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ABSTRACT: Cerium (Ce)-based free radical scavengers,
including soluble Ce* species, have been widely investigated
to enhance the chemical durability of proton exchange
membranes (PEMs) owing to their rapid and regenerative
redox cycling. However, the high mobility of soluble Ce* ions
in hydrated membranes leads to severe leaching, disruption
of ion-cluster nanostructures, and degradation of PEM fuel
cell (PEMFC) performance. Regulating the behavior of cerium
species within the nanophase-separated environment of
perfluorosulfonic acid (PFSA) membranes remains a critical
challenge. Herein, we report a nanointerface-regulated
cerium confinement strategy enabled by crown ether
coordination. A model organometallic complex (Ce/HMCRE)
is constructed using 2-(hydroxymethyl)-15-crown-5-ether
(HMCRE), in which host—guest coordination and secondary
hydrogen bonding interactions cooperatively modulate cerium
distribution at polymer nanointerfaces. This coordination-
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mediated nanoconfinement effectively suppresses direct Ce*—sulfonate interactions while preserving the intrinsic ion-
cluster morphology of PFSA membranes. As a result, the Ce/HMCRE complex exhibits significantly enhanced cerium
retention (3.76 fold higher than free Ce*) together with sustained radical scavenging activity. The corresponding membrane
electrode assembly delivers a low open circuit voltage decay rate of 0.45 mV-h"" and retains 83.4% of its maximum power
density after 150 h of accelerated degradation testing. This work highlights the importance of nanointerface engineering and
confined microenvironments in regulating redox-active species within ionomer membranes, providing new insights into the

design of durable electrochemical energy materials.

KEYWORDS: proton exchange membrane, nanointerface, cerium confinement, ion-cluster structure, crown ether

coordination

1 Introduction

As a mature electrochemical energy conversion technology, proton
exchange membrane fuel cells (PEMFCs) feature high energy
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conversion efficiency, near-zero emissions, high power density, and
quiet operation, enabling their wide deployment in transportation,
portable power sources, and stationary energy systems [1-7].
Despite substantial progress, the long-term durability of PEMs
remains a critical bottleneck for PEMFC commercialization [8-10].
Within the membrane electrode assembly (MEA), the PEM
simultaneously serves as a proton conductor and a physical barrier
separating reactant gases, making its structural and chemical
integrity essential for sustained operation [11, 12]. Perfluorosulfonic
acid (PFSA) membranes are widely used owing to their excellent
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proton conductivity and mechanical robustness [13, 14]. However,
PFSA membranes possess a characteristic nanophase-separated
structure composed of hydrophilic ion-cluster domains and
hydrophobic polymer backbones, which is highly susceptible to
chemical degradation induced by reactive oxygen species (ROS),
such as hydroxyl (‘OH) and hydroperoxyl (-OOH) radicals,
generated from gas crossover and parasitic oxygen reduction
reactions [15, 16]. Consequently, suppressing radical-induced
chemical degradation and preserving the integrity of ion-cluster
nanostructures under oxidative conditions is essential for achieving
durable PEMs [17, 18].

Among various mitigation strategies, the incorporation of free
radical scavengers (FRSs) has been extensively investigated to
enhance the chemical stability of PEMs [19-22]. Cerium (Ce)-
based species are particularly attractive due to the fast and
regenerative redox cycling between Ce™ and Ce*, which enables
continuous scavenging of ROS [22]. Early work by Coms et al.
demonstrated that introducing Ce* ions into MEAs via ion
exchange significantly improved oxidative stability [23]. In acidic
environments, Ce™ reacts with -OH and -OOH radicals to form
Ce*, which can subsequently be reduced back to Ce™ by hydrogen
peroxide, thereby sustaining the scavenging cycle [24]. Despite these
advantages, the behavior of cerium species within the nanoconfined
environment of PFSA membranes remains insufficiently
understood.

A major limitation arises from the strong electrostatic interaction
between multivalent Ce* ions and sulfonate groups (-SO;"), which
can suppress proton mobility and deteriorate membrane
conductivity as the cerium content increases [25, 26]. Moreover,
when introduced through physical mixing or ion exchange, Ce*
ions are only weakly confined within the membrane and tend to
migrate toward the electrodes under concentration gradients and
electric fields. Such migration not only poisons catalyst layers but
also perturbs the ion-cluster nanodomains and disrupts interfacial
transport pathways, ultimately leading to irreversible loss of radical
scavengers and compromised durability [27]. These intrinsic trade-
offs highlight the necessity of regulating cerium species within the
nanostructured ionomer environment while preserving the native
microphase-separated architecture of PFSA membranes.

