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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Three-layered SPAES reinforced mem-
branes were prepared. 

• The reinforcement stress was around 28 
MPa for the water uptake reduction. 

• The reinforcement was effective to 
enhance mechano-chemical stabilities. 

• The composites showed higher dura-
bility than the bare ones in PEMFC, 
PEMWE.  
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A B S T R A C T   

The dimensional stability of proton exchange membranes in the moisture involved energy conversion devices 
polymer electrolyte membranes fuel cells (PEMFCs) and water electrolyzers (PEMWEs) is a critical property to 
prolong the cell life span. Here, highly water swellable sulfonated poly(arylene ether sulfone) (SPAES) ionomers 
are incorporated into mechanically tough porous poly(tetrafluoroethylene) (PTFE) to reduce the dimensional 
change in water. Three different SAPAES with a degree of sulfonation ranging from 40 to 60 are synthesized, and 
their composites with PTFE are prepared. The reinforced SPAES membranes show enhanced dimensional and 
mechanical properties due to the mechanical stress of the PTFE supports (~28 MPa) that oppose ionomer 
dilatation in water, which is evaluated from a thermodynamic perspective. The dimensionally stable composites 
show higher chemical stability in the ex situ Fenton’s test and yield more stable long-term performance in both 
PEMFC and PEMWE, possibly due to reduced gas permeability and enhanced interfacial stability of the mem-
brane electrode assembly. In the PEMFCs, the durability against wet–dry cycle at 80 ◦C is enhanced 3− 4-fold, 
and in PEMWEs, the voltage increase over time at a constant current density of 2 A/cm2 is significantly reduced 
by suppressing the ionomer’s swelling in the confined PTFE frames.  
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1. Introduction 

Ion-conducting polymer electrolyte membranes (PEMs) are critical 
components of energy conversion and storage devices for maintaining 
cell performance without fuel loss in PEM fuel cells (PEMFCs), products 
in PEM water electrolyzers (PEMWEs), and active species in redox flow 
batteries [1–5]. In most energy conversion/storage devices that involve 
proton transfer processes, perfluorosulfonic acid (PFSA) ionomers, such 
as Nafion, are used for PEMs. This is because of their excellent proton 
conductivity, electrochemical stability, and mechanical toughness 
resulting from the distinctly phase-separated hydrophobic and hydro-
philic domains and the mechanochemical properties of the poly(tetra-
fluoroethylene) (PTFE)-based polymer backbone [6–8]. Despite these 
advantages, high gas permeability and high production cost are major 
concerns that must be resolved for the wide commercialization of energy 
conversion/storage devices [9–11]. Various hydrocarbon-based ion-
omers have been developed to overcome the drawbacks of PFSA ion-
omers, particularly in terms of cost and gas permeability [12–15]. 
Because the densities of PFSA and hydrocarbon-based ionomers are 
different, the ion exchange capacity (IEC) of hydrocarbon-based ion-
omers must be approximately double that of PFSA ionomers to achieve a 
proton conductivity that is similar to that of PFSA ionomers. 

A high IEC reduces the proton conduction resistance. However, it 
induces significant volume expansion in moisture involved PEMFCs and 
PEMWEs. Membrane swelling causes interfacial instability in membrane 
electrode assemblies (MEAs), and more importantly, accelerates the 
chemical and mechanical degradation of the membranes, even in the 
case of less swellable PFSA membranes. Hydrocarbon-based ionomers 
that have a higher IEC compared to PFSA ionomers show a larger degree 
of swelling and dimensional changes. In addition, they are more 
vulnerable to the damage caused by swelling-induced degradation, such 
as tears, cracks, pinholes, and chemical decomposition, which leads to 
cell failure [16–18]. While the imbibed water facilitates proton trans-
port by interconnecting hydrophilic domains, it acts as highways for the 
crossover of fuels in PEMFCs or products in PEMWEs (H2 and O2) [19]. 
Gas crossover, which is undesirable, reduces the Faraday efficiency and 
induces the generation of reactive hydroxyl radicals [20]. In addition to 
percolation, the uptake of water expands the volume (area and thick-
ness) of a PEM until the chemical potentials of ionomer-water mixing 
and ionomer deformation are balanced [21]. In systems that employ 
MEAs, this areal expansion causes interfacial instability between PEMs 
and catalyst layers (CLs) because of their swelling imbalance (PEM 
swells more than CLs). This leads to cracks in CLs and their delamination 
from PEMs or pinholes in PEMs, resulting in increased ohmic resistance 
[19,22]. 

Hydrocarbon-based ionomers have been incorporated into chemi-
cally inert and mechanically tough porous supports to reduce water 
uptake and dimensional changes (in length) [23–27]. This is one of the 
effective approaches for enhancing membrane durability [28–32]. 
Gore-Select membranes, Nafion XL, and HP are commercially available 
examples of PFSA-ionomer-based reinforced membranes with expanded 
porous PTFE [33–35]. PTFE fibers and knots prevent physical damage 
due to fatigue crack propagation and provide mechanical force to 
oppose the dilatation of constrained ionomers [36]. These features 
synergistically improve the chemical and physical durability of the 
membranes during cell operation, as compared to the corresponding 
bare PEMs [37,38]. 

