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ABSTRACT: The development of novel proton exchange
membranes (PEMs) with high proton conductivity and good
mechanical performance as alternatives to Nafion is crucial.
Polyoxometalates (POMs), a type of solid-state nanoclusters,
possess high proton conductivity and good structural stability,
making them suitable functional inorganic fillers to improve the
performance of PEMs. Herein, the Keggin-type POM
H3PW;,040'nH,O  (PW,,) was introduced into sulfonated
polyaryletherketone (SPAEK) with closely packed and flexible side
chains to construct hybrid membranes (SPAEK-PW,,-x%, x = 5,
10, 13, 15). Because of its structural characteristics, the nanosized ?
PW,, induced precise hybridization of the nanophase structure of e o
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this ionomeric polymer and the formation of proton transport B

channels. Additionally, the hydrogen-bonding networks formed by PW,, and sulfonic acid groups increased the proton
conductivity and mechanical strength of the resulting hybrid PEMs and improved the close-packed structure of the PEMs to
achieve an appropriate balance between conductivity and fuel permeation. In particular, SPAEK-PW,,-13% achieved an
enhanced proton conductivity of 0.167 S-cm™ at 80 °C, which was 2.2 times greater than that of the pristine membrane.
Moreover, the mechanical properties, chemical stability, resistance to methanol penetration, and ionic selectivity of the hybrid
membrane were significantly improved upon addition of a moderate amount of PW,,. This work provides an approach for the
design and development of new-generation organic—inorganic hybrid membranes through precise hybridization of POMs.
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achieve high proton conductivity and structural stability [5, 6].
Because of their excellent proton conductivity and outstanding
electrochemical stability, perfluorosulfonic acid polymers, such as
commercial Nafion, which have a distinct phase-separated
morphology and continuous long-range proton transport channels,
are widely used in PEMFCs [7, 8]. Nevertheless, the high costs,
complex fabrication processes, severe fuel permeation, and
performance degradation in high-temperature environments
restrict the application of these polymers [9]. Thus, it is necessary to
find alternatives to improve the performance of fuel cells.

1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are among the
most important renewable energy conversion devices and have
attracted a considerable amount of attention because of their high
energy density and environmental friendliness [1-4]. As a crucial
component of PEMFCs, proton exchange membranes (PEMs) play
irreplaceable roles in proton conduction and fuel blocking to
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Because of their designable structure, acceptable mechanical
qualities, and low manufacturing costs, various aromatic
hydrocarbon polymers containing proton exchange groups, such as
sulfonated polyarylethers (SPAEs), sulfonated poly(aryl ether
ketone)s (SPAEKs), sulfonated polyimides (SPIs), and sulfonated
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polysulfone’s (SPSUs), have been used to develop PEMs to identify
a suitable material to replace Nafion [10]. However, the proton
exchange groups in the abovementioned polymers are directly
connected to their main chains with a random distribution,
resulting in unavoidable dead ends in the proton transport channels
of the developed PEMs. Although some technical strategies can
improve the degree of sulfonation of the polymer and increase the
continuity of the proton transport channel, such strategies also lead
to excessive expansion of the PEM and poor mechanical properties.
Compared to strategies that directly increase the ion exchange
capacity (IEC) of the membrane, strategies that optimize the proton
channels in the PEMs and improve the proton conduction
efficiency can better improve the comprehensive performance of
PEMs. Thus, various functionalized nanofillers [11-19], such as
metal organic frameworks (MOFs) [20], zirconium dioxide
nanotubes (ZrNTs) [21], graphene [22], and carbon nanotubes
(CNs) [23], have been incorporated to improve the water retention
capacity and proton conductivity of PEMs. Despite these
advancements, a need remains to design and develop new
organic-inorganic hybrid membrane to achieve efficient proton
transport.