To address this issue, various cerium immobilization strategies
have been proposed, including covalent grafting of chelating groups
onto polymer backbones, surface-confined adhesive coatings, and
the incorporation of strongly coordinating organic ligands [28-32].
Coordination compounds based on dipicolinate [33], cyclic ligands
[34, 35], quercetin [36], and phosphonic acids [37] have been
reported to markedly enhance cerium retention and membrane
durability. However, these approaches often rely on strong
coordination or irreversible structural modification, which may
perturb the delicate nanophase-separated ion-cluster morphology
of PFSA membranes. In addition, the lack of systematic
understanding of ligand-cerium interactions and their spatial
distribution within the nanostructured membrane matrix has
limited the rational optimization of these systems. As a result,
cerium leaching, microstructural disruption, and processing
complexity remain unresolved challenges.

From a materials design perspective, an effective cerium
immobilization strategy should ideally combine (i) moderate
coordination strength to regulate cerium mobility without forming
rigid ionic crosslinks, (ii) non-covalent interactions to minimize
permanent perturbation of polymer architecture, and (iii)
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compatibility with the nanoconfined ion-cluster environment of
PFSA membranes. Crown ether-based ligands, characterized by
well-defined cavity sizes and tunable host-guest interactions, offer a
promising platform to achieve such regulation at polymer
nanointerfaces. Functionalized crown ethers may provide tunable
coordination environments and secondary interaction sites,
enabling controlled cerium confinement while minimizing
disruption of proton-conducting nanodomains.

In this work, we employ 2-(hydroxymethyl)-15-crown-5-ether
(HMCRE) as a model ligand to construct a crown ether-
coordinated cerium complex and investigate its behavior within
PFSA membranes. 2-(hydroxymethyl)-15-crown-5-ether ~was
selected as a model ligand because it combines an oxygen-rich
crown cavity for moderated Ce coordination with a hydroxymethyl
group that may be capable of secondary hydrogen-bonding
interactions with PFSA side chains. This structure provides an
opportunity to balance Ce confinement and nanophase
compatibility without covalent modification of the PFSA backbone.
By integrating coordination interactions with secondary hydrogen
bonding, this system enables regulated cerium confinement at
polymer nanointerfaces. The effects of such nanointerface-mediated
interactions on membrane microstructure, ion transport, and
chemical durability are systematically examined. Through
combined experimental characterization and density functional
theory (DFT) analysis, this study aims to elucidate how
coordination-driven nanoconfinement and confined
microenvironments govern cerium retention and radical
scavenging behavior, providing new insights into the design of
durable ionomer membranes.

2 Experimental

2.1 Materials

Cerium nitrate hexahydrate (Ce(NO,);6H,0, 99.99%) and
HMCRE (98%) were supplied by Alfa Aesar. Cerium oxide (CeO,,
20-50 nm), hydrogen peroxide solution (H,O, 30 wt%), 6-
carboxyfluorescein, and iron(II) sulfate heptahydrate (FeSO,-7H,O,
> 99%) were acquired from Adamas Reagent Co., Ltd. and used as
received for further characterization. N,N-Dimethylformamide
(DMEF, analytical reagent (AR)) and sulfuric acid (H,SO,, 98 wt.%)
were supplied by Sinopharm Chemical Reagent Co., Ltd. The PFSA
ionomer (Nafion D520, EW 1100) was acquired from Chemours
Chemicals Co., Ltd. Deionized water was employed for the whole
experiment.

2.2 Synthesis of Ce/HMCRE Complex

Due to the intense metal ion complexation ability of HMCRE,
Ce/HMCRE complexes were formed by simply mixing Ce salt with
HMCRE at equal mole ratios in an aqueous solution. Specifically,
an aqueous solution containing HMCRE (0.560 g, 4 mmol) was
slowly added to an aqueous solution containing Ce(NO,);-6H,0
(1.736 g, 4 mmol). After stirring overnight, the suspension was
filtered and subsequently freeze-dried for 24 h to obtain the
ultimate Ce/HMCRE coordination complex.