Hydrocarbon-based ionomers have been reinforced with a porous 
layer to improve their durability in various applications. Miyake et al. 
prepared composite membranes with sulfonated polybenzophenone/ 
poly(arylene ether) block copolymers and a porous polyethylene tere-
phthalate layer. The composite showed significantly improved dura-
bility in a wet–dry cycling test for PEMFCs, with a 2.5 times lower water 
uptake at 80 ◦C [33]. Furthermore, they recently developed composite 
membranes with different combinations of an ionomer (sulfonated 
phenylated poly(phenylene) (SPP-QP)) and a porous support (porous 

polyethylene). The toughness of rigid SPP-QP was improved approxi-
mately ten-fold, and H2 crossover was effectively reduced through 
reinforcement [39]. The enhanced properties facilitated the use of 
thinner membranes, which performed better than bare membranes. Kim 
et al. incorporated highly sulfonated poly(arylene ether sulfone) 
(SPAES), which showed a significant water uptake of over 400 wt% at 
60 ◦C, into a poly(benzimidazole)-based substrate [40]. After pore 
filling, the composites were dimensionally stable even in hot water 
(30–35 wt% water uptake) and exhibited excellent mechanical proper-
ties and PEMFC performance. Most studies on reinforced membranes 
have mainly reported the effects of reinforcement on dimensional 
changes, mechanical properties, cell performance, and durability, typi-
cally for PEMFCs. However, the swelling behaviors and the relationship 
between swelling and the performance, properties after reinforcement 
have not been investigated in detail. 

In this study, we synthesized three SPAESs with different IECs and 
used them as ionomers for three-layered composite membranes with 
porous PTFE. The degree of reinforcement was examined by comparing 
the water uptake, dimensional stability, and mechanical properties of 
the composite and bare membranes. The swelling behavior was inves-
tigated using Newman’s membrane model under a constrained envi-
ronment [41] to evaluate the stress provided by the PTFE networks, 
which prevented membrane swelling in water. The reinforcement was 
effective in decreasing membrane swelling and H2 permeation and 
increasing mechanical toughness and chemical stability. These en-
hancements synergistically yielded stable long-term performance in 
PEMFCs and PEMWE cells. 

2. Experimental 

2.1. Materials 

A porous PTFE substrate (porosity >80% and thickness of 9–10 μm) 
was purchased from SYNOPEX. 4,4′-Dihydroxybiphenyl (BP) and 4,4′- 
difluorodiphenyl sulfone (DFDPS) were purchased from Songwon and 
Richem, respectively. BP and DFDPS were recrystallized from ethanol 
prior to use. DFDPS was utilized to synthesize 3,3′-disulfonated-4,4′- 
difluorodiphenyl sulfone (SDFDPS) using fuming sulfuric acid (65%, 
Merck Specialties Private Limited) based on a previously reported pro-
cedure [42]. The resulting SDFDPS was purified by recrystallization 
from water and ethanol. Potassium carbonate (K2CO3) was purchased 
from Sigma-Aldrich and dried under vacuum at 80 ◦C for 24 h prior to 
use. N-methyl-1-pyrrolidone (NMP) and toluene were purchased from 
Sigma-Aldrich and used as received. 1-Propanol (NPA) was purchased 
from Samchun Chemicals and used as received. IrO2 powder was pur-
chased from Boyaz Energy, and a Pt/C catalyst (46.6 wt% Pt) was pur-
chased from Tanaka Kikinzoku Kogyo. Nafion dispersions (D2021 and 
D521) and membranes (Nafion 211, 212, and HP) were purchased from 
Chemours. Nafion 212 and 211 were cast membranes with thicknesses 
of 50.0 ± 0.8 μm and 25.5 ± 0.2 μm, respectively, and Nafion HP (NHP) 
was a reinforced membrane with a thickness of 29.1 ± 0.3 μm. All the 
Nafion membranes were used as received without pretreatment. 

2.2. Synthesis of SPAES 

As shown in Fig. 1a, SPAES was synthesized through the condensa-
tion polymerization of BP, DFDPS, and SDFDPS. A Dean–Stark trap, 
condenser, mechanical stirrer, and nitrogen inlet were installed in a 4- 
neck round bottom flask, and then, BP, DFDPS, and K2CO3 were 
added to an NMP/toluene mixture (v/v ratio 1:1). The mixture was 
slowly heated to 160 ◦C for 2 h and then refluxed for 4 h to azeotropi-
cally dehydrate the reaction system. Next, the temperature was 
increased to 185 ◦C for 2 h to remove toluene. Subsequently, SDFDPS 
and supplementary NMP were added to the reactor, the reaction tem-
perature was raised to 195 ◦C, and the reaction progressed for an 
additional 13 h. The reactor was cooled, and the obtained product was 
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washed twice with deionized water and isopropyl alcohol to eliminate 
NMP, unreacted monomers, and byproducts. Finally, synthesized SPAES 
was dried in a vacuum oven at 80 ◦C for 48 h. The input molar ratios of 
DFDPS and SDFDPS were controlled to obtain SPAES with degrees of 
sulfonation (DSs) of 40%, 50%, and 60%, which were denoted as 
SPAES40, SPAES50, and SPAES60, respectively. 

The molecular weights of the SPAESs were measured using gel 
permeation chromatography (GPC, YOUNG IN Cromass) with a UV/ 
visible detector. GPC samples (2 mg/mL) were prepared in N,N-dime-
thylacetamide with 0.05 M LiBr. The prepared samples were injected 
into the GPC column at 50 ◦C at a rate of 1 mL/min using a pump. The 
obtained chromatogram was calibrated using polystyrene references to 
determine the molecular weight. The inherent viscosity (ηinh) was 
measured using a Cannon Ubbelohde viscometer with a polymer solu-
tion in NMP at a concentration (c) of 2 mg/dL. The times required by 
pure NMP (ts) and the polymer solution (tp) to pass through the capillary 
tube were measured, and ηinh was obtained from the following equation:  

ηinh = (lnηr)/c = ln(tp/ts) × (1/c).                                                       (1)  