Polyoxometalates (POMs), which are metal-oxygen clusters
composed of high-valence transition metals, have often been used
as proton conductors and functional inorganic fillers in PEMs
[24-31]. Compared to the common large inorganic fillers, POMs
have remarkable advantages owing to their nanoscale size, high
proton conductivity, good stability, and strong redox activity
[31-39]. Because of their composition and structural characteristics,
POMs may act as proton sources and dissolve to form
polyoxoanions and hydrated protons (such as H*, H;0", and H;0*)
in humid environments. Additionally, abundant oxygen atoms on
the surface of polyoxoanions can serve as hopping sites for protons,
providing ample carriers for the construction of hydrogen-bonding
networks [40, 41]. The delocalization of negative charges on the
surfaces of nanosized polyanions endows POMs with a low
negative charge density that facilitates the dissociation and flow of
protons [42]. For example, Su et al. synthesized a Ce-mediated
molecularly tailorable product {Ce;;Moy} based on an extremely
large polymolybdate {Mo,3,} cluster, and it exhibited a high proton
conductivity of 9.01 x 102 S.cm™ at 80 °C and 98% relative
humidity (RH) [43]. However, natural POM materials suffer from
poor mechanical processing, which seriously limits their practical
application in fuel cells [33]. Thus, hybrid materials prepared by
blending POMs with a polymer matrix have significant advantages
for use as substitutes for POM bulk materials. Liu et al. synthesized
hydrogel composites composed of a POM-based inorganic—organic
hybrid, poly(vinyl alcohol) (PVA), and glycerol (Gly), and these
composites exhibited a proton conductivity of 1.11 x 10 S-cm™ at
ambient humidity and 75 °C and good mechanical properties [44].
As inorganic fillers, POMs are comparable in size to the nanophases
of PEMs so that can be used to modify membranes without
disturbing their continuous phase morphology. On the basis of the
above-described theory, our group fabricated a series of high-
performance hybrid PEMs by incorporating nanoscale bismuth
oxide clusters into Nafion, and these PEMs exhibited high proton
conductivity, low methanol permeability, and ideal mechanical and
chemical stabilities [45]. Li’s group introduced a polyethylene glycol-
grafted POM amphiphile (GSiW,,) into Nafion to prepare a series
of hybrid membranes that exhibited the highest proton
conductivity of 226 mS-cm™ at 80 °C and a 130% enhancement in
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power density [46]. Recently, Lan et al. prepared hybrid PEMs by
introducing 2MeIm-{Mo,;3;} into SPAEKs, and these PEMs
exhibited an enhanced proton conductivity of 75 mS-cm™ and a
maximum power density of 266.2 mW-cm™ at 80 °C [47]. All these
results demonstrate that POM:s can be used as nanofillers to modify
PEMs based on aromatic hydrocarbon polymers containing
pendant sulfonic acid groups by the formation of a three-
dimensional (3D) proton transfer pathway in the POM-containing
hybrid composite PEMs.

Inspired by the abovementioned studies, we attempted to
introduce H;PW,0,¢nH,0 (PW},) into SPAEKs with a high
density of flexible side chains to construct hybrid membranes. In
our strategy, the introduction of flexible side chains into SPAEKs
was expected to contribute to phase separation, resulting in an
improvement in the proton conductivity of the resulting PEMs
without increasing the degree of sulfonation of the polymer matrix.
Because of its structural characteristics, nanosized PW, can freely
enter the hydrophilic phase of membranes and participate in the
formation of proton transport channels. Furthermore, hydrogen-
bonding networks formed by PW,, and sulfonic groups can
increase the proton conductivity of the hybrid membrane and
improve the close-packed structure of PEMs to achieve an
appropriate balance between conductivity and fuel permeation. As
a result, the proton conductivity of the hybrid membranes prepared
in this study reached up to 0.167 S-cm™ at 80 °C (SPAEK-PW -
13%), which was 2.2 times greater than that of pristine membrane,
and the methanol permeability of the membranes simultaneously
decreased by an order of magnitude. Thus, this study describes a
concept based on nanosized hybridization for the construction of
advanced PEM.

2 Experimental

2.1 Materials

2,6-Dimethoxyphenol, 9-fluorenone, and mercaptopropionic acid
(MPA) were purchased from Aladdin Reagent Co. (Shanghai). 4,4"-
Difluorobenzophenone (DFBP), bisphenol A (BPA), boron
tribromide (BBr;), and 1,4-butanesultone were purchased from
Macklin. Dimethylacetamide (DMAc), dimethyl sulfoxide
(DMSO), dichloromethane, and other solvents and reagents (AR
grade) were purchased from Sinopharm Chemical Reagent
Company and used as received. Toluene, DMAc, DMSO, and
dichloromethane were used after dehydration.

