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Anion exchange membrane water electrolyzers (AEMWEs) suffer from
low efficiencies and durability, due to the unavailability of appropriate
anion exchange membranes (AEM). Herein, a rigid ladder-like poly-
xanthene crosslinker was developed for the preparation of ultrami-
croporous crosslinked polyxanthene-poly(biphenyl piperidinium)-
based AEMs. Due to the synergetic effects of their ultramicroporous
structure and microphase-separation morphology, the crosslinked
membranes showed high OH™ conductivity (up to 163 mS cm™ at
80 °C). Furthermore, these AEMs also exhibited moderate water
uptake, excellent dimensional stability, and remarkable alkaline stabi-
lity. The single-cell AEMWE based on QPBP-PX-15% and equipped
with non-noble catalysts achieved a current density of 3000 mA cm—2
at 2.03 V (compared to PiperlON’s 2.26 V) in 6 M KOH solution at
80 °C, which outperformed many AEMWEs that used platinum-group-
metal catalysts. Thus, the crosslinked AEMs developed in this study
showed significant potential for application in AEMWEs fed with
concentrated alkaline solutions.

1. Introduction

Low-temperature water electrolysis using a membrane is one of
the most promising technologies to realize efficient utilization
of intermittent renewable energies, such as wind and solar."?
Alkaline water electrolyzers (AWEs), based on traditionally
porous diaphragm membranes, suffer from low rates of hydro-
gen production and high sensitivity to differential pressures.”
In contrast, electrolyzers based on ion exchange membranes
permit the design of a zero-gap system with resistant structural
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New concepts

Green hydrogen holds promise as a carrier of clean energy for sustainable
development. The generation of green hydrogen by electrolysis of water is
currently the only viable option to store multi gigawatt-levels of electrical
energy from intermittent renewable energy sources, such as wind and
solar. However, both acidic and alkaline electrolyzers have several
drawbacks, which hamper their large-scale implementation. An anion
exchange membrane water electrolyzer (AEMWE), which is new, cost-
efficient, and energy-efficient, can be used for the production of high-
purity hydrogen. Nonetheless, the lack of reliable anion exchange
membranes (AEMs) hampers the broader application scope of AEMWE.
In this work, ultramicroporous crosslinked polyxanthene-poly(biphenyl
piperidinium)-based AEMs with high ionic conductivity, low water
uptake, favorable mechanical robustness, and exceptional alkaline
stability have been reported. This could probably address the
limitations associated with current AEMs. Furthermore, the resultant
AEMWE single cells showed high performance and good durability under
highly alkaline conditions, demonstrating their potential for scalable and
economical production of green hydrogen.

properties at high differential pressures (200-400 psi).* Further-
more, highly conductive ion exchange membranes enable the
operation of electrolyzers at high constant current densities
and thereby achieve high rates of hydrogen production.”
Currently, proton-exchange membrane water electrolyzers
(PEMWES) are the incumbent technology in this category.®’
However, the high cost of platinum-group-metal (PGM) cata-
lysts, acid-tolerant stack hardware, and perfluorosulfonic acid
membranes significantly compromise the competitiveness of
PEMWESs.® More recently, anion exchange membrane water
electrolyzers (AEMWESs), which combine the merits of AWEs
and PEMWESs, have attracted considerable attention.’ For
example, alkaline operating conditions in AEMWEs enable
the use of inexpensive non-noble catalysts (Ni, Mo, Fe, etc.),
whose performance is comparable or even better than that of
PGM-based catalysts.’®** The low ohmic loss owing to the
highly conductive and thin AEMs further improves the electro-
Iytic performance of AEMWEs. However, the application scope
of AEMWEs is still restricted due to the unsatisfactory
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properties of AEMs, such as low conductivity, insufficient
physical and chemical stability, and poor durability.™**