2.3. Preparation of pristine and pore-filled SPAES membranes 

SPAES was dissolved in NMP (15 wt%) and the solution was cast on a 
glass plate and transferred to a convection oven at 80 ◦C for 6 h to 

prepare pristine SPAES membranes. As illustrated in Fig. 1c, pore-filled 
membranes were prepared by placing a porous PTFE (10 cm × 10 cm) 
support onto the cast area, followed by NPA spraying for PTFE treat-
ment. The glass plate was placed on a hot plate at 70 ◦C for 1 h. 
Thereafter, another SPAES solution layer was cast onto the composite to 
obtain a symmetric composite membrane along the thickness direction. 
Similar to the pristine membranes, the composite membranes were dried 
in a convection oven at 80 ◦C for 6 h. All membranes were protonated by 
soaking them in 1.5 M H2SO4 for 24 h and washed with deionized water 
to remove residual acid. The protonated membranes were dried under 
vacuum at 80 ◦C for 24 h prior to use. The pristine membranes were 
named after the synthesized SPAES; the composite membranes con-
taining SPAES with a DS of 40%, 50%, and 60% were named 40/F, 50/F, 
and 60/F, respectively. The target thickness for all the membranes was 
30 μm. 

2.4. Membrane characterization 

2.4.1. IEC 
The IEC of a membrane was measured using the titration method. 

The weight of the completely dried membrane was measured, and the 
membrane was immersed in a 0.01 M NaCl solution (100 mL) for 24 h 
under continuous stirring. The released protons were titrated with a 
0.01 M NaOH solution with a pH meter, and the IEC value was calcu-
lated using Equation (2). 

Fig. 1. (a) General synthesis scheme for SPAES ionomers. (b) 1H NMR spectra of SPAES ionomers in DMSO‑d6. (c) Schematic illustration of the reinforced SPAES 
membrane preparation. 
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IEC = (VNaOH × CNaOH)/wm,                                                             (2) 

where VNaOH is the input volume of NaOH, CNaOH is the NaOH concen-
tration (0.01 M), and wm is the weight of the dried membrane. 

2.4.2. Dimensional changes 
Changes in the weight and dimensions of the membranes upon 

swelling in water were quantified in terms of the changes in the water 
uptake (ΔW), length (ΔL), and thickness (ΔT). These were obtained by 
comparing the values obtained after swelling to those obtained after the 
membranes were completely dried under vacuum at 80 ◦C for 24 h. The 
dried membranes were immersed in a water bath for at least 5 h at the 
desired temperature to achieve equilibrated swelling. 

2.4.3. Mechanical properties 
Mechanical properties were evaluated using a universal testing ma-

chine (LR5k, Lloyd Instruments). Fully dried and swollen samples were 
prepared and cut according to the ASTM standard D638V. The mea-
surement was conducted at a crosshead speed of 5 mm/min under 
ambient conditions. 

2.4.4. Chemical stability 
The ex situ Fenton test was carried out to determine the chemical 

stability of the membranes to hydroxyl radicals. The dried membranes 
with similar thicknesses (~30 μm) were cut into samples with di-
mensions of 1 cm × 3 cm and immersed in Fenton’s solution containing 
3% H2O2 and 2 ppm Fe2+ (FeSO4) at 60 ◦C for 6 h without any me-
chanical disturbance. The reacted membranes were filtered and washed 
with deionized water and vacuum dried at 80 ◦C for 24 h. The weight of 
the remaining membranes was measured to calculate the weight loss (%) 
of the membranes with respect to the initial weight. 

2.4.5. Proton conductivity 
The proton conductivity in liquid water was evaluated using 

impedance spectroscopy (Solartron 1280 AC) with a four-point probe 
cell. All the samples (1 cm × 3 cm) were equilibrated in deionized water 
for at least 2 h before the measurements. The proton conductivity was 
evaluated using the same cell configuration and various humidity con-
ditions (20%–100% RH at 80 ◦C) using impedance spectroscopy (PGZ 
301 dynamic electrochemical impedance spectroscopy voltammeter, 
BekkTech). 

2.4.6. H2 permeability 
The H2 permeability (P) was evaluated by measuring the permeated 

H2 across a membrane in carrier gas (Ar) flow using a gas chromatog-
raphy (YL6500 GC, Young In) equipped with a thermal conductivity 
detector (Equation (3)). The membrane was exposed to humidified H2 
and Ar flows at 80 ◦C and 100% RH. The cell temperature and the 
temperature and humidity of the gases were controlled by a fuel cell 
station (SFC-TS, Fuel Cell Technologies Inc.), which was connected to 
the chromatograph.  

P = (CH × v × t) / (A × Δp),                                                           (3) 

where CH is the measured concentration of H2 in Ar, v is the Ar flow rate, 
t is the membrane thickness, A is the area exposed to humid gases, and 
Δp is the H2 partial pressure difference across the membrane. 

2.5. MEA preparation and single-cell performance 

2.5.1. CL preparation for MEA 
The catalyst slurry for the anode in the MEA of a PEMWE was pre-

pared using IrO2 powder, a Nafion dispersion solution (D2021), and 
NPA. The weight ratio of IrO2 to the Nafion ionomer was 9:1, and the 
solid content was 40%. A Pt/C catalyst and Nafion dispersion solution 
(D521) were used to prepare the catalyst slurry for the cathode in the 

MEA of the PEMWE and the electrodes in the MEA of a PEMFC. The 
weight ratio of Pt/C to the Nafion ionomer was 3:1, and the solid content 
was 17%. The catalyst dispersions were mechanically mixed at 400 rpm 
for 2 h, and then sonicated for 10 min using an ultrasonicator (VCX 750, 
Sonics & Materials), which was alternately switched on and off for 5 s. A 
doctor blade was used to cast the dispersions onto a fluorinated poly-
imide film at a speed of 15 mm/s. Next, the CL was dried in a convection 
oven at 70 ◦C and stored in a desiccator before use. 