2.2 Synthesis of 9,9-bis(3,5-dimethoxy-4-hydroxyphenyl)
fluorene (DMHF)

DMHF was synthesized from 2,6-dimethoxyphenol and 9-
fluorenone in accordance with previous literature [48] (Figs. S1 and
S2 in the Electronic Supplementary Material (ESM)). A light yellow
crude product was recrystallized three times in toluene to obtain a
pure white solid product in 92.9% yield. 'H nuclear magnetic
resonance (NMR) (6, 500 MHz, DMSO-dy): 8.34 (s, 2H, -OH), 3.53
(s, 12H, -OCHy), 7.90 (d, 2H, H,), 7.39 (t, 2H, H,), 7.31 (t, 2H, H,),
7.51 (d, 2H, Hy), 6.32 (s, 4H, H,).

2.3 Synthesis of methoxy-functionalized poly(aryl ether

ketone) (MPAEK)

As shown in Scheme 1, MPAEK copolymers were synthesized from
DMHEF, DFBP, and BPA. A typical synthesis was performed as
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Scheme 1 Synthesis of polymers MPAEK, HPAEK and SPAEK.

follows: First, 1.6938 g (3.6 mmol) of DMHF, 7.3966 g (32.4 mmol)
of BPA, 7.8552 g (36 mmol) of DFBP, and 7.482 g (54 mmol) of
K,CO; were dissolved in a mixture of 126 mL of DMAc and 72 mL
of toluene under a nitrogen atmosphere. The resulting mixture was
heated to 140 °C and refluxed for 8 h. Then, the temperature was
increased to 165 °C and maintained for 12 h. After cooling, the
obtained viscous solution was diluted with 40 mL of DMAc and
then poured into methanol to obtain precipitated polymers. These
polymers were then filtered and washed three times. The final
products (named MPAEK) were collected after vacuum drying at
120°C for 24 h.

24 Synthesis of hydroxylated poly(aryl ether ketone)
(HPAEK)

Demethylation was performed as follows. A mixture of MPAEK
(3.00 g) and anhydrous dichloromethane (150 mL) was introduced
into a three-necked round-bottom flask equipped with a nitrogen
inlet. The mixture in the flask was purged with dry nitrogen for 1 h
in an ice bath. Then, BBr; (1.8 mL) was slowly added, and the
solution gradually darkened as blood-red solids formed. After 6 h,
the solid products were filtered and washed several times with
CH,Cl,. The solids were then transferred into deionized water and
washed by refluxing for 48 h. After the color of the solids
disappeared, the resulting products (named HPAEK) were collected
by vacuum drying at 100 °C for 24 h (89% yield).

25 Synthesis of sulfonated poly(aryl ether ketone)
(SPAEK)

Sulfonation was performed as follows. HPAEK (4.0 g) was
dissolved into 80 mL of DMSO at room temperature with stirring
for 1 h under a nitrogen atmosphere. Then, 0.496 g of NaOH and
1,4-butanesultone (1.69 mL) were added to the above solution, and
the temperature was increased to 110 °C for 12 h. The resulting
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transparent solution was slowly poured into a large amount of
isopropyl alcohol, and white flocculent solids formed. After being
filtered and washed repeatedly with deionized water, the final
product (named SPAEK) was collected and dried at 100 °C under
vacuum for 24 h (92% yield).

2.6 Preparation of hybrid membranes

SPAEK-PW ,-x% hybrid membranes were prepared by means of
the solution-casting method. The preparation of the SPAEK-PW -
13% hybrid membrane was provided as an example: First, 0.3 g of
dried SPAEK, 0.039 g of H;PW,0,-nH,0, and 2.98 mL of DMSO
were dissolved and vigorously stirred for 10 h at ambient
temperature to form a homogeneous solution. The solution was
cast onto a glass plate and dried at 80 °C for 12 h to obtain a
membrane. To acidify the membrane, the film was peeled off the
glass plate and immersed into 2 M H,SO, for 24 h. Afterward, the
acidified membrane was washed repeatedly with deionized water to
neutral pH and then stored in deionized water until needed for
testing. A series of hybrid membranes, SPAEK-PW,-x%, were
prepared according to the above synthesis scheme. The hybrid
membranes were named SPAEK-PW,,-x%, where x = 0, 5, 10, 13,
15 is the weight percentage of the filler (PW,,) in SPAEK. The
thicknesses of all the obtained membranes were 40-100 pm.