The ionic conductivity of AEMs determines the performance
of AEMWESs, wherein higher conductivity results in higher
current density output at a given voltage. The inherent slower
migration rate of OH™ inevitably is responsible for the lower
conductivity of AEMs than PEMs.">'* Increasing the ion
exchange capacity (IEC) is a straightforward approach to achieve
high OH™ conductivity. However, excessively high IECs signifi-
cantly increase water uptake and cause membrane swelling,'®
which compromises the mechanical properties and long-term
durability of AEMs. Engineering of morphology can address the
trade-off between ionic conductivity and mechanical robustness.
For example, rational design of polymer architecture (e.g, block
copolymers, side-chain grafting, and crosslinking) can induce
the formation of well-developed microphase-separated struc-
tures and ion transport channels, which can achieve high
conductivity at relatively low IEC values.'®"® However, the
aforementioned strategies usually involve complex synthetic
processes. Furthermore, irregular and isolated ion-conductive
regions and extensive hydrophobic polymer matrices can still
retard the rapid transportation of ions.*

Recently, various intrinsically microporous AEMs were devel-
oped to improve the OH™ conductivity. Rigid and twisted units,
such as m-terphenyl,”®*' Troger's base,”® xanthene,®® spirobis-
indane,*** and triptycene,”® were incorporated into AEMs, which
produced inefficient chain packing that led to the generation
of ion channels. For example, Xu et al prepared a series of
poly(piperidinium)-based AEMs containing well-connected and
uniformly distributed ultramicropores, by adjusting the ratios of
m-terphenyl and p-terphenyl.”® The microporous structures served
as channels for ion transport, and the AEMs exhibited high OH
conductivity of 217.0 mS em ™" with a low swelling ratio of <15% at
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90 °C. The assembled AEMs showed excellent performance and
durability in AEMWEs. Lee et al reported triptycene-branched
poly(aryl-co-aryl piperidinium)s, which showed high hydroxide
conductivity (193.5 mS em™* at 80 °C), excellent alkaline stability,
and good mechanical and dimensional stability, due to the
branched network structures and high fractional free volume
(FFV).*® Furthermore, by using precious and non-noble metal
catalysts, the AEMWESs based on these AEMs achieved unprece-
dented current densities.

The use of rigid and twisted macromolecular crosslinkers
has also been considered an alternative strategy to access
microporous AEMs. Kim et al. reported crosslinked AEMs,
based on an intrinsically microporous spirobisindane cross-
linker and SEBS polymer.>” The obtained AEMs had low swel-
ling, high tensile strength, and excellent alkaline stability. The
results of single-cell AEMWE testing indicated that these mem-
branes outperformed the commercial FAA-3-50 membrane by
176% by achieving a current density of 1.905 A cm™ > at 2.0 V
(1.083 A cm 2 for FAA-3-50). Poly(aryl piperidine)s and their
copolymers have been extensively used for AEM preparation.
They are readily prepared via a single-step Friedel-Crafts poly-
merization of aromatics and N-methyl-4-piperidone.'”*%?%>42¢
Crosslinked microporous membranes can be constructed
using poly(aryl piperidine)s and macromolecular crosslinkers.
However, there are few reports on this topic and the structures
of intrinsically microporous macromolecular crosslinkers
require optimization.

Polyxanthenes (PXs) are a new class of polymer skeletons for
ion exchange membranes.*®**° Their deficient chain packing,
due to the rigid and contorted xanthene moieties, is useful for
the construction of ion transport channels and enhancement of
ion conductivity.*®*° Herein, a novel intrinsically microporous
PX crosslinker with a rigid ladder-like backbone structure and
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Fig. 1 (a) Synthetic route, (b) *H NMR spectra, and (c) N, adsorption/desorption isotherms of PX-SBI-Br and PX-SBI-5CBr.
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pendent bromopentyl groups, has been reported. Next, a series
of crosslinked AEMs, based on the PX crosslinker and
poly(biphenyl piperidine) (PBP), were subsequently developed.
The crosslinking network prevented the dense packing of
polymer chains that induced the formation of ultramicropor-
ous structures. It also increased ionic conductivity, mechanical
robustness, and chemical stability of the AEMs. The influence
of polyxanthene content (5, 10, and 15%) on the AEM properties
was systematically investigated in terms of water absorption,
dimensional stability, morphology, ion conductivity, and alka-
line stability. The structure-property relationship and AEMWE
performance of these AEMs were also elucidated.