2.5.2. MEA preparation 
The prepared electrodes were transferred to a membrane using the 

decal transfer method. A sandwiched assembly with the anode, cathode 
layers, and membrane was hot pressed at 130 ◦C under a pressure of 
58.8 MPa for 10 min. The active area was 5 cm2, and the loadings of IrO2 
and Pt/C were 2.0 ± 0.3 mg/cm2 and 0.35 ± 0.05 mg/cm2, respectively. 

2.5.3. Single-cell performance 
The PEMFC single cell was operated at 80 ◦C under 25%, 50%, and 

100% RH and ambient pressure. H2 and air were supplied to the anode 
and cathode, respectively, at a stoichiometric ratio of 1.5:2. The MEAs 
were activated by cycling the voltage was between 0.3, 0.6, and 0.9 V, 
where each voltage was maintained for 3 min. The cycle was performed 
24 times. After the MEA conditioning, the current density was recorded 
from 1.0 to 0.3 V at a voltage scanning rate of 0.05 V/25 s to obtain 
polarization curves. The PEMWE single cell was operated at 80 ◦C under 
ambient pressure with the continuous water flow at 30 mL/min to the 
anodic side. The MEAs of the PEMWE cell were conditioned by main-
taining the cell voltage at 1.55 V for 30 min. The polarization curves of 
the PEMWE cell were obtained by recording the current density corre-
sponding to applied voltages of 1.35–2.0 V at a scanning rate of 0.05 V/ 
30 s. It should be noted that carbon papers (Sigracet 39BCE, 325 ± 25 
μm thick) were used as gas diffusion layers for both electrode sides in the 
PEMFC single cells and for the cathode side in the PEMWE single cells. A 
platinum-coated porous transport layer (LT Metal, 400 ± 20 μm thick) 
was used on the corrosive anode side with a high electrochemical po-
tential in the PEMWE single cells. 

2.5.4. Durability test 
The wet–dry durability test was performed for the membrane me-

chanical cycle in the PEMFC according to the US DOE protocol [43]. The 
gas flow rates (H2 for the anode and N2 for the cathode) were maintained 
at 1000 sccm, and the humidity was alternately varied between 150% 
RH for 2 min and 0% RH for 2 min at 80 ◦C until the H2 crossover current 
density exceeded 2 mA/cm2. The H2 crossover current density was 
measured at 80 ◦C and 100% RH using linear sweep voltammetry (LSV). 
Every 300 wet–dry cycles, the cell voltage was increased from 0 to 0.6 V 
at a rate of 2 mV/s using a potentiostat (BioLogic). For the PEMWE, the 
membrane durability during cell operation was tested at a constant 
current density of 2 A/cm2 for 100 h, and the corresponding voltage 
change was monitored to determine the degradation rate. 

3. Results and discussion 

3.1. Synthesis of IEC controlled SPAES series 

SPAES ionomers were prepared through the condensation polymer-
ization of BP, DFDPS, and SDFDPS, as shown in Fig. 1a. The DS was 
controlled from 38.0% to 58.5% by varying the ratio of DFDPS and 
SDFDPS (Table 1), and it was calculated using the 1H NMR integration 
values of H9 and H4. The 1H NMR spectra of dimethyl sulfoxide 
(DMSO‑d6) (Fig. 1b) showed that the peaks of H9, H8, and H7 were 
noticeably enhanced compared to the normalized peak of H4 with 
increasing DS. The IECs of SPAES40, SPAES50, and SPAES60 were 1.59, 
1.93, and 2.25 meq/g, respectively (see Table 2). All SPAESs were suc-
cessfully synthesized with a high molecular weight (Mn) of over 150 kg/ 
mol (higher than 10 times the entanglement molecular weight of SPAES 
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(~10 kg/mol)). The characteristics of the SPAES series are listed in 
Table 1. 

3.2. IEC analysis of the composite membranes 

We recently developed a facile method for tuning the surface energy 
of PTFE substrates by spraying them with NPA [44]. The contact angle of 
the SPAES50 solution (15 wt% in NMP) on the PTFE substrate decreased 
from 129◦ to 67.2◦ after the NPA treatment. As a result, a more trans-
lucent SPAES50/PTFE composite membrane was prepared with less void 
formation during the SPAES solution infiltration process. This method 
was used to incorporate the SPAES40, SPAES50, and SPAES60 ionomers 
into porous PTFE substrates, and three-layered composite membranes 
were prepared (40/F, 50/F, and 60/F). The cross-sectional SEM images 
of 50/F are shown in Fig. S1. Similar to the pristine membranes, the total 
thickness of the composite membranes was approximately 30 μm (see 
Table 2). The reinforced layer was located in the middle of the composite 
membranes, and the top and bottom layers were composed of bare 
SPAES ionomers, similar to the composites with PFSA ionomers. 