2.3 Preparation of hybrid membranes

A homogeneous Nafion solution was obtained by replacing water
and n-propanol in D520 with DMF by rotary evaporation [38].
Ce/HMCRE was initially added to DMF and stirred for 6 h to
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achieve uniform dispersion. The Ce/HMCRE solution was then
mixed with the Nafion solution to continue stirring overnight to
obtain a homogeneous mixture. The same procedure was employed
to prepare Nafion mixtures containing Ce(NO,);6H,0 and
HMCRE for comparison. The relative values of Ce* or HMCRE to
[-SO;H] were fixed as 3 mol% to identify the amount of
Ce/HMCRE, Ce(NO,),-6H,0, and HMCRE added. The PEMs were
fabricated by the flow-casting method. A homogeneous Nafion
mixture was cast onto a flat glass substrate and maintained at 50 °C
overnight. Subsequently, an annealing process was conducted at
150 °C for 2 h. Ultimately, the prepared membranes were
immersed in a 1 M H,SO, solution at 80 °C for 0.5 h, followed by a
deionized water rinse at 80 °C for 0.5 h. The membranes
maintained a consistent thickness of 20 + 1 ym.

3 Results and discussion

3.1 Chemical
characterization

To elucidate the molecular configuration of the Ce/HMCRE
complex and its interaction with the PFSA ionomer, we first
examined the coordination structure formed between Ce™ ions and

structure and morphological
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the tailored HMCRE ligand. As illustrated in Fig. 1(a), mixing
Ce/HMCRE with PFSA is expected to yield antioxidant ionomers
in which Ce* is preferentially confined within the crown ether
cavity rather than remaining freely dispersed in the polymer matrix,
suggesting a coordination-enabled confinement at polymer
nanointerfaces. Several possible coordination configurations have
been proposed for Ce* interacting with crown ether ligands [39].
Among them, the hydrated Ce(H,0O),"-based sunrise-type
configuration (denoted as Ce/HMCRE-3 in Fig. SI and Table S1 in
the Electronic Supplementary Material (ESM)), exhibiting the most
negative binding free energy -23.42 kcalmol), is the most
thermodynamically favorable. This suggests that Ce™ ions
preferentially occupy the electron-rich cavity of HMCRE, where the
oxygen atoms serve as primary coordination sites.

The Fourier transform infrared (FTIR) spectra provide further
experimental evidence for this coordination environment. As
shown in Fig. 1(b), the characteristic C-O-C stretching band of
HMCRE at 1120 cm™ splits and shifts to 1112 and 1069 cm™ after
complexation with Ce*. Such peak splitting and slight blueshift are
indicative of electron-density redistribution induced by
metal-ligand coordination, where lone pair electrons on oxygen
atoms interact with vacant orbitals of Ce* [40, 41].

X-ray photoelectron spectroscopy (XPS) characterization further
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Figure 1 Synthesis and structural identification. (a) Schematic of the synthetic route of Ce/HMCRE and its interaction in PFSA. Light yellow, gray, white, red, yellow,
and light blue balls represent Ce, C, H, O, S, and F. The Ce/HMCRE model is presented as a differential charge density plot. The yellow regions denote accumulation,
while cyan regions indicate electron depletion. Isosurfaces were extracted at a charge density level of 0.01 (or —0.01) e bohr. (b) FTIR spectra and (c) Ce 3d XPS spectra
of HMCRE and Ce/HMCRE complex. (d) S 2p spectra of pure PFSA and PFSA-containing Ce salt, HMCRE, and Ce/HMCRE. (e) SAXS patterns, (f) scattering vector of
ionomer peak and corresponding ion cluster domain spacing, (g) 2D SAXS images, and (h) AFM phase images.
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reveals the electronic interaction between Ce and the ligand. As
shown in Fig. 1(c), The Ce 3d spectra of Ce salt and Ce/HMCRE
can be deconvoluted into three peaks labeled V,, V,, and V;, all of
them belonging to the valence state of Ce* (V,, V,, and V; are the
valence forms 1, 2, and 3 of Ce™, respectively), consistent with Refs.
[42-44]. The multiple Ce 3d peaks originate from spin-orbit
splitting and multiplet final-state features of Ce*, rather than from
different Ce species. These peaks collectively confirm the presence
of Ce* centers in Ce/HMCRE. Notably, Ce/HMCRE displays a
small but meaningful negative binding-energy shift relative to Ce
salt, implying increased electron density around the Ce center after
coordination. This trend aligns with FTIR observations, confirming
electron donation from the ligand to Ce*. To probe nanointerface
interaction between additives and the PFSA ionomer, S 2p and O 1s
spectra were collected for PFSA mixed with Ce/HMCRE, HMCRE,
and Ce salt. As shown in Fig. 1(d), all mixtures exhibit negative
shifts relative to pristine PFSA, reflecting interaction with -SO;
groups. However, the magnitude of the shift follows the order: Ce
salt (1.6 eV) > Ce/HMCRE (0.4 ¢V) > HMCRE (0.2 eV). This trend
clearly indicates that HMCRE coordination effectively shields Ce*
from direct electrostatic interactions with -SO,™ groups, thereby
minimizing perturbation to proton-conducting sites [38]. The slight
S 2p shift induced by HMCRE indicates there is still a weak
interaction between HMCRE and the PFSA side-chain
environment, possibly through hydrogen bonding or dipole
interactions. The O 1s spectra (Fig. S2 in the ESM) show a
consistent trend, with Ce/HMCRE exhibiting weaker C-O signals
than HMCRE, attributable to electron redistribution within the
coordinated complex [45, 46].