2. Results and discussion

2.1 Synthesis and characterization of the polyxanthene
macromolecular crosslinker

In this study, the macromolecular crosslinker, PX-SBI-5CBr, was
prepared in two steps. First, the brominated PX precursor
(PX-SBI-Br) was synthesized via the polyhydroxyalkylation-cyclo-
dehydration reaction between 3,3,3',3’-tetramethyl-1,1’-spirobi-
indane-6,6'-dihydroxy (SBI) and 4’-bromo-2,2,2-trifluoroaceto-
phenone (Fig. 1a). The polymerization proceeded smoothly,
affording the polymer with a weight-average molecular weight
(M) of 122 kDa and polydispersity index (PDI) of 2.18. Next, the
bromopentyl groups were incorporated via Suzuki coupling
reaction of PX-SBI-Br with B-n-pentyl-9-borabicyclo[3.3.1]-
nonane, which was generated in situ through the hydroboration
of 5-bromo-1-pentene with 9-borabicyclo[3.3.1]nonane (9BBN).

The structures of PX-SBI-Br and PX-SBI-5CBr were confirmed
by "H NMR analysis. In the "H NMR spectrum of PX-SBI-Br,
aromatic protons of the PX backbone appeared at 6.56 ppm,
whereas signals for bromo-phenyl segments appeared at
7.56 and 7.36 ppm. Meanwhile, the signals at 2.29 and 1.14-
1.26 ppm were assigned to the aliphatic protons in SBI units.
After the grafting reaction, five new signals appeared at 3.44,
2.73,1.92,1.72, and 1.53 ppm, which were assigned to the alkyl
bromide side chains in PX-SBI-5CBr. The integral ratio of these
five peaks was approximately 1:1:1:1:1 as expected. Further-
more, peak 2 in the spectrum of PX-SBI-Br at 7.56 ppm shifted
to 7.24 ppm in that of PX-SBI-5CBr. These results confirmed the
successful grafting of alkyl bromide side chains.
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Scheme 1 Route to the syntheses of QPBP-PX-x AEMs.
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The intrinsic microporosities of PX-SBI-Br and PX-SBI-5CBr
were validated by their N, adsorption/desorption isotherms
(Fig. 1c). A high N, uptake at low pressure indicated the
existence of large number of micropores. Moreover, the Bru-
nauer-Emmett-Teller (BET) surface areas (Sggr) of PX-SBI-Br
and PX-SBI-5CBr were 731 and 454 m> g~ ', respectively. The
lower Sggr value of PX-SBI-5CBr as compared to PX-SBI-Br could
be explained on the basis of the pore-filling effect of bromo-
pentyl side chains.

2.2 Preparation of crosslinked polyxanthene-poly(biphenyl
piperidinium)-based AEMs

Jannasch et al. were the first to report the preparation of
iodomethane-quaternized PBP. Meanwhile, its extremely high
IEC (3.55 mmol g~ ') caused excessive membrane swelling and
led to poor mechanical properties.*’ Crosslinking has been
found to be an effective strategy to address these issues.**** In
this work, a series of crosslinked AEMs (QPBP-PX-x) were
prepared by chemically crosslinking PBP with PX-SBI-5CBr.
The crosslinking occurred between the -CH,Br group in PX-
SBI-5CBr and the piperidine group in PBP. The extent of cross-
linking was adjusted by varying the ratios of -CH,Br and
piperidine. The remaining piperidine functionalities were
further quaternized by iodomethane (Scheme 1). Finally, the
AEMs were obtained after drying the colloidal solutions on
glass substrates (Fig. S3, ESIT).