The IEC of the composite membranes was expected to be lower than 
that of the bare membranes because of the nonfunctional PTFE support. 
The theoretical IEC (IECtheo) of a composite membrane was evaluated 
using the following equation:  

IECtheo = IEC × (ρi Vi + ρi Φ Vr) / wcom,                                           (4) 

where Vi and Vr are the volumes of the SPAES and reinforced layers, 
respectively, Φ is the porosity of the PTFE substrate, and wcom is the total 
weight of the composite membrane. Assuming perfect infiltration 
without vacancies in the composite membrane, IECtheo was expressed as  

IECtheo = IEC × (2 ρi li A + ρi lr A Φ) / (2 ρi li A + ρr lr A),                  (5) 

where li and lr are the thicknesses of the SPAES and reinforced layers, 
respectively (see Fig. S1), and ρr is the density of the reinforced layer 
calculated using the densities of SPAES (ρi) and PTFE (ρPTFE) (ρr = Φ ρi +

(1 − Φ) ρPTFE) (see Table S1). The thicknesses of PTFE and the com-
posites were li = 10 μm and ltot = 2 li + lr = 30 μm, respectively. Thus, the 
estimated values of IECtheo were 1.40, 1.71, and 2.00 meq/g for 40/F, 
50/F, and 60/F, respectively, which were remarkably close to the 
experimental results (Table 2). This showed that the SPAES solutions 
infiltrated the PTFE pores without significant void formation through 
the solvent treatment, even though the SPAES ionomers and PTFE were 
not chemically compatible with each other. 

3.3. Dimensional stability and constraining stress 

The reinforcement in this study does not exhibit in-plane anisotropy 
in membrane swelling (Fig. S2) due to the isotropic characteristics of the 
substrate in terms of pore geometry and mechanical properties. As 
evident from the surface SEM images (Fig. S3), the pores are uniformly 
distributed and do not show clear differences in their geometries 
depending on the direction, machine direction (MD) and transverse di-
rection (TD). Based on an advanced capillary flow porometer analysis 
with a Galwick solution, the mean pore diameter was 0.23 μm with a 
standard deviation of 0.01 μm (Fig. S4b). In the tensile experiments, the 
mechanical properties (modulus, tensile strength, and elongation at 
break) of the substrate are similar in both MD and TD (Fig. S4a). Because 
of this isotropy in the mechanical properties of the substrate, and in the 

swelling behavior of the reinforced membranes, all measurements were 
conducted without considering the in-plane direction of the substrate. 

At 25–80 ◦C, the water uptake of SPAES increased with the DS 
because the number of hygroscopic sulfuric acid groups increased. It has 
been previously reported that the water uptake abruptly increases above 
a certain DS (50% in this study), where the hydrophilic domains start to 
be percolated [19,45]. For example, at 80 ◦C, the SPAES60 membrane 
absorbed approximately 280 wt% water, which was 2.5 times higher 
than the water absorbed by SPAES50. After reinforcement, the water 
uptake of the composite membrane with the SPAES ionomer increased 
with the DS, as shown in Fig. 2a. The water uptake of the composite 
membranes was approximately half of that of the bare membranes. This 
was expected because the water uptake decreased with the IEC. How-
ever, when the water uptake was plotted as a function of the IEC, the 
water uptake of the reinforced membranes was lower than the value of 
connecting lines from the water uptake of the bare membranes at a 
certain IEC (Fig. S5). This showed that there is an additional reduction 
effect over a lowering of the IEC in the water uptake resulting from the 
reinforcement. 

Hydrophilic sulfonic acid groups generally cause a PEM to attract 
water molecules. However, according to the simple Flory–Rehner theory 
for the swelling behavior of a polymer network, the amount of water 
molecules absorbed by a sulfonic acid group is mainly limited by elastic 
friction driven by the elasticity of the ionomer at equilibrium [21,46]. 
Considering that the pore-filled ionomers are constrained by 
well-connected PTFE networks, as shown in Fig. 3a, the additional 
reduction in the water uptake can originate from the mechanical stress 
(τ) caused by PTFE networks, which acts opposite to the outward di-
rection of ionomer swelling. Thermodynamically, Meyers and Newman 
reported the swelling behavior of a PEM through the equilibrium state of 
water within the PEM in a typical fuel cell based on the multicomponent 
Gibbs function [47,48]. Furthermore, by incorporating an external stress 
term, they developed a mathematic model to estimate the water content 
and its activity in the constrained PEM under typical PEMFC operating 
conditions [41]. At equilibrium, the chemical potentials (μ(2) and μ(3)) of 
water in the freely swollen membrane (state 2 in Fig. S6) and swollen 
reinforced membrane (state 3 in Fig. S6) were considered to be the same 
according to Newman’s approach (Equation (6)) if the stress applied by 
the PTFE networks (τ, Fig. 3a) was considered instead of the dilatation 
stress (τd) generated by compression during cell assembly. Then, 
because μ(2) was equal to μ(3), the chemical potential change (Δμ0) was 
expressed as 

Table 1 
Characteristics of SPAES ionomers.   

DS (%) Mn (kg/mol) Mw (kg/mol) Đ ηinh (dL/g) 

SPAES40 38.0 169.8 326.0 1.92 2.60 
SPAES50 48.6 180.8 352.8 1.95 2.67 
SPAES60 58.5 160.9 304.1 1.89 2.44  

Table 2 
Characteristics of membranes.  