3 Results and discussion

3.1 Synthesis and characterization of the copolymers and
hybrid membranes

As illustrated in Scheme 1, a matrix of membranes was synthesized
through copolymerization of DMHF, DFBP, and BPA before
further modifications. To maintain the proton conductivity and
mechanical properties of the pristine SPAEK membrane, the molar
proportion of DMHF units in the copolymers, which ultimately
determined the degree of sulfonation of the membranes, was set as
5%. The chemical structures of the synthesized copolymers were
characterized by 'H NMR spectroscopy (Fig. S3 in the ESM). In the
spectrum of MPAEK, the peaks at 3.5 and 1.65 ppm were attributed
to methoxy groups in the DMHF unit and H; atoms in the
bisphenol A unit, respectively. The peaks from 6.4 to 8 ppm were
attributed to aromatic protons in the backbone of the copolymers.
These data confirmed the synthesis of MPAEK with a molecular
weight of ~ 37,210 in 92% yield. The methoxy groups were
converted into hydroxyl groups in CH,Cl, using BBr;, and the
products were precipitated and collected in 89% yield. In the
spectra of HPAEK, the methoxy peak at 3.5 ppm disappeared, and
a new peak appeared at 9.4 ppm that was attributed to the protons
in the hydroxyl groups. This result indicated the successful
preparation of HPAEK. HPAEK was then sulfopropylated via
nucleophilic ring-opening to generate sulfonated copolymers of
SPAEK in 92% yield. After this reaction, the peak at 9.43 ppm,
which was attributed to ~-OH, disappeared completely, and new
peaks appeared at 2.33, 3.78, 1.67, and 1.47 ppm, which were
attributed to the butanesulfonic methylene protons (H,, Hy, H;, and
H,,). Notably, the peak attributed to H, changed from a sharp single
peak to multiple lower-intensity peaks because the steric hindrance
of the large butane sulfonate groups prevented free rotation of the
benzene ring, which further proved the successful synthesis of the
polymer SPAEK.

SPAEK-PW,,-x% hybrid membranes with different amounts of
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PW,, were prepared via a solution-casting technique, in which
PW), clusters were hybridized into the ionic nanophase of SPAEK
membranes through intermolecular polar interactions and
hydrogen-bonding interactions (Scheme 2). The hydrophilic
nanostructure of the SPAEK membranes was sensitive to additives
and the self-assembly environment. Therefore, our precise
molecular-level targeted assembly strategy could be effectively used
to fabricate hybrid SPAEK membranes with desired nanoscale
architectures. To illustrate this precise selected targeted assembly
strategy, various characterization techniques were used to analyze
the chemical composition, self-assembly mechanism, and
physical-chemical properties of the prepared hybrid membranes.
Fourier transform infrared (FTIR) spectra of SPAEK-PW ,-x%
(x =0, 5, 10, 13, 15) are shown in Fig. 1(a). The broad absorption
band at approximately 3400 cm™ was ascribed to the stretching
vibration of O-H. The peak at ~ 2960 cm™ was attributed to
aromatic ~CH stretching. The peak at 1036 cm™ was attributed to
symmetric stretching vibrations of phenyl ether bonds. The peaks at
1305 and 1490 cm™ were attributed to asymmetric stretch
vibrations of phenyl ether bonds. The distinctive signals at 1009 and
1140 cm™ arose from the stretching vibrations of S-O and S=0O,
respectively. In the spectrum of PW,, four absorption peaks were
observed at 1080, 986, 897, and 802 cm™, which were attributed to
the stretching vibrations of P-O, W=0O, W-0,-W, and
W-0O,-W, respectively (O, O, Oy, and O, represent the central

Kok~ SPAEK
. HSO,;~

Scheme 2 Schematic of the proton conduction mechanism of SPAEK-PW/,.

(a) (b)

Intensity (a.u.)

Yig
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Solvent

evaporation
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SPAEK-PW ,-13%

oxygen, terminal oxygen, bridged oxygen of two octahedra sharing
a corner, and bridged oxygen of two octahedra sharing an edge,
respectively) [49]. These four peaks were all enhanced as the
amount of PW, increased, as shown in Fig. 1(a).
Thermogravimetric analysis (TGA) was employed to study the
thermal stability of the membranes (Fig. S4 in the ESM). All the
membranes exhibited three stages of weight loss over the entire
temperature range (30-800 °C). The first stage of weight loss
occurred before 200 °C and was attributed to the evaporation of the
residual solvent and adsorbed water in the hybrid membrane.
Notably, the weight loss of the hybrid membranes was greater than
that of the pristine membrane during this stage. The main reason
for this difference was that the hydrophilic molecules of PW,, could
adsorb more crystal water, thus improving the weight loss of the
hybrid membrane. The second weight loss stage, which occurred at
approximately 200-350 °C, was attributed to degradation of the
sulfonic acid group on the side chain. During this stage, weight loss
of the hybrid membrane was significantly slower than that of the
pristine membrane because PW , was able to form strong hydrogen
bonds with the sulfonic acid groups on the side chains of SPAEK.
This interaction effectively improved the thermal stability of the
side chains containing sulfonic acid groups and thus increased the
decomposition temperature of the hybrid membrane. The third
weight loss stage occurred at 370-800 °C and was attributed to
degradation of the main chains of the polyaryl ether ketone