The crosslinked AEMs were characterized by using FT-IR
spectroscopy (Fig. S4a, ESIT). The absorption band at 560 cm ™,
assigned to the C-Br stretching vibrations of -CH,Br, disap-
peared completely in the spectrum of QPBP-PX-x, which con-
firmed the crosslinking reaction. Meanwhile, the intensities of
the peaks at ~1150 cm ™, corresponding to the C-O-C stretch-
ing, increased gradually with increase in PX-SBI-5CBr content.
Furthermore, the characteristic peaks for -OH stretching and
C-N stretching vibrations in quaternary ammonium hydroxide
were observed at 3430 and 1383 c¢cm ™', respectively.** After
crosslinking, the AEMs were insoluble in N-methylpyrrolidone
(NMP) even after heating at 80 °C for 8 hours (Fig. S4b, ESIt).
In addition, the gel fractions of QPBP-PX-5%, QPBP-PX-10%,
and QPBP-PX-15% were in the range of 79.6-83.0% (Table 1).
The aforementioned results confirmed the crosslinking reac-
tions between PX-SBI-5CBr and PBP.

AL, KO- OO,

<) (€]
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(x=5,10,15%)
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Table 1 Properties of QPBP-PX-5%, QPBP-PX-10%, and QPBP-PX-15%
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IEC (mmol g ')

Water uptake (%) Swelling ratio (%) OH~ Conductivity (mS cm ™)

AEM Theor.” Titrated” Gel fraction® (%) p (g cm™®) FFV 30 °C 80 °C 30 °C 80 °C 30 °C 80 °C
QPBP-PX-5%  3.23 3.18 79.6 1.252 0.075 61.5 88.0 15.3 18.5 77.0 129.0
QPBP-PX-10% 3.02 2.94 82.2 1.196 0.119 23.7 71.2 14.5 15.7 56.7 155.6
QPBP-PX-15% 2.81 2.69 83.0 1.137 0.165 18.1 40.3 8.8 9.7 89.2 163.0

“ Theoretical value assuming 100% conversion. ? Measured by titration. ¢

2.3 IEC and microstructures

The theoretical IEC values of QPBP-PX-5%, QPBP-PX-10%, and
QPBP-PX-15% were 3.23, 3.02, and 2.81 mmol g’l, respectively,
assuming stoichiometric crosslinking and complete quaterni-
zation. These values were consistent with the measured IECs
(Table 1). The FFVs of QPBP-PX-5%, QPBP-PX-10%, and QPBP-
PX-15%, calculated from their bulk densities, were 0.075, 0.119,
and 0.165, respectively. The FFV increased with increase in PX-
SBI-5CBr content, due to the combined effects of higher FFV of
PX-SBI-5CBr than PBP, as well as the increase in crosslinking
density.

The surface areas and pore size distributions of the cross-
linked AEMs were determined from their CO, adsorption
isotherms (Fig. 2a and b). The surface areas of QPBP-PX-5%,
QPBP-PX-10%, and QPBP-PX-15 were 37.5, 98.4, and 92.8 m* g~ %,
respectively. The apparently higher surface areas of QPBP-PX-
10% and QPBP-PX-15% than QPBP-PX-5% was attributed to the
increase in crosslinking densities and PX-SBI-5CBr contents.
QPBP-PX-5% showed a bimodal pore width distribution of
<1 nm ultramicropores, centered at 0.56 and 0.78 nm. In
contrast, QPBP-PX-10% and QPBP-PX-15% showed trimodal
pore width distributions, which could be due to the increase
in crosslinking densities. Despite their similar surface areas,
QPBP-PX-15% had smaller pore size than QPBP-PX-10%, which
could be ascribed to the difference in their internal crosslinking
structures. The H, and O, permeabilities of these AEMs followed
the order of QPBP-PX-15% > QPBP-PX-10% > QPBP-PX-5%
(Fig. 2c and Table S1, ESIT), which was consistent with the trend
of their FFV. Moreover, the crosslinked AEMs exhibited appar-
ently lower gas permeabilities, as compared to the commercial
PiperlON AEM and other reported AEMs.*® Specifically, the H,
and O, permeabilities of QPBP-PX-15% was only around 2/3 and

Percentage of residual mass after treatment in NMP at 80 °C for 12 h.