Membrane Thickness 
(μm) 

IEC a 

(meq/g) 
ΔW b (wt. 
%) 

ΔL c 

(%) 
Toughness 
(MJ/m3) d 

dry wet 

SPAES40 30.3 ± 0.6 1.6 ±
0.0077 

56.2 ±
0.7 

16.7 ±
1.2 

57 
± 16 

39 ±
13 

SPAES50 32.2 ± 1.0 1.9 ±
0.0061 

111.1 ±
0.7 

35.3 ±
0.5 

59 
± 14 

35 ±
11 

SPAES60 32.4 ± 0.9 2.3 ±
0.0033 

277.6 ±
20.0 

74.6 ±
2.1 

59 
± 10 

33 ±
5 

40/F 30.8 ± 1.1 1.4 ±
0.0030 

31.2 ±
3.6 

12.7 ±
0.1 

73 
± 22 

48 ±
5 

50/F 32.6 ± 1.2 1.7 ±
0.0074 

52.6 ±
2.0 

21.4 ±
0.9 

71 
± 20 

43 ±
3 

60/F 30.9 ± 1.2 2.0 ±
0.0058 

137.0 ±
13.6 

31.1 ±
0.6 

70 
± 18 

36 ±
2 

Nafion211 26.0 ± 0.5 0.9 ±
0.0044 

28.1 ±
0.6 

14.8 ±
0.7 

37 
± 7 

19 ±
3  

a Ion exchange capacity of the membranes obtained via the titration method. 
b Water uptake at 80 ◦C. 
c Dimensional change in length at 80 ◦C. 
d Toughness was evaluated by integrating the stress–strain curves of the dried 

and fully swollen membranes at room temperature. 
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Δμ0 =RT Δ ln λ + V0 τ = 0, (6)  

where R is the gas constant, T is the absolute temperature, λ is the 
number of water molecules per sulfonic acid group, and V0 is the molar 
volume of water at temperature T. As the values of λ for the freely 
swollen membrane (λf) and swollen reinforced membrane (λr) were 
experimentally measurable on the basis of the IEC and water uptake, the 
mechanical stress of the PTFE supports (τ) was expressed as 

τ = −
RT
V0

ln
(

λr

λf

)

. (7) 

The values of λ were experimentally obtained using the IEC and 
water uptake, as summarized in Table S2, and the stress values pre-
venting the swelling of the ionomer was evaluated at various tempera-
tures using Equation (7). It should be noted that the modulus of 
semicrystalline PTFE did not vary significantly within the temperature 
range of 25–80 ◦C according to thermomechanical analysis [49]; hence, 
the values of τ at different temperatures were averaged for a reinforced 
membrane. As shown in Fig. 3b, the stress exerted on the swollen SPAES 
ionomers by the PTFE networks was approximately τ = 28 MPa, which 
was equivalent to the external pressure required to shrink a freely 
swollen membrane. The value of τ was similar to that of a composite 
membrane (NHP) composed of Nafion ionomers and porous PTFE (τ =
28.0 ± 5.7 MPa). This suggested that the constraining stress could be 
more closely related to the type of porous supports than to the ionomers. 

To determine the reduction in the water uptake of the composite 
membranes in different directions, the dimensional stabilities in the 
length (ΔL) and thickness (ΔT) directions were investigated in addition 
to the weight-based swelling behavior. As shown in Fig. 2b and c, after 
the reinforcement, the dimensional changes in the length were signifi-
cantly reduced while the changes in the thickness were not. This was due 
to the anisotropic pore morphology of the expanded PTFE substrate 
caused by the manufacturing process and the biaxial mechanical 
expansion of the PTFE membrane (Fig. S3). During the expansion pro-
cess, PTFE fibrils were more aligned along the in-plane directions, and 
thus, open pores were predominantly formed along the thickness di-
rection. Therefore, the constrained ionomers could swell to a greater 

extent along the through-plane direction without significant opposing 
stress by the PTFE fibrils. For example, the values of ΔT/ΔL for SPAES60 
and 60/F at 80 ◦C were 0.86 and 1.69, respectively. A similar trend was 
reported in previous studies on Nafion/PTFE composite membranes [50, 
51]. 

3.4. Mechanical properties 

A recent study on Nafion XL reported that nonfunctionalized PTFE 
supports were mechanically stronger than PFSA ionomers with the same 
polymer PTFE backbone [50]. Shi et al. estimated the Young’s modulus 
of PTFE as 0.8–2 GPa using the rule of mixtures and that of Nafion 211 as 
only approximately 250 MPa. The high Young’s modulus of the PTFE 
fibrils was also effective in reinforcing the engineering-plastic-based 
SPAES membranes, as shown in Fig. 4a and b. The Young’s modulus 
of the bare SPAES membranes was 470–650 MPa in the dried state and 
that of the composite membranes was 580–740 MPa (the Young’s 
modulus increased with the DS). A similar trend was observed in the 
tensile strength behavior after reinforcement (Fig. 4b). The Young’s 
modulus of the PTFE fibrils estimated according to the rule of mixtures 
was approximately 2 GPa, which was similar to the modulus of PTFE 
along the MD [50]. The elongation at break in the dried state did not 
increase after the reinforcement (Fig. 4c) because the elongation at 
break of PTFE (113.0 ± 37.5%) was lower than that of the bare SPAES 
membranes (~200%). During the PEMFC and PEMWE cell operations, 
PEMs are continuously exposed to wet conditions. Thus, PEMs must be 
mechanically tough in both swollen and dry states. Fig. 4 shows the 
comparison of the mechanical properties of the swollen and dry mem-
branes. The general trend of the variation in the Young’s modulus and 
tensile strength for the swollen membranes was similar to that for the 
dry membranes. However, the absolute values for the swollen mem-
branes were lower because a large amount of water was incorporated 
into the membranes, which was acceptable according to the rule of 
mixtures [52]. The elongation at break for the reinforced membranes 
did not vary significantly after swelling. However, it decreased by more 
than 100% for the membranes with high IEC values (SPAES50 and 
SPAES60) (Fig. 4c). As a result, the mechanical toughness of the 

Fig. 2. (a) Water uptake and dimensional changes in (b) length and (c) thickness directions of the SPAES and reinforced membranes in liquid water at various 
temperatures from 25 to 80 ◦C. 