Small-angle X-ray scattering (SAXS) analysis was performed to
examine changes in ionic-cluster nanostructure. As shown in
Fig. 1(e), two distinct scattering peaks appear: The low scattering
vector (q) peak (~ 0.06 A™) corresponds to inter-crystalline spacing
within the polymer matrix (“matrix knee”), while the high q peak
(~ 0.25 A™") originates from the average spacing of hydrophilic ion-
cluster nanodomains within the nanophase-separated structure.
Based on Bragg’s law, the corresponding ion-cluster spacing
(Fig. 1(f)) slightly increases for HMCRE-based (2.61 nm) and
Ce/HMCRE-based membranes (2.66 nm), which can be attributed
to water accommodation within the hydrophilic ligand-associated
nanodomains. In contrast, Ce salt-based membranes exhibit a
significantly reduced spacing (1.39 nm), attributed to strong
electrostatic cross-linking between Ce™ and -SO, groups that
induce local collapse of ion-cluster nanodomains (Fig. S3 in the
ESM). The two-dimensional (2D) SAXS patterns reveal diffuse
scattering rings for pristine, HMCRE-based, and Ce/HMCRE-
based membranes (Fig. 1(g)), indicative of well-preserved phase
separation, whereas the Ce salt-based membrane shows more
attenuated patterns.

Atomic force microscopy (AFM) phase images further visualize
these nano-structural differences (Fig. 1(h)). In all samples, the dark
regions correspond to hydrophilic ion-conducting nanodomains,
while the bright regions represent the fluorinated hydrophobic
matrix. Ce salt-based PEMs exhibit blurred and poorly connected
ion-cluster nanodomains, consistent with aggregation of Ce*
around multiple -SO;~ groups, which disrupts nanochannel
connectivity and increases transport tortuosity [47]. In contrast,
both HMCRE-based and Ce/HMCRE-based PEMs maintain well-
defined and continuous ion-conducting nanodomains, comparable
to pristine PFSA, indicating that ligand-assisted coordination
minimizes perturbation of nanophase-separated structures.
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3.2 Physical and chemical properties of the obtained
membranes

Water plays an essential role in PFSA membranes by serving as
both a proton carrier and a medium for forming hydrogen bonding
networks within ion-cluster nanochannels. As shown in Fig. 2(a),
the water uptake and dimensional swelling of the membranes
exhibit distinct variations depending on the type of additive
incorporated. The Ce/HMCRE-based and HMCRE-based PEMs
exhibit slightly higher water uptake than pristine membranes,
which may be associated with the hydrophilic nature of the
HMCRE ligand. This observation is consistent with the presence of
ether and hydroxyl groups on the ligand, which interact favorably
with water molecules and help maintain hydration within ion-
cluster nanodomains. In contrast, the Ce salt-based PEM shows
reduced water uptake, consistent with stronger interactions between
free Ce’ and -SO;™ groups that may limit the availability of water
binding sites within nanoconfined ionic regions.

The proton conductivity of the membranes (Fig. 2(b)) reflects
the combined effects of ion-cluster nanostructure and hydration
behavior. At low relative humidity (< 60% RH), both Ce/HMCRE-
based and HMCRE-based membranes exhibit slightly enhanced
proton conductivity compared with pristine PFSA. This
improvement can be attributed to the water-retentive nature of
HMCRE, which sustains hydration within ion-cluster
nanochannels and provides additional hydrogen-bonding sites that
facilitate proton hopping. As humidity increases, the pristine
membrane achieves the highest conductivity, benefitting from its
relatively open ion-cluster nanostructure and larger amount of free
water [48]. In contrast, Ce salt-based membranes consistently show
the lowest conductivity across all humidities because the strong
Ce*-SO; interactions hinder proton dissociation and restrict
proton transport within nanoconfined ionic pathways.