1/2, as of those of PiperION, respectively. These results indicated
that the presence of sub-nanometer pores (<1 nm) in these cross-
linked AEMs did not give rise to significant gas permeation issues.

The microstructures of crosslinked AEMs were further studied
by small angle X-ray scattering (SAXS), atomic force microscopy
(AFM), and transmission electron microscopy (TEM). The max-
imum scattering vector (gmax) values of QPBP-PX-5%, QPBP-PX-
10%, and QPBP-PX-15% in the SAXS profiles (Fig. 3a—c) were
2.77, 2.42, and 2.38 nm !, which corresponded to the char-
acteristic domain sizes (d-spacing) of 2.30, 2.60, and 2.64 nm,
respectively. The d-spacing values increased gradually as the
crosslinking degree increased. This could be explained by the
fact that high crosslinking degree promoted the aggregation of
ion clusters and increased the cluster sizes. Moreover, inten-
sities of the ionomer peaks of QPBP-PX-10% and QPBP-PX-15%
were obviously higher than that of QPBP-PX-5%. This could be
attributed to the better inter-connectivity between their ionic
channels.?® Fig. 3d-f show the AFM images of QPBP-PX-5%,
QPBP-PX-10%, and QPBP-PX-15%. Distinctive microphase-
separated structures were observed for these AEMs, wherein
dark regions represented the hydrophilic domains (ion clus-
ters) and the bright regions represented the hydrophobic
domains (polymer backbones).** The distribution of ion cluster
in QPBP-PX-5% was isolated and uniform. In contrast, the ion
clusters in QPBP-PX-10% and QPBP-PX-15% were larger and
more connected. These distinctions were also seen in the TEM
images (Fig. 3g-i). It could be explained by the fact that an
increase in crosslinking degree narrowed the gaps between
polymer chains and thus promoted the aggregation of ionic
groups. The well-defined microphase-separated morphologies
and good connectivity of ion channels were expected to
enhance the conductivity of the AEMs.
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Fig. 2 (a) CO, adsorption isotherms, (b) pore size distributions, and (c) H, and O, permeabilities of QPBP-PX-5%, QPBP-PX-10%, and QPBP-PX-15%.
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Fig. 3 (a)—(c) SAXS profiles, (d)-(f) AFM phase images, and (g)-(i) TEM
images of QPBP-PX-5%, QPBP-PX-10%, and QPBP-PX-15%.

2.4 Thermal and mechanical properties

For applications in AEMWE, AEMs should possess excellent
thermal and mechanical properties. Stress-strain curves were
plotted to evaluate the mechanical properties of QPBP-PX-x
(Fig. S5a, ESIT). The crosslinked AEMs had tensile strengths
and elongation-at-break values in the range of 30-42 MPa and
18-39%, respectively (Fig. S5a, ESIt). The crosslinked AEMs
had tensile strength, modulus, and elongation-at-break values
in the range of 30-42 MPa, 0.158-0.304 GPa, and 18-39%,
respectively (Table S2, ESIt). Apparently, the mechanical prop-
erties increased with increase in the degree of crosslinking,
which was consistent with the results of crosslinked AEMs
reported in the literature.”” The thermogravimetric (TG) curves
of crosslinked AEMs in the OH™ form (Fig. S5b, ESIT) showed
multiple-step weight loss patterns. The initial weight loss below
200 °C was attributed to the removal of absorbed water. The
second stage of weight loss occurred in the temperature range
of 200-300 °C, which corresponded to the degradation of
piperidinium groups. Finally, the weight loss above 300 °C
was ascribed to the decomposition of polymeric backbones.
The glass transition temperatures (7,) of these AEMs, as
determined by dynamic mechanical analysis (DMA), followed
the trend of QPBP-PX-15% (366 °C) > QPBP-PX-10% (329 °C) >
QPBP-PX-5% (306 °C) (Fig. S5¢, ESIT). QPBP-PX-15% showed the
highest Ty, since it had the highest PX content and crosslinking
density. In brief, the mechanical performance and thermal
stability of the crosslinked AEMs could meet the requirements
for AEMWE applications.

