °C recorded before and after 200 h in situ stability test at 500 mA cm~2, and d)
electrochemical impedance spectroscopy (EIS) spectra of the PiperlON® 60 and PCQ-0.25 membranes at 90 °C, e) in-situ stability test of
PCQ-0.25 for 200 h at 500 mA cm=2and 90 °C, and f) 'H NMR spectra of PCQ-0.25 before and after the in-situ stability test.

The chemical structure of the PCQ-0.25 AEM before and after the  structure of the PCQ-0.25 AEM showed no detectable degradation
durability test was characterized by 'H NMR spectroscopy to detect after the evaluation (Figure 7f), demonstrating a superior alkaline
any changes in molecular structure. Although the AEMWE test stability of the quinuclidinium-functionalized PCQ-0.25 AEM. This
conditions were extreme, i.e., operating at 90 °C while maintaininga  suggested that the observed degradation in AEMWE performance
cell voltage above 2.3 V for most of the operation, the chemical may originate from the electrodes. EIS analysis of the PCQ-0.25-
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based cell before and after the durability test showed that the ohmic
resistance had increased from 0.080 to 0.088 Q, while the charge
transfer resistance increased from 0.753 to 0.824 Q (Figure S17). The
reason may be that during long-term high-voltage operation in the
alkaline solution, when the single test cell operated above 2.3 V
during the durability test in 2 M KOH, the Ni foams underwent in-situ
electrochemical oxidation to form NiOOH.*° Although NiOOH is well
known for its high oxygen evolution reaction (OER) activity, a recent
study has shown that a thick NiOOH layer can form on Ni foam
surfaces under high potential in KOH solution.*! This thick layer can
negatively affect AEMWE performance by increasing the ohmic
resistance, or making it more difficult for oxygen to escape from the
electrode surface. Another contributing factor to the performance
decrease may be corrosion of the cell hardware.*?

The AEMWE and durability evaluations demonstrated the
exceptional properties of the PCQ-0.25 AEM and its promising
application potential, thus motivating further studies of chrysene-
containing AEMs in combination with improved catalyst systems to
further boost AEMWE performance.

Conclusions

Two series of anion exchange polymers with different chrysene
contents, functionalized with piperidinium and quinuclidinium
cations, respectively,  were  successfully  prepared by
polyhydroxyalkylations. The polymers formed mechanically strong
AEMs, and the incorporation of chrysene induced distinct
microphase-separated morphologies which enabled a high
hydroxide conductivity, reaching up to 180 mS cm! at 80 °C. In
addition, in the piperidinium-functionalized series of AEMs, the
incorporation of chrysene into the polymer structure significantly
enhanced the alkaline stability. The quinuclidinium-functionalized
AEM s containing chrysene showed exceptional alkaline stability, with
no degradation was observed after 40 days in 5 M NaOH at 90 °C. A
quinuclidinium-functionalized AEM containing 25% chrysene units
demonstrated a very high performance in the AEMWE evaluation,
achieving higher performance than a commercial benchmark
membrane. Furthermore, the former AEM showed no structural
degradation after a 200-h durability test at 90 °C in the AEMWE cell.
Overall, the results of the present study demonstrated the
advantageous effects on AEM performance by incorporating fused
benzene ring structures such as chrysene into polymer backbones,
providing an effective strategy for developing high-performance
AEMs for alkaline electrolyzers and fuel cells.
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