The activation energies (E,) derived from Arrhenius fitting
(Fig. 2(c)) provide further insight into proton transport. The Ce salt-
based membranes exhibit the highest E, (16.5 kJ-mol™), indicating a
more hindered conduction process associated with the restricted
proton mobility of protons in the presence of strongly bound Ce™.
In comparison, the E, values for the Ce/HMCRE-based and
HMCRE-based membranes (12.8 and 13.4 kJ-mol”, respectively)
closely resemble that of pristine PFSA (12.3 kJ-mol™), which is
consistent with their relatively preserved ionic-cluster connectivity
as observed in SAXS and AFM analyses.

Mechanical properties provide additional insight into the impact
of additives [49]. In Fig. 2(d), the tensile strengths of Ce/HMCRE-
based and HMCRE-based PEMs are 17.8 and 17.3 MPa,
respectively, slightly surpassing the pristine membranes’ value of
16.4 MPa. In contrast, Ce salt-based membranes exhibit noticeable
reductions in both tensile strength and elongation at break. This
deterioration likely arises from the strong coordination of free Ce*
with  multiple -SO,~ groups, which perturbs native
polymer—polymer interactions and leads to a more heterogeneous
microstructure with less efficient stress transfer [50].

Thermal properties further reflect these structural effects. The Ce
salt-based membrane shows a lower glass transition temperature
(T,) relative to pristine PESA (Fig. S4 in the ESM), consistent with
the disturbed ion-cluster nanostructure observed in AFM. HMCRE-
based and Ce/HMCRE-based membranes exhibit slightly elevated
T, values, likely due to hydrogen-bonding interactions between the
hydroxymethyl group of HMCRE and ether oxygen atoms in the
PFSA side chains, which restrict chain mobility within
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Figure2 Characterization of physical and chemical properties for obtained membranes. (a) Water uptake and dimensional swelling. (b) Humidity-dependent proton
conductivity at 80 °C. (c) Arrhenius plots of proton conductivity and corresponding activation energies under 100% RH. (d) Strain-stress curves. (¢) Fluoride release of
the pristine, Ce salt-based, and Ce/HMCRE-based membranes. (f) SEM images of the pristine, Ce salt-based, and Ce/HMCRE-based membranes before and after free

radical corrosion. The scale bar above is 100 pm.

nanoconfined regions. Thermogravimetric analysis (TGA) results
(Fig. S5 in the ESM) show that free Ce™ accelerates the thermal
degradation of PFSA owing to its Lewis-acid catalytic activity [51],
whereas coordination with HMCRE mitigates this effect, resulting
in improved thermal stability for Ce/HMCRE-based membranes.
Chemical durability was further evaluated through the Fenton
test (Fig. 2(e)). Pristine PFSA undergoes significant degradation, as
indicated by high fluoride release (354.1 mg-F"-g™) after 24 h. Both
Ce salt-based and Ce/HMCRE-based membranes display reduced
fluoride release, confirming the radical scavenging function of
cerium species. Notably, Ce/HMCRE-based membranes exhibit the
lowest fluoride release (101.4 mg-F'.g"), substantially below that of
Ce salt-based membranes (1804 mgF'g"). This significant
reduction suggests that Ce/HMCRE provides more sustained
radical-scavenging activity than free Ce™ under aggressive oxidative
conditions. To further distinguish the role of HMCRE from that of
Ce coordination, the Fenton test was also conducted for the
HMCRE-only membrane (Fig. S6 in the ESM). The HMCRE-only
membrane shows only limited reduction in fluoride release
compared with pristine PFSA, whereas the Ce/HMCRE-based
membrane exhibits substantially lower fluoride release. This result
confirms that the improved oxidative stability mainly arises from
the coordinated Ce/HMCRE complex rather than from the
intrinsic radical-scavenging ability of HMCRE alone. Moreover, to
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directly evaluate -OH scavenging behavior, a fluorescence-based
radical-probe experiment was performed. The decay of fluorescence
intensity (I) of 6-carboxyfluorescein dye in the presence of the
Fenton reagent was monitored with and without radical scavengers
to semi-quantitatively verify the high radical scavenging activity of
radical scavenger observed in the aqueous Fenton test. Figure S7 in
the ESM shows the ratio of fluorescence intensity after the addition
of Fenton’s reagent with and without scavengers to the fluorescence
intensity of the un-degraded dye (I). The results show that the
Ce/HMCRE system shows higher retention of I compared to
pristine, Ce salt and HMCRE, indicating more effective -OH
removal.