Fig. 3. (a) Schematic illustration of the ionomers constrained by PTFE networks, and (b) stress (τ) as a function of the ionomer swelling in liquid water.  
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reinforced membranes (~58 MJ/m3 in the dried state and 36–48 MJ/m3 

in the swollen state) was higher than that of the bare membranes (~70 
MJ/m3 in the dried state and 33–39 MJ/m3 in the swollen state), as 
shown in Table 2. 

3.5. Ex situ chemical stability 

In PEMFC and PEMWE applications, hydroxyl radicals (HO•) are the 
main causes of the decomposition of PEMs because they attack the main 
chain close to the sulfonic acid groups and ether linkages in SPAES 
ionomers [53,54]. Fenton’s test was conducted to evaluate the oxidative 
stability of SPAES and its composite membranes. As shown in Figs. S7 
and S8, the composite membranes maintained their shape, whereas the 
pristine SPAES membranes disintegrated after Fenton’s test (at 60 ◦C for 
6 h). As the DS increased, the weight loss of the bare membranes 
increased from 15.8% (SPAES40) to 79.4% (SPAES60) after Fenton’s 
test (Fig. 5). The weight loss of the membranes after reinforcement was 
significantly lower than that of the corresponding bare membranes. On 
the basis of the weight fraction (~11%) and the negligible weight loss 
(1.6%) of PTFE after Fenton’s test, the weight loss of the reinforced 
membranes was estimated under the assumption that the degradation 
rate of the SPAES ionomers did not change after reinforcement. The 
estimated values (13.9%, 26.5%, and 70.6% weight loss for 40/F, 50/F, 
and 60/F, respectively, shown in Fig. 5) were approximately 1.5 times 
higher than the experimental results. This indicated that the reinforced 
membranes were chemically more stable than the bare membranes to a 
greater extent than the theoretical estimation solely due to the chemi-
cally inert PTFE. This synergistic enhancement in the chemical stability 
was explained from the viewpoint of chemical reactions. First, the 

chemically inert PTFE substrate probably prevented the reactions be-
tween hydroxyl radicals and ionomers by providing physical trans-
portation barriers for the reactive radicals in the reinforced membranes 
soaked in Fenton’s solution. Second, the concentration of reactive spe-
cies in the reinforced membranes might have been reduced owing to the 
decreased water uptake. The concentrations of H2O2 and Fe2+ in the 
membranes were calculated by assuming that the water uptake was 
similar to the uptake obtained from Fenton’s solution. Because H2O2 and 
Fe2+ are the main reactants for hydroxyl radical formation (H2O2 + Fe2+

→ Fe3+ + HO• + HO− ), the concentration of the species is proportional 
to the ionomer degradation reaction rate (HO• + (ionomer) → 
(decomposed products)) [55]. The estimated H2O2 and Fe2+ concen-
trations in the less swellable reinforced membranes were approximately 
1.5 times lower than those in the corresponding bare membranes. 
Moreover, there was a linear correspondence between the water uptake 
and the weight loss after Fenton’s test, as shown in Fig. S9. 

However, the chemical stability of the SPAES-based membranes is 
poorer than that of Nafion 211 according to the weight loss in Fenton’s 
solution (Fig. 5), even after reinforcement. To enhance the chemical 
stability of hydrocarbon-based membranes, the chemical structure of 
ionomers should be designed without chemical weak points in the 
polymer chains. For example, the design of polyphenylene-based PEMs 
with no ether linkages, which result in chemical degradation owing to 
the formation of hydroxyl radicals, have been described [56–59]. These 
studies demonstrate that ether-free ionomers show high proton con-
ductivity, reasonable mechanical and chemical stability, and low gas 
permeability. In addition, polyphenylene-based PEMs exhibit reason-
ably high fuel-cell performance under practical conditions. 

3.6. Proton conductivity and cell performance 

Proton conductivity is a critical material property that determines 
the performances of PEMFC and PEMWE cells. A higher proton con-
ductivity is desirable for obtaining a higher current density at a specific 
voltage by reducing the ohmic potential drop. The proton conductivity 
for PEMFC and PEMWE applications was measured at 80 ◦C under 
various humidity conditions. As shown in Fig. 6a, the in-plane proton 
conductivity (σi) of the reinforced membranes was lower than that of the 
bare membranes because of their lower IEC values and the nonionic 
PTFE barrier. However, in liquid water, the difference between the 
proton conductivities of the reinforced and bare membranes was not 
significant. The through-plane proton transport behavior, which directly 
represented the cell performance, was examined by measuring the high- 
frequency resistance (HFR) of the PEMFC and PEMWE single cells of all 
the membranes under various conditions (Fig. S10). The HFR is closely 
related to the through-plane proton conductivity (σt ~ t/(HFR), where t 
is the membrane thickness). The non-PEM resistance should be sub-
tracted from the HFR to accurately evaluate σt. Nonetheless, the values 
of t/(HFR) are useful for determining the proton conductivity of the 
membranes under the assumption that the non-PEM resistance does not 
vary significantly. As shown in Fig. 6b, similar to the in-plane proton 
conductivity, the reinforced membranes showed satisfactory through- 
plane proton conductivity compared to the bare membranes at 100% 
RH and in liquid water at 80 ◦C. However, the values decreased with the 

Fig. 4. (a) Young’s modulus, (b) tensile strength, and (c) elongation at break of the dried and swollen membranes at room temperature.  

Fig. 5. Weight loss of the membranes after Fenton’s test at 60 ◦C for 6 h. 
Shaded green regions of the reinforced membranes represent the difference 
between the theoretically estimated and experimental degradation values of 
weight loss. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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humidity, which might be due to a sufficient number of proton carriers 
(water molecules) at higher relative humidity. For example, the ratios of 
t/(HFR) values for SPAES60 to 60/F at 25% RH and under liquid water 
flow were 1.44 and 1.08, respectively. 