Hydrophobic backbone

OF SPAEK-PW, ,-5%

(® SPAEK-PW,,-15%

Figure1 (a) FTIR spectra of SPAEK-PW ,-x% (x = 0, 5, 10, 13, 15) membranes. Cross-section SEM images of (b) SPAEK, (c) SPAEK-PW ,-5%, (d) SPAEK-PW,-10%,

(e) SPAEK-PW ,-13%, and (f) SPAEK-PW ,-15% membranes.
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backbone. The above results indicated that the hybrid membranes
exhibited excellent thermal stability, satisfying the requirements for
application in PEMFCs.

3.2 Morphology of membranes

The micromorphology of cross sections of the pristine and hybrid
membranes were investigated by scanning electron microscopy
(SEM) (Figs. 1(b)-1(f)). A rough surface with obvious defects was
observed for the pristine membrane, indicating that the
accumulation of polymer chains in the membrane was not
sufficiently dense. With the addition of PW,, the defect degree of
the membrane decreased, and the smoothness of the hybrid
membrane increased because of the formation of strong hydrogen-
bonding interactions between the oxygen-containing moieties of
PW, and the sulfonic acid groups, resulting in a more compact
structure of the polymer chains. However, the introduction of
excess PW,, disrupted the close-packed structure within the hybrid
membrane, resulting in an irregular membrane surface (Fig. 1(f)).
The nanoscale morphologies of the pristine and hybrid
membranes were evaluated by transmission electron microscopy
(TEM) (Figs. 2(a)-2(c)). All the membrane samples were immersed
in a 1 M AgNO; solution to examine the internal morphology of
the membranes. The dark areas represent hydrophilic regions that
reacted with a dye, while the bright areas indicate hydrophobic
regions within the membrane [50]. As seen by comparing the
images of SPAEK and SPAEK-PW,,-13%, the wormlike
continuous hydrophilic channels corresponding to the dark areas
became more concentrated and elongated after addition of the
hydrophilic PW,. Compared to the pristine membrane, the hybrid
membrane exhibited a more significant microphase separation

%___n;_ 7 L
‘ ‘ A' (e). (f).(g)

structure, and the ionic transport channels became more organized.
For the SPAEK-PW,,-15% membrane, the disruption of the
hydrophilic channel continuity was attributed to the aggregation of
excessive POMs.

The distribution of elements in the membranes was investigated
via energy-dispersive X-ray spectroscopy (EDS, Figs. 2(d)-2(g), and
Fig. S5 and Fig. S6 in the ESM). For SPAEK, S and O were evenly
distributed throughout the membrane, demonstrating that the
obtained membrane was uniform. After addition of PW,,, the
distribution of W was similar to that of S, showing that the PW,
clusters were attracted to the hydrophilic sulfonic acid groups
(Figs. 2(d) and 2(g)). Moreover, the PW, clusters were uniformly
distributed in the membrane without large-scale aggregation, as
seen in the results for SPAEK-PW,-15% (Fig. S6 in the ESM).
Wide-angle X-ray diffraction patterns were then used to determine
the distribution and crystallinity of SPAEK and SPAEK-PW ,-x%
nanophase membranes (Fig. S7 in the ESM and Table 1).

Small-angle X-ray scattering (SAXS) was utilized to analyze the
impact of the addition of PW, on the microstructure of the
resulting hybrid membranes. Figure 2(h) shows that two
characteristic peaks were observed in the spectra of all of the
samples. The peak at g = 0.16 nm™ was attributed to crystallization
of the main chains of SPAEK. The peak at approximately q =
0.2-0.3 nm™ was attributed to the nanophase separation of the
membranes. This occurred mainly because of the dense aggregation
of flexible sulfonic acid groups on the side chains of SPAEK,
resulting in the formation of a good phase separation structure
within the membrane. As the incorporation of PW, increased, the
peaks attributed to ion clusters shifted toward regions with high g
values, which increased from 0.22 to 0.29 nm™. According to d =

(h) Matrix knee

Ignomer peak

\ SPAEK

SPAEK-PW,,-5%

\
/ N~ SPAEK-PW,,-10%
\
/ SPAEK-PW,,-13%
¥ \
: § 1
. SPAEK-PW,-15%

0.1 02 03 04 05 06 0.7 0.8 09 10
q(om™)

Intensity (a.u.)

