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High-performing anion-exchange membranes (AEMs) have
attracted tremendous interest for applications in emerging energy
storage and conversion devices. Here we present a strategy to the
synthesis of crosslinked metallo-polyelectrolytes as mechanically
flexible, dimensionally stable and ionically conductive AEMs. The
water uptake and swelling ratio are suppressed remarkably by
introducing a crosslinked polymeric network. The as-prepared
membranes also exhibit excellent thermal stability. The phase-
separated morphology allows rapid ion-transport with low water
uptake under various temperature. Specifically, a conductivity of
53.3 mS cm™ at 80 °C was obtained with an ion exchange capacity
of 1.07 mmol g* and a low swelling ratio of 13%.

Introduction

Fuel cells are one of clean power sources that convert
chemical energy into electricity with high efficiency.! Alkaline
anion-exchange membrane fuel cells (AEMFCs) stem from
higher volumetric energy density, potential use of non-noble
metal catalysts, and better tolerance towards carbon dioxide.>
3 However, the critical need of anion-exchange membranes
(AEMs) with robust mechanical properties, excellent chemical
stability, as well as high ionic conductivity is one of the major
challenges to the realization of high-performance AEMFCs.% >
Over the past few years, considerable efforts have been made
to develop advanced AEMs to achieve a balance among ionic
conductivity, mechanical strength and chemical stability.® 7

As the key component for polyelectrolytes, cations directly
dictate the ion-transport properties.® Cations are positively
charged and thus the most susceptible sites to hydroxide attack
in  polyelectrolyte quaternary
ammonium cations are known to degrade rapidly under highly
basic conditions due to Hofmann elimination and Sy2
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nucleophilic substitution reactions, as well as the formation of
Ylide or other chemical rearrangements.> °

Scheme 1. Chemical structures of (a) organic cations and (b)
metallo-cations studied for the AEM applications.
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Recently, various organic cations have been investigated on
their chemical stability in alkaline media (Scheme 1a), especially
over a long term and under low hydration conditions. Yan,
Jannasch and Li reported piperidinium based AEMs with
exceptional device performance.l%13 The groups of Coates,
Swager and Holdcroft designed highly conductive and
chemically stable AEMs with functionalized imidazolium
cations.’*'® Noonan and co-workers presented a family of
highly inert phosphonium cations towards alkaline media.17-2
On the other hand, the advance in organometallic chemistry
enables various metallo-cations as promising candidates for
ion-exchange applications (Scheme 1b). Two types of metallo-
cations have been recently reported for AEMs: (1) coordination
metal complexes,
terpyridine cationic
metallocenes, in which cationic metal centers are covalently

interact with
coordination;?> 23 (2)

in which metal cations

ligands via

bonded to two cyclopentadienyl (Cp) ligands. We along with
others have examined the chemical stability of cobaltocenium
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cations and synthesized several main-chain and side-chain
cobaltocenium polelectrolytes.?4-31

While cation chemistry dictates chemical stability and ion-
transport properties, choosing appropriate polymer backbones
and topological architectures greatly impacts the morphology,
mechanical and water management properties.3? Polyethylene
possessing excellent processing property and chemical
tolerance represents an idea candidate for membrane
applications.333> Facile modification on cyclooctene and its
derivatives can yield a range of monomers for ring-opening
metathesis polymerization (ROMP) toward polyolefin based
AEMs.8 3¢ While many of these polymers are mechanically soft
especially with high cation loadings and at elevated
temperature, due to the low glass transition temperature of
polyolefin backbones. Covalently crosslinking of such soft
backbones is a practical method to suppress the swelling
behavior and improve the mechanical robustness.3* 37 Besides,
the water uptake of AEMs can also be effectively reduced in
crosslinked systems, which may further lower the chance of
hydroxide attack and improve the alkaline resistance.

Herein, we present a design of crosslinked AEMs containing
cobaltocenium cations and covalently crosslinked polyolefin
backbones. The obtained membranes are thermally stable,
mechanically flexible, and resistant to excess water uptake. A
microphase separated morphology of crosslinked membranes is
also observed, which ensures good ionic conductivity under a
low swelling state.