2.5 Water uptake, swelling ratio, and conductivity

For ion-exchange membranes, appropriate water uptake (WU)
helps to improve the connectivity of ion transport channels and
facilitates rapid ion conduction through the Grotthus mecha-
nism. However, excessive WU and swelling can dilute the ionic
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with commercial PiperlON and earlier reported poly(aryl piperidinium)
AEMg,20:27.33,35,38-41

groups and deteriorate the ion conductivity and mechanical
properties of the membrane.*” The WU and swelling ratios (SR)
of the QPBP-PX-x AEMs were evaluated at 30, 60, and 80 °C
(Fig. 4a and b). The WU and SR values of QPBP-PX-5% were
maximum, owing to its highest IEC and lowest crosslinking
degree. As expected, the WU and SR values decreased as the
degree of crosslinking increased. For example, compared with
QPBP-PX-5%, the WU of QPBP-PX-10% and QPBP-PX-15% at
80 °C were 19% and 54% lower than that of QPBP-PX-5%,
respectively. Meanwhile, their SR were 15% and 48% lower than
that of QPBP-PX-5%, respectively. This was attributed to the
reduced IEC values and increased crosslinking degrees of
QPBP-PX-10% and QPBP-PX-15%. Despite their high IECs, the
crosslinked AEMs exhibited moderate water absorptivities and
excellent dimensional stability, due to the presence of cross-
linked structures.

The OH~ and Cl~ conductivities of QPBP-PX-x AEMs
were measured at 30, 40, 50, 60, 70, and 80 °C (Fig. 4c). Ion
conductivity is dependent on several factors, such as IEC, WU,
microscopic phase separation, etc. In general, a membrane with
higher IEC exhibits higher ionic conductivity. However, in this
study, QPBP-PX-15% exhibited the highest conductivity despite
its lowest IEC. Specifically, its CI” and OH conductivities were
163.0 and 120.0 mS cm ™" at 80 °C, respectively. This could be
due to its lowest WU that could increase the ion concentration
and its most pronounced microphase-separated morphology
that could promote the formation of ion transport channels. In
contrast, in spite of having highest IEC (3.20 mmol g~ '), QPBP-
PX-5% showed the lowest OH ™~ conductivity below 60 °C. This
can be explained by the “dilution effect” as a result of its
excessive WU, which could outbalance the positive effect of
high IEC. Furthermore, the SR of QPBP-PX-15% with respect to
its OH™ conductivity was compared with commercial PiperION
and other reported poly(aryl piperidinium) AEMs reported in
the literature (Fig. 4d).>®*7*32>3%41 QPBP-PX-15% showed
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Fig. 5

significantly high conductivity at low swelling ratio, implying
the positive effects of the rigid PX crosslinker.

2.6 Alkaline stability

Alkaline stability of AEMs is essential for the long-lifespan of
electrochemical devices. Majority of AEMs still suffer from severe
deformation and even fracture after alkali aging, especially in
harsh conditions, such as high temperatures and high-pH
environments."” Accelerated testing of ex situ chemical stability

20 30
Wavenumber (cm™) Strain (%)

(a) Residual conductivity, (b) FTIR spectra, and (c) mechanical properties of QPBP-PX-15% after aging in 6 M NaOH at 80 °C.

opening E2 elimination reactions, which could be validated by
the appearance of a new peak at ~1566 cm™ ' in the FT-IR spectra
(vibrations of carbon-carbon double bond) (Fig. 5b). Furthermore,
the QPBP-PX-15% membrane remained transparent and retained
97.8% of its original mechanical strength after testing (Fig. 5¢),
which further demonstrated its excellent chemical stability. This
could be ascribed to the rigid and crosslinked structures of QPBP-
PX-15%, which reduced water absorption, thereby preventing the
nucleophilic attack of OH™ ions.