Figure2 TEM images of (a) SPAEK, (b) SPAEK-PW,-13% and (c) SPAEK-PW,-15% membranes. (d)-(g) EDS mapping of SPAEK-PW ,-13%. (h) SAXS patterns of

SPAEK-PW,,-x% (x =0, 5, 10, 13, 15) membranes.

Table1 Water uptake (WU), swelling ratio (SR), IEC, hydration number (4) and crystallinity of membranes

Samples V\Q}j%} ) S;?) (:é) IEC (mmol-g™) 80/1° C Crystallinity (%)

SPAEK 25.1 13.4 1.06 12.9 77.28
SPAEK-PW,,-5% 27.2 15.2 1.14 13.3 60.33
SPAEK-PW ,-10% 30.6 16.7 1.21 14.1 53.85
SPAEK-PW,-13% 332 18.3 1.24 14.8 49.61
SPAEK-PW,,-15% 39.0 21.8 1.33 16.3 61.97
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2n/q, the interval between the ionic phases in the hybrid water molecules absorbed by each hydrophilic group. The

membrane, defined by d, continued to decrease after incorporation experimental A values of the hybrid membranes increased as the
of PW,, [51]. This occurred primarily because the PW,, molecules amount of PW,, increased. This parameter is an important
pulled the sulfonic acid groups in the hydrophilic phase closer indicator for assessing the hydration and proton conductivity of
together, ultimately leading to a denser distribution of ionic phases. PEMs and directly impacts the ionic transmission mechanism of
These results are consistent with the trends observed in the TEM PEMs [52-54]. A high number of water molecules increase the
images. Noticeably, the crystallization peaks of the main chains concentration of water molecules in the membrane, which
associated with SPAEK-PW,-15% became broader, mainly because facilitates the rapid migration of protons through the hydrogen
of the large clusters that formed when excess PW,, accumulated bond network and enhances the proton conductivity of the

and disrupted the regular alignment of the segments of the polymer membrane.
chain, resulting in nonuniform crystallization of the polymeric .
main chains. 34 Proton conductivity

Proton conductivity (o) is one of the most crucial parameters
3.3 IEC, water uptake (WU), swelling ratio (SR), and employed to evaluate the performance of PEMs in fuel cells [45]. A
hydration constant (1) of the prepared membranes direct current (DC) conductivity test was performed to rule out any
influence of electron conductivity on the performance of SPAEK
and SPAEK-PW,, membranes (Fig. S8 in the ESM). The
temperature-dependent proton conductivities of the pristine
membrane and hybrid membranes with increasing amounts of
PW , were measured by alternating current impedance in water, as
shown in Fig. 3(c). All the membranes exhibited a significant
X increase in proton conductivity as the temperature increased from
1.06 to 1.33 mmolg™. Followed by the increased IEC values, the 30 to 80 °C as a result of the thermal activation of proton transport.
hybrid membrane exhibited higher values of WU, thus improving The pristine membrane exhibited proton conductivities of 0.037
the proton conductivity of the membrane (Table 1 and Figs. 3(a) S-cm™ at 30 °C and 0.077 S-«cm™ at 80 °C in a water solution (Table
and 3(b)). Because of the unique side-chain architecture of SPAEK, SI in the ESM). For comparison, the proton conductivity of the
a phase separation structure formed with hydrophobic and  hybrid membrane increased notably as the content of PW,,
hydrophilic domains, thus enhancing the structural stability of the increased. Notably, SPAEK-PW ,-13% exhibited the highest proton
resulting PEMs. Figure 3(b) shows that the SR of the hybrid  conductivity, ranging from 0.080 S-cm™ at 30 °C to 0.167 S-cm™ at
membranes increased as a result of the increased WU without 80 °C, which was better than those of most reported hybrid PEMs
excessive swelling. These results verify that the precise structural constructed on SPAEK (Table S2 in the ESM) [55, 56]. The proton
design of the polymer matrix played a significant role in improving conductivity of SPAEK-PW ,-13% was ~ 2.2 times higher than that