The scanning electron microscopy (SEM) images reveal that all
membranes show smooth and uniform surfaces prior to Fenton
exposure (Fig. 2(f)). After 12 h, the pristine and Ce salt-based
membranes develop numerous bubble-like surface defects, which
subsequently rupture into cavities after 24 h, indicating pronounced
chemical degradation. In contrast, the Ce/HMCRE-based
membrane exhibits only uniformly distributed small bubbles after
12 h and maintains an intact surface morphology without
observable rupture even after 24 h of exposure. These results
demonstrate that the Ce/HMCRE effectively suppresses
degradation of polymer, consistent with the reduced fluoride release
observed in the chemical durability tests.
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3.3 PEMEFC performance and durability

The fuel cell performance of pristine, Ce salt-based, HMCRE-based,
and Ce/HMCRE-based PEMs was evaluated using a single-cell
configuration (Fig. 3(a)). As shown in Fig. 3(b), the current
densities at 0.6 V (jysv) are 2174, 1712, 2011, and 2073 mA-cm™ for
pristine, Ce salt-based, HMCRE-based, and Ce/HMCRE-based
PEMs, respectively. The corresponding maximum power densities
are 1.332 W-cm™ for pristine PFSA, 1.248 W-cm™ for HMCRE-
based, and 1.281 W-cm™ for Ce/HMCRE-based membranes,
which remain higher than that of the Ce salt-based membrane
(1.058 W-cm™). These results indicate that incorporating HMCRE
or Ce/HMCRE does not markedly compromise the electrochemical
performance, consistent with the preserved ion-cluster
nanostructure that supports efficient proton transport within
nanochannels. Hydrogen crossover values (Fig. 3(c)) fall within
1.41-1.58 mA-cm™ for all membranes, with the Ce salt-based
membrane showing the highest value, likely due to disruption of
ion-cluster nanostructure caused by strong Ce’-polymer
interactions [27].

To assess durability, an in-situ harsh accelerated degradation test
(ADT) was conducted. As shown in Fig. 3(d), the open-circuit
voltage (OCV) of the pristine membrane decreases substantially
from 0.983 to 0.798 V within 150 h (1.23 mV-h™), consistent with
radical-induced  chemical degradation. The Ce salt-based
membrane shows a moderate OCV decline (0.71 mV-h™). In
contrast, the Ce/HMCRE-based membrane exhibits a smaller OCV

loss of 67.5 mV, corresponding to a lower decay rate of 0.45 mV-h?,
indicating significantly improved voltage stability under oxidative
conditions. Hydrogen crossover at 0.4 V (ju,q04v)> @ key indicator
of membrane integrity, increases sharply for pristine PFSA (from
1.45 to 12.56 mA-cm™), reflecting severe oxidative damage (Fig. 3(e)
and Fig. S8 in the ESM). The Ce salt-based membrane shows a
more moderate increase (from 1.58 to 6.02 mA-cm™), whereas the
Ce/HMCRE-based membrane displays only a slight rise (from 1.47
to 2.41 mA-cm™), indicating that nano-structural integrity is largely
preserved.

After 150 h of ADT, the ji,, of the Ce/HMCRE-based
membrane remains at 1652 mA-cm? (Fig. S9 in the ESM),
outperforming both pristine PFSA (1054 mA-cm™) and the Ce salt-
based membrane (1113 mA-cm™). The retention of maximum
power density (P, follows the order Ce/HMCRE-based (83.4%) >
Ce salt-based (74.6%) > pristine (55.4%). Cross-sectional SEM
images (Fig. S10 in the ESM) show notable thinning of the pristine
membrane (76.0% thickness retention), whereas Ce/HMCRE-based
PEMs retain 91.5% of their initial thickness, compared with 85.5%
for Ce salt-based PEMs. These results collectively indicate that
Ce/HMCRE effectively stabilizes membrane nanostructure and
mitigates degradation under harsh oxidative conditions (Fig. 3(f)).
The OCV decay rate achieved by Ce/HMCRE-based PEMs
compares favorably with values reported in Refs. [11, 15, 29, 30, 38,
42, 52-58] (Fig. 3(g)), further demonstrating the effectiveness of
nanointerface-regulated cerium confinement in improving PEM

durability.
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Figure3 PEMEFC performance and durability of PEMs. (a) Schematic illustration of PEMFC. (b) Current-voltage (I-V) polarization curves and power density curves.
(c) Hydrogen crossover curves measured by linear scanning voltammetry. (d) OCV decay during ADT. (e) Variation of hydrogen crossover current during ADT.
(f) Comparison of jysy, Py retention, thickness retention, ji,, g > and OCV decay after ADT. (g) Comparison of OCV decay rates with other reported work.
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34 Insight into the stabilizing mechanism of Ce/HMCRE
organometallic complex