was performed by immersing QPBP-PX-15% in 6 M NaOH at 80 °C

for 40 days. The ion conductivity was measured before and after
the testing. The QPBP-PX-15% membrane retained 89.8% of its
original conductivity after 40 days of treatment (Fig. 5a). The
decrease in ion conductivity could be attributed to the ring-

(a)

2.7 Water electrolysis performance

A PGM-free water electrolyzer was assembled by sandwiching
QPBP-PX-15% directly between two commercial Ni-based elec-
trodes (anode: Ni foam, cathode: Ni-Mo-Al). The effects of

(b)
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|-V polarization curves of QPBP-PX-15% based AEMWE with varying (a) temperatures, (b) flow rates of circulating alkaline solution, and (c)

concentrations of KOH solution; /-V polarization curves of AEMWEs based on QPBP-PX-15% (50 um), QPBP-PX-15% (20 um), and PiperlON (50 pm) in (d)
1M, (e) 6 M, and (f) 10 M KOH solutions at a cell temperature of 80 °C and flow rate of 48 mL min™™.
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Table 2 Comparison of the electrolysis performance of QPBP-PX-15%-based AEMWE with those based on reported AEMs

Catalysts Ionomer
AEM Anode Cathode Anode Cathode Test conditions Performance Ref.
QPBP-PX-15% Ni foam Ni-Mo-Al None None 80 °C, 6 M KOH 3000 mA cm ?@2.03 V  This work
PiperION Ni foam Ni-Mo-Al None None 80 °C, 6 M KOH 3000 mA cm ?@2.26 V. This work
PPTQ NiFe foam NiMo foam None None 80 °C,5 M KOH 1940 mA cm *@2.0V 43
30x-PIM-SEBS IrO, Pt/C FAA-3-SOLUT-10 FAA-3-SOLUT-10 70 °C, 1 M KOH 1905 mA Cm72@2.0 v 27
FAA-3-50 Iro, Pt/C FAA-3-SOLUT-10 FAA-3-SOLUT-10 70 °C, 1 M KOH 1083 mA Cm72®2.0 v 27
PFTP-13 Ni-Fe Ni-Fe None None 80 °C, 1 M KOH 1760 mA Cm72@2.0 v 46
MTCP-50 NiFe Pt/Ru/C MTCP-50-0% MTCP-50 90 °C, 1 M KOH 5400 mA cm72®1.8 v 20
HTMA-DAPP IrO, Pt-Ru TMA-70 TMA-70 85 °C, pure water 2000 mA cm’2®1.9 v 5
PBP Ni-foam Pt/C None PiperION 60 °C, 1 M KOH 1250 mA cm @2.0 V. 45
PAP-TP-85 Nio 5C0, sFe,0, Pt/C TP-85 TP-85 60 °C, pure water 500 mA cm 2@2.0 V 47
C-QPAP-2-QPPO  IrO, Pt/C None None 80°C,1 M KOH 1440 mA cm ’@2.0V 34
PAP-TP-85 IrO, Pt/C None QP,-CF;-3 80 °C, 1 M KOH 2500 mA Cm72@1.95 vV 25
PBI-bisPip-2.5 Ni foam Ni foam None None 80 °C, 2 M KOH 358 mA cm 2@2.0 V 48

operating temperature, flow rates of circulating alkaline solution,
and alkaline solution concentrations on the electrolysis perfor-
mance were systematically investigated and the polarization
curves were plotted, as shown in Fig. 6. As expected, the electro-
lysis performance gradually improved as the temperature was
increased (Fig. 6a). Specifically, the current density increased
by ~100%, as the temperature was ramped from 40 to 80 °C
(0.53 Acm™ ?to 1.1 A cm™ 2 at 2.1 V). This could be attributed to
the acceleration in ion transfer and kinetics at high
temperatures.®® The electrolysis performance also improved with
increase in the flow rate of circulating alkaline solution (Fig. 6b).
A high flow rate could promote timely discharge of the generated
gas bubbles, minimize mass transport losses, and thus increase
cell efficiency.** For a fixed current density, increase in KOH
concentration could significantly decrease the input voltage
(Fig. 6¢). For instance, at a current density of 3000 mA cm 2,
the voltage exhibited a decrease from 2.63 V to 2.14 and 2.05 V
with an increase in KOH concentration from 1 M to 6 M and 10 M,
respectively, indicating that higher KOH concentrations can
enhance electrolysis efficiency.