As an important parameter for the evaluation of membranes, the
IEC is closely related to other properties of PEMs, such as their WU
and proton conductivity. The IEC values of the pristine and hybrid
membranes were measured, and the results are displayed in
Table 1. Because more protons dissociated from PW,, as the
content increased, the IEC values of the membranes increased from

the overall performance of the PEMs. of the pristine membrane at 30-80 °C. The main reasons for the
The A value of the hybrid membrane represents the number of above results are as follows. First, the hydrophilic PW,, as a proton
(@) s (b) 25 (¢) o2s
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Figure3 Water uptake (a) and swelling ratio (b) of SPAEK and SPAEK-PW , membranes at different temperature. (c) Temperature dependence of proton conductivity
of hybrid SPAEK-PW, membranes in water solution. (d) Arrhenius-type plots of the conductivity of SPAEK and SPAEK-PW,, membranes at various temperatures and
in water solution. (e) Nyquist plots of SPAEK-PW,-13% membranes in water solution and various temperatures. (f) Proton conductivity of SPAEK-PW,-13%
membranes in water solution at 80 °C for last 24 h.
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donor, increased the concentration of proton carriers and the
amount of adsorbed water in the hybrid membrane, thus increasing
the number of proton hopping sites. Second, the molecular-level
hybridization of POMs extended the dimensions of the hydrophilic
channels in the PEMs, as observed in TEM images, which in turn
provided long-range continuous paths for proton transmission.
Third, the strong hydrogen bonds between highly condensed ion
clusters (-SO;H-H,0, —-SO;H-PW,,, and —-SO;H-SO;H) in the
hybrid membranes induced the formation of continuous proton
transmission channels, which enhanced the transport of protons
within the membranes. Protons could swiftly rotate and orient
within the well-developed water-mediated hydrogen-bonding
network, thereby facilitating rapid transfer.

Next, the activation energy of proton conduction for the
membranes was calculated using the Arrhenius equation, oT =
0,exp(-E/KgT), to explore proton migration barriers [57]. As
shown in Figs. 3(d) and 3(e)) and Fig. S9 in the ESM, the activation
energies (E,) for all membranes were approximately 0.13-0.16 eV
in the temperature range of 30-80 °C in a water solution,
corresponding to the Grotthuss-type mechanism [58]. Protons
could rapidly rotate and reorient in the form of hydronium ions
(H;07, H;O;', and HyO,") in the water-filled channels of the hybrid
membranes or migrate along the well-connected H-bond network
formed by water molecules and proton-conductive groups (-SO;H
and -OH) in the hybrid membranes. However, upon further
addition of PW,,, SPAEK-PW,,-15% exhibited lower proton
conductivity than SPAEK-PW ,-13%, which was attributed to the
excessive accumulation of PW, in the nanophases of the hybrid
membrane, which disrupted the proton transport pathway. To
evaluate the persistence of the proton conductivity of the SPAEK-
PW,-13% hybrid membrane, we measured the impedance of this
membrane in deionized water at 80 °C continuously for 24 h
(Fig. 3(f)). The proton conductivity of SPAEK-PW,-13% remained
basically constant at ~ 0.16 S-cm™, confirming the relatively long-
term durability of this membrane under these operating conditions.

3.5 Mechanical properties and chemical stability

Mechanical properties are important parameters that affect the long-
term stable operation of hybrid membranes [59]. As shown in
Table 2, the tensile strength and elongation at break of the hybrid
membranes with an appropriate content of PW, (x < 13) were
improved relative to those of the pristine membrane. SPAEK has
satisfactory mechanical properties, with a tensile strength of 53.0
MPa and an elongation at break of 126.2%. Upon the addition of
PW,, the mechanical properties of SPAEK-PW,-13% improved,
resulting in a tensile strength of 65.1 MPa and an elongation at
break of 154.8%. This occurred primarily because the strong
hydrogen bonds between PW,, and -SO;H made the internal
structure of the membrane more compact, as observed in the SEM

Table2 Crystallinity, mechanical properties and chemical stability of membranes

images. Nevertheless, the mechanical properties of SPAEK-PW ,-
15% decreased significantly because the excessive addition of PW,
may have caused aggregation of POM clusters that weakened the
interfacial adhesion between the nanofillers and SPAEK.

Another parameter that affects the long-term stable operation of
hybrid membranes is the oxidation stability of PEMs [60]. The
membranes were soaked in a Fenton reagent to test the antioxidant
stability, and the results are shown in Table 2. After being treated
with the Fenton reagent at 80 °C, all the membranes experienced a
certain weight loss. With the addition of PW,, the weight retention
rate of the hybrid membranes was improved. The fracture time of
SPAEK-PW,-13% was approximately 1.5 times longer than that of
SPAEK because PW,, promoted decomposition of free radicals,
thus preventing the hybrid membrane from being attacked by free
radicals [61, 62].