Results and discussion

Monomer 3 was first synthesized by adapting a procedure
reported earlier.?> The purified monomer was then subject to

ROMP with commercial cis-cyclooctene to obtain random
copolymers (4) with different cation loadings at the side-chain.
Here, x and y represent the molar fraction of cobaltocenium and
cyclooctene units in the copolymers, respectively. Thiol-ene
click chemistry was then employed to crosslink the unsaturated
backbone. Considering that some hydrophobic crosslinking
bonds may also hinder the transportation of hydrophilic ion and
reduce the ionic conductivity of AEMs, a hydrophilic dithiol
crosslinker was employed.3® The reduction of unsaturated
double bonds was confirmed with the drastic decrease of
characteristic absorption band (162771700 cm) in FT-IR
spectra (Fig. S1). The crosslinked membranes were fabricated
by solution casting, peered off from Teflon molds, and directly
used for elemental analysis (Fig. S2b) and counterion exchange.
In this study, crosslinked polymers with a highest ion-exchange
capacity (IEC) of 1.23 mmol g! were investigated, considering
the mechanical integrity and water management property. The
IEC of these membranes was calculated by theoretical ion
content and further measured by a back-titration method

(Table 1).
To demonstrate whether the metallo-polyelectrolytes
possess sufficient  thermal stability for  AEMFC,

thermogravimetric analysis (TGA) of crosslinked membranes
and corresponding monomers (3) were performed (Fig. S3). The
5 wt% weight-loss decomposition temperature (T4) of
crosslinked membranes (CL-AEM30-OH) was ~250 °C. The
dithiol crosslinker degraded in the range of 250 to 300 °C. When
the temperature raised to above 300 °C, cobaltocenium cations
and polyethylene backbones (> 400 °C) started to degrade.
Given that the operating temperature for AEMFC is usually
lower than 100 °C, these crosslinked membranes demonstrated
sufficient thermal stability.

Scheme 2. (a) Synthesis of crosslinked metallo-polyelectrolyte membranes; (b) Proposed structures in agueous solutions.
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Dash bonds in structures 5 and 6 were used to indicate the remaining of some unsaturated bonds on polyolefin backbones.

Table 1. Properties of crosslinked metallo-AEMs.

. water
X Y crosslinker 1ECtheo @ IECtitr b toughness
Sample uptake Ac
(mol %) (mol %) (mol %) (mmol g) (mmol g1) (%) (MJ m3)
(]
CL-AEM20-OH 20 50 30 0.95 0.85 11.2 7.3 9.91
CL-AEM25-OH 25 45 30 1.09 0.92 15.1 9.1 18.9
CL-AEM30-OH 30 45 25 1.23 1.07 20.4 10.6 15.5

a theoretical ion exchange capacity calculated by feed ratios; ® water uptake measured under room temperature; ¢ hydration number at room temperature.
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Crosslinking has been proven as an effective strategy to
improve the mechanical properties and dimensional stability of
polyelectrolyte membranes.'® 3% With a densely crosslinked
architecture, the cobaltocenium AEMs exhibited great flexibility
and high toughness (Fig. 1a). Generally, the Young’s modulus of
crosslinked AEMs increased with the loading of cobaltocenium
cations (Table S1). Among samples with different levels of
cations, CL-AEM25-OH exhibited a maximum strength of 12.5
MPa and a strain-at-break of 266%. The highest toughness was
calculated to be 18.9 MJ/m3. While for previously reported
metallo-AEMs  with  polysulfone or polybenzimidazole
backbones, the mechanical strain at break is usually pretty low
(< 65%) due to the high rigidity of aromatic backbones.24 26

Densely crosslinked membranes are also resistant to take
excess water. Fig. 1b-c display the water uptake and swelling
behavior of the crosslinked membranes as a function of
temperature. All samples exhibited low water uptake (< 36%)
and swelling ratios (< 13%) even up to 80 °C, which can be
explained by the hydrophobic nature of polyolefin backbone
and a highly crosslinked network. Besides, the number of
absorbed water molecules per cobaltocenium cation was
calculated to be in the range of 7.3 and 10.6 (under room
temperature) and showed a tendency of increase with higher
IEC (Table 1). Hence, all crosslinked membranes displayed
excellent dimensional stability at various temperature and such
water management property plays a critical role to ensure the
durability of AEMs.