Furthermore, the single-cell AEMWE performances of QPBP-
PX-15% with different thicknesses (20 and 50 um) were compared
with that of commercial AEM PiperION (40 pm) at different KOH
concentrations (Fig. 6d-f). For 1 M KOH concentration (Fig. 6d),

4.0

3.5 J v QPBP-PX-15% e,

Voltage (V)

_ @ 500 mA cm?| 80 °C |6 M KOH

0.5 4

0.0
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Time (h)

Fig. 7 Durability of QPBP-PX-15% based AEMWE at 80 °C, 500 mA cm™2,
and in 6 M KOH solution.

This journal is © The Royal Society of Chemistry 2024

the AEMWE based on the thinner QPBP-PX-15% membrane
(20 um) showed improved electrolysis performance compared to
that of the thicker one (50 um), due to reduced ohmic resistance.
However, it was still slightly inferior to that of PiperlON-based
AEMWE, which could be due to the higher conductivity of
PiperION. However, with higher KOH concentrations (6 M and
10 M), QPBP-PX-15%-based AEMWEs outperformed the PiperION-
based ones (Fig. 6e and f). The ion conduction in the microporous
channels of QPBP-PX-15% could potentially be enhanced at high
alkali concentrations, thereby reducing mass transfer resistance
and resulting in higher current densities at lower voltages.
Particularly, the AEMWE based on QPBP-PX-15% (20 pm) showed
a current density of 3000 mA cm 2 at 2.03 V with a KOH
concentration of 6 M, which outperformed many AEMWEs that
used PGM catalysts (Table 2).*

The short-term durability of AEMWE was assessed at 80 °C,
500 mA cm~ >, and in 6 M KOH solution. As shown in Fig. 7, the
cell voltage remained stable after 80 hours of testing for
durability. Furthermore, the detached aged AEM remained
intact and transparent, except for some indentations caused
by the catalytic electrode (Fig. 7). These results further demon-
strated the good durability of the crosslinked AEMs.

3. Conclusions

An intrinsically microporous polyxanthene crosslinker, PX-SBI-
5CBr, was synthesized successfully. It was reacted with PBP to
prepare chemically crosslinked AEMs. Due to high rigidity of the
ladder-like polyxanthene skeleton, the resultant crosslinked AEMs,
QPBP-PX-x, had ultramicroporous structures and microphase-
separated morphologies. This promoted the formation of ion
transport channels, which was proven from their SAXS, AFM,
and TEM analyses. Particularly, QPBP-PX-15% membrane showed
high OH™ and CI~ conductivities of 163.0 and 120.0 mS cm™* at
80 °C, respectively. Meanwhile, QPBP-PX-15% showed moderate
water uptake (WU = 40.3% at 80 °C), excellent dimensional stability
(SR < 10% at 80 °C), and remarkable alkaline resistance (~10%
performance decline after treatment in 6 M NaOH solution at
80 °C for 40 days), possibly due to its highly rigid and crosslinked
architecture. Furthermore, the QPBP-PX-15%-based AEMWE
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outperformed those based on commercial PiperION in high KOH
concentrations. Specifically, the AEMWE based on QPBP-PX-15%
and equipped with PGM-free catalysts acquired a current density
of 3000 mA cm ™ > at 2.03 V (compared to PiperION’s 2.26 V) in 6 M
KOH solution at 80 °C. The crosslinked microporous AEMs
developed in this work showed great potential for applications in
high-performance and cost-effective AEMWEs. This work also
provides useful insights into the development of crosslinked AEMs
for AEMWEs fed with high-concentration electrolytes.
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