The preceding results suggest that the enhanced durability of the
Ce/HMCRE-based PEMs originates from regulation of cerium
behavior within a nanoconfined coordination environment. To
understand how crown ether coordination influences the redox
properties of Ce species, DFT calculations were performed to
analyze the electrostatic potential (ESP) distribution and charge
density differences of HMCRE and Ce/HMCRE (Fig. 4(a)). The
HMCRE molecule exhibits a negative potential cavity within the
crown ether ring, which facilitates complexation with Ce*. Upon
complexation, the negative ESP around the oxygen atoms
decreases, indicating partial electron donation from the ligand to
the metal center [59]. This electron redistribution is further
supported by the charge density difference map (Fig. S1 in the
ESM), which shows electron depletion around the oxygen atoms
and accumulation near the Ce center. The charge-density difference
results indicate that electron redistribution mainly occurs between
Ce™ and the crown ether oxygen atoms, confirming that the crown
cavity serves as the primary coordination environment. In contrast,
the hydroxymethyl group does not significantly participate in Ce
coordination but rather may potentially serve as a secondary
hydrogen-bonding site for interfacial anchoring with PESA side
chains.

The influence of this coordination-induced electronic
modulation on redox behavior was further evaluated by calculating
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the Ce*/Ce* redox potentials (Ecs++ ), as shown in Fig. 4(b) and
Table S2 in the ESM. The Ce/HMCRE complex exhibits a lower
calculated redox potential (E = 2.779 V) than hydrated Ce(H,0),™
(3.097 V), indicating that the coordinated Ce* center is more
readily oxidized within the crown ether nanoconfined coordination
environment and potentially more reactive toward radical
scavenging [60, 61]. The lower calculated oxidation potential
indicates enhanced redox accessibility rather than irreversible Ce*
formation. In the radical-scavenging cycle, Ce* is oxidized by
radicals, and Ce* can be reduced back to Ce* by peroxides (e.g.,
H,0, and -OOH). The improved ADT stability and reduced
fluoride release suggest that Ce/HMCRE maintains an effective
redox cycle under oxidative conditions.

This computational trend is consistent with cyclic voltammetry
(CV) measurements, where Ce/HMCRE shows a higher
electrochemical response toward -OH (1.516 mA-mg,™) compared
with free Ce™ (1.008 mA-mg,") and commercial CeO,
nanoparticles (0.875 mA-mg..") (Figs. 4(c) and 4(d)). Herein, the
electrochemical response refers to the Ce-mass-normalized current
response caused by the redox interaction between Ce-based species
and -OH radicals generated from the Fenton reaction. The
agreement between DFT predictions and CV results supports the
interpretation that ligand coordination enhances the radical-
scavenging reactivity of Ce.

In addition to enhanced redox reactivity, the residence time of
Ce within the membrane critically influences long-term durability.
Because the HMCRE ligand contains a hydroxymethyl group
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Figure4 Electronic structure modulation and redox behavior of Ce/HMCRE complex. (a) ESP of HMCRE and Ce/HMCRE. (b) DFT-calculated E values of Ce** redox
reaction of Ce(H,0)," and Ce/HMCRE complexes. (c) CV curves of the Ce salt, Ce/HMCRE, and CeO,-modified glassy carbon electrode toward 10 mM of -OH from the
Fenton reaction. (d) Calculated redox response obtained with Ce salt, Ce/HMCRE, and CeO, toward 10 mM of -OH (Fenton reaction) normalized per mass of cerium on

the electrode.
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capable of hydrogen bonding, we evaluated the possible interactions
between Ce/HMCRE and representative ether oxygen sites on
PFSA side chains. DFT calculations indicate that such interactions
favor adsorption at polymer nanointerfaces, with site 2 showing the
most favorable binding energy (-2.36 kcal'mol™) (Fig. 5(a) and
Table S3 in the ESM). To experimentally evaluate this effect, Ce
retention was quantified by energy dispersive X-ray spectroscopy
(EDS) after immersion in sulfuric acid for 240 h. The Ce/S molar
ratio of Ce/HMCRE-based membranes remains at 2.05 mol%,
compared with only 0.43 mol% for Ce salt-based membranes
(Figs. 5(b) and 5(c)), corresponding to a 3.76 fold increase in Ce
retention.