3.6 Methanol permeability test

A methanol permeability (P) test was performed to evaluate the
ability of SPAEK and the SPAEK-PW,-x% (x = 5, 10, 13, 15)
membranes to resist fuel penetration. The methanol permeability of
SPAEK was 1.03 x 107 cm™s™" (Fig. 4). In addition, the PW,,-
loaded hybrid membranes SPAEK-PW ,-x% exhibited a superior
ability to prevent methanol crossover. This finding was attributed to
the incorporation of PW,, in the ion channels of SPAEK, which
resulted in a tortuous path for methanol and thus suppressed the
permeability. Strong hydrogen-bonding between the hydrophilic
PW, and the sulfonic acid groups of SPAEK prevented methanol
crossover. The methanol permeability of the SPAEK-PW,,-x%
hybrid membranes decreased with increasing weight percent of the
additive. For example, SPAEK-PW,-13% exhibited a methanol
permeability (P) of 3.95 x 10°* cm™s™. For SPAEK-PW ,-15%, the
excessive introduction of PW,, destroyed the compact structure of
the hybrid membrane and thus hindered the penetration of
methanol.

Tonic selectivity suggests a balance between proton conductivity
and methanol permeability. Figure 4 represents the ionic selectivity
of SPAEK and various SPAEK-PW,,-x% (x = 5, 10, 13, 15)
membranes. The jonic selectivity values of SPAEK and SPAEK-
PW,-13% were 3.65 x 10° and 2 x 10° S-s-cm™, respectively. The
ionic selectivity of SPAEK-PW ,-13% was approximately one order
of magnitude greater than that of SPAEK. Briefly, a certain amount
of PW,, in the hybrid membrane formed a dense hydrogen-
bonding network with the sulfonic acid groups in PEM to achieve
an appropriate balance among various factors of the hybrid
membrane.

4 Conclusions

In summary, we have developed a strategy to introduce PW,, into

Samples Tensile strength (MPa) Elongation at break (%) Young's modulus (GPa) WR* (wt.%) 7° (min)

SPAEK 53.0 126.2 1.10 92.9 300
SPAEK-PW,,-5% 57.3 142.1 0.72 94.8 390
SPAEK-PW,,-10% 61.6 140.6 0.66 95.4 408
SPAEK-PW,-13% 65.1 154.8 0.56 98.4 432
SPAEK-PW,,-15% 52.4 85.4 0.44 98.5 438

*WR: the weight retention rate of the hybrid membrane after it began to break in Fenton's reagent (3% H,0, and 2 ppm Fe*'). ": the time when the

membrane began to break in Fenton's reagent (3% H,0, and 2 ppm Fe*).
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Figure4 The methanol permeability and ionic selectivity of SPAEK-PW ,-x%
(x=0,5,10,13,15).

SPAEK and fabricated a series of hybrid membranes with
comprehensive high performance. Sulfonated poly(arylene ether
sulfone) with a high density of flexible side chains was successfully
synthesized and used to make films that maintained a high proton
conductivity and mechanical strength. Because of electrostatic
forces, PW,, successfully entered into the ionic nanophase of
membranes to form a stable microphase separation structure.
Additionally, hydrogen-bonding networks were formed between
PW,, and sulfonic acid groups, which increased the proton
conductivity and mechanical strength and improved the close-
packed structure of the resulting hybrid PEMs to achieve an
appropriate balance between the conductivity and fuel permeation.
Specifically, the SPAEK-PW,-13% hybrid membrane exhibited a
proton conductivity of 0.167 S-cm™ at 80 °C in a water solution,
which was 220% times greater than that of the pristine SPAEK
under the same conditions. In addition, the SPAEK-PW,-13%
hybrid membrane exhibited satisfactory mechanical and chemical
stability, relatively low methanol permeability, and high ionic
selectivity. This work demonstrates the advantages of POMs as
inorganic proton conductors comprehensively improve the
performance of polymer-based hybrid PEMs, which can lead to the
development of a new generation of high-performance materials
and energy devices.

Electronic Supplementary Material: Supplementary material
(PXRD, IR, Raman, TG, and proton conductivities of all
compounds and corresponding Nafion composite Membranes) is
available in the online version of this article at
https://doi.org/10.26599/POM.2024.9140079.
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