The trade-off between low swelling extent and high ionic
conductivity has always been an For example,
polyethylene-based AEMs with high loading of organic cations
(for higher conductivity) were found to severely swell at
elevated temperature.* ¥ Consequently, achieving high ionic
conductivity at a low swelling state usually relies on
microstructural engineering of membranes.

Appropriate microscale morphology is responsible for
facilitating the ion conduction and improving the chemical
stability.#%-43 Our cobaltocenium membranes were expected to
have phase separation due to immiscibility of the hydrophobic
alkyl chains and hydrophilic cobaltocenium cations in the
copolymers.?> Transmission electron microscopy (TEM) was
applied to disclose the real space morphology of the polyolefin
based cobaltocenium AEM (Figure S5). The dark region in TEM

issue.
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image is formed by aggregation of ionic domains (containing
cobalt ions), while the light region corresponds to the
hydrophobic scaffold. The AEM forms a disordered microphase
separation, which is reasonable as the membrane is not based
on block copolymers. Small-angle X-ray scattering (SAXS) was
further
crosslinked

used to examine the microphase separation of
(Fig. 1d). All
membranes exhibited a broad primary scattering peak around
g* =1to 2 nm? with a d spacing (2rt/g*) in the range of 4.0-5.4
nm. These results agree well with the TEM study.

The ionic conductivity of crosslinked membranes with
hydroxide counterions under fully hydrated conditions is shown
in Fig. le. CL-AEM30-OH with the highest cobaltocenium
content and IEC exhibited the highest conductivities of 18.6 and
53.3 mS/cm at 20 °C and 80 °C, respectively. A schematic
illustration of ion transport pathways in crosslinked membranes
is proposed in Scheme 2b. Moreover, the ionic conductivity of
these crosslinked membranes also followed an Arrhenius
relationship (Fig. 1f). The activation energy for hydroxide
transport decreased with the increase of ionic content, which
could be explained by more efficient hydroxide migration due
to the formation of denser ion transport channels in the

cobaltocenium membranes

membranes. The activation energy was also lower than our
previous reports on hydrogenated cobaltocenium membranes,
probably due to the inhibition of backbone crystallization and
the hydrophilic nature of the dithiol crosslinker.?>

The alkaline stability of AEMs under elevated temperature
has always been a major concern for AEMs. The alkaline stability
of crosslinked membranes was evaluated in 3 M KOH under 60
°C. FT-IR spectra of CL-AEM25-OH showed most chemical
structures remain unchanged before and after the alkaline
stability test (Fig. S6). For time-dependent conductivity test,
both CL-AEM25-0OH and CL-AEM30-OH exhibited a rapid decline
of conductivity during the first 50 h and then a much slower
decrease afterwards (Fig. S7). The hydroxide conductivity of CL-
AEM30-OH retained at 14.5 mS/cm (at room temperature) after
treatmentin 3 M KOH at 60 °C for 15 days. We hypothesize that
the decrease in conductivity over time was possibly caused by
slowly dissolving of uncrosslinked or weakly crosslinked
copolymers at elevated temperature.
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Fig. 1. Crosslinked metallo-polyelectrolyte membranes: (a) Stress-strain curves; (b) Water uptake; (c) Swelling ratios; (d) SAXS
profiles; (e) Hydroxide conductivity as a function of temperature under fully hydrated conditions; (f) Arrhenius plots.

Conclusions

In summary, we report a class of metallo-polyelectrolyte
membranes by integrating cobaltocenium cations into a
covalently crosslinked network. These membranes were
prepared via ROMP in conjunction with thiol-ene click chemistry
to promote the crosslinking of a polyolefin backbone. The
robust polymeric network was believed to prevent excess water
absorption that resulted in lower water uptake and swelling
ratios. These membranes exhibited good chemical stability with
enhanced flexibility and ionic conductivity. This work may pave
a new pathway to investigate other crosslinked AEMs towards
understanding the ion-transport behaviors of metallo-
polyelectrolytes.
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We report a class of crosslinked metallo-polyelectrolytes as anion exchange membranes with
exceptional mechanical flexibility, dimensional stability and ionic conductivity.