Moreover, the Ce distribution on the cross-sections of MEAs for
Ce salt-based and Ce/HMCRE-based membranes was analyzed by
elemental linear mapping after ADT (Fig. S11 in the ESM). The
signal intensity of Ce in the Ce salt-based membrane was highest at
the boundary between the catalytic layer and the PEM and
gradually decreased along the catalytic layer to the microporous

layer, indicating the migration of Ce ions from the PEM. However,
the Ce/HMCRE-based membrane retains a more stable Ce
distribution after ADT compared with the Ce salt-based
membrane, supporting the effectiveness of ligand-assisted
confinement under fuel-cell operating conditions. This enhanced
stability is consistent with hydrogen-bond-assisted anchoring
predicted by DFT. Importantly, the preferred adsorption sites are
located away from primary ion-cluster nanodomains, suggesting
that Ce/HMCRE is anchored at polymer nanointerfaces without
significantly interfering with proton-conducting pathways. This
spatial selectivity is consistent with SAXS and AFM results, where
Ce/HMCRE-based membranes maintain well-defined nanophase-
separated structures. Although direct atomic-scale visualization of
Ce species at PFSA nanointerfaces remains challenging, the
combined XPS, SAXS, AFM, DFT, and SEM-EDS results
consistently support a nanointerface-regulated confinement
scenario. In this model, Ce/HMCRE is stabilized through crown
ether coordination and secondary hydrogen-bonding interactions
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Figure5 Hydrogen-bonding interactions and cerium retention behavior in PESA membranes. (a) The potential sites (Sites 1, 2, and 3) for Ce/HMCRE adsorption on
PFSA and the corresponding binding free energy (listed in the table). The purple dotted lines represent hydrogen bonds. Light yellow, gray, white, red, yellow, and light
blue balls represent Ce, C, H, O, S, and F. (b) Ce/S molar ratio. (c) SEM-EDS mapping images of Ce salt-based and Ce/HMCRE-based membranes after soaking in

sulfuric acid solution for different durations.
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with PESA side-chain ether sites, thereby reducing direct intrusion
into sulfonate-rich ion-cluster domains.

In summary, coordination between Ce** and the HMCRE ligand
modulates the electronic structure of the metal center and facilitates
redox reactions within a nanoconfined environment, while
hydrogen-bond-mediated interfacial interactions enhance cerium
retention and minimize perturbation of ion-cluster nanostructure.
The combination of these effects provides a mechanistic basis for
the improved chemical durability of Ce/HMCRE-based PEMs.

4 Conclusions

In this work, we developed a ligand-coordinated Ce/HMCRE
complex as a stabilized free-radical scavenger for improving the
chemical durability of proton exchange membranes. The crown
ether-assisted coordination confines Ce™ within a nanoconfined
environment and reduces undesirable interactions with sulfonic
acid groups. Simultaneously, hydrogen-bonding interactions
between the hydroxymethyl group of HMCRE and PFSA side
chains provide interfacial anchoring at polymer nanointerfaces,
suppressing cerium migration while minimizing perturbation of
ion-cluster nanostructure. DFT calculations indicate that ligand
coordination redistributes electron density around the Ce center
and lowers the oxidation barrier from Ce™ to Ce*, which is
consistent with the enhanced radical-scavenging activity observed
experimentally. As a result, Ce/HMCRE-based membranes exhibit
a 3.76 fold increase in cerium retention and significantly improved
resistance to chemical degradation compared with membranes
containing free Ce*. These molecular and nanointerface-level
advantages translate into superior fuel-cell durability, as evidenced
by an ultralow OCV decay rate of 0.45 mV-h™ and 83.4% peak
power density retention after 150 h of accelerated degradation
testing. Overall, this work highlights the importance of
nanointerface regulation and confined microenvironments in
controlling redox-active species within ionomer membranes,
providing a promising strategy for the design of durable
electrochemical energy materials.

Electronic Supplementary Material: Supplementary material
(details of the experimental, DFT-optimized structure of
Ce/HMCRE, XPS measurements, SAXS measurements, differential
scanning calorimetry (DSC) and TGA measurements, fluorescence
measurements, hydrogen crossover measurements, SEM
measurements, and detailed parameters for calculating the binding
free energies) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908896.
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