To exclude the effect of the thickness on the cell resistance, mem-
branes with similar thicknesses (~30 μm) were used to evaluate the 
PEMFC and PEMWE performance. The catalyst loading was almost 
identical for all membranes (the loading of IrO2 was 2.0 ± 0.3 mg/cm2 

and that of Pt/C was 0.35 ± 0.05 mg/cm2). The outer surface of the 
membranes that was in contact with the electrodes was composed of the 
pristine ionomers. Thus, the difference between the performances of the 
cells with an SPAES membrane and its corresponding reinforced mem-
brane was mainly caused by the interfacial instability in the MEAs 
during operation and the proton conductivity of the membranes. The 
polarization curves of PEMFC single cells at 80 ◦C and 25%, 50%, and 
100% RH are shown in Fig. 7a− c. The performance of the single cells 
with the bare membranes was better than that of the cells with the 
reinforced membranes for all humidity conditions. However, at 100% 
RH, there was no considerable decrease in the performance for the single 

cell comprising reinforced membranes because of the proton transport 
behavior. At 25% RH, the current density of the PEMFCs with the bare 
membranes (0.10–0.34 A/cm2) was higher than that of the PEMFCs with 
the composite membranes (0.09–0.20 A/cm2) at 0.4 V. However, at 
100% RH, the current density of the cells with the bare membranes 
(1.57–1.85 A/cm2) was similar to that of the cells with the composite 
membranes (1.56–1.77 A/cm2) at 0.4 V. When the membranes were 
exposed to the liquid water flow in the PEMWE single cells, the per-
formance of the reinforced membranes was similar to or slightly better 
than that of the bare membranes, as shown in Fig. 7d. The current 
density of the cell with SPAES60 was 9.1 A/cm2 at 2.0 V while that of the 
cell with 60/F having lower IEC value than SPAES60 was 9.6 A/cm2. 
This result might be due to similar proton conductivities in liquid water 
and the membrane-thickness-sensitive cell performance. As shown in 
Fig. 6, the proton conductivity in liquid water was not significantly 
reduced by incorporating PTFE supports. Thus, the membrane thickness 
should be carefully considered to determine the effect of the reinforce-
ment on the cell performance. For example, the membrane thicknesses 
of 60/F and SPAES60 were 32.7 and 34.8 μm, respectively (see Table S3 

Fig. 6. (a) Proton conductivity and (b) the ratio of membrane thickness and high frequency resistance (t/(HFR)) of the SPAES and composite membranes under 
various humidity conditions at 80 ◦C. 

Fig. 7. PEMFC single cell performance at (a) 25%, (b) 50%, and (c) 100% RH and (d) PEMWE single cell performance of the pristine SPAES and reinforced 
membranes. The single cells were operated at 80 ◦C. 
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for the membrane thicknesses). The values of the in-plane proton con-
ductivity and membrane thickness were used to determine the areal 
resistance, which is a key factor in determining the cell performance. 
The areal resistance of 60/F and SPAES60 was ca. 20.2 and 21.3 mΩ cm2 

at 80 ◦C, respectively. The PEMFC and PEMWE cell performance results 
showed that reinforcement did not affect the cell performance under 
high-humidity conditions for the PEMFCs and the wet condition for the 
PEMWEs, even though the sulfonic acid content of the reinforced 
membranes was lower than that of the original ionomer-based 
membranes. 

3.7. PEMFC and PEMWE durability 

The effect of the reduction in swelling on the membrane durability 
was examined by utilizing the pairs of SPAES50 / 50/F and SPAES60 / 
60/F membranes, which showed distinctly enhanced dimensional sta-
bility as a result of the reinforcement, in the PEMFC and PEMWE. 
Durability tests, wet–dry cycling in the PEMFC, and constant current 
density operation in the PEMWE were used to determine the membrane 
durability, particularly in situ mechanical and chemical degradation. It 
has been reported that confined and fixed membranes with electrodes 
and cell assemblies experience extreme mechanical stress under hu-
midity cycles (150% and 0% RH at 80 ◦C), which leads to mechanical 
failures [33,60]. Mechanical failures, such as pinholes, cracks, and other 
physical defects in PEMs, can be detected through gas leakage tests. 
Humidified H2 was flown to the anode side of a PEMFC single cell every 
300 wet–dry cycles, and the H2 leakage to the other side was monitored 
using LSV at 80 ◦C and 100% RH. The physically durable number of 
cycles (N) was determined based on the target, where the H2 crossover 
current density (ix) exceeded 2 mA/cm2, as proposed by the US DOE 
[43]. As summarized in Fig. 8a, the physical durability under harsh 
wet–dry conditions was significantly improved through the reinforce-
ment. Although the values of N were conservatively read, 50/F (N ≈
1800) and 60/F (N ≈ 1200) were more durable than SPAES50 (N ≈ 600) 
and SPAES60 (N ≈ 300). This was attributed to the improved dimen-
sional stability and mechanical toughness of the membranes due to the 
reinforcement. The mechanical stress of the PTFE supports (~28 MPa) in 
the direction opposite to ionomer dilatation in water might have 
contributed to the reduction in the effective internal stress, particularly 
for swollen membranes. 

In PEMWE cells, H2 and O2 crossover should be minimized to prevent 
the explosion of gas mixtures, to enhance the Faraday efficiency, and to 
prevent the chemical degradation of PEMs [61]. The gas permeability of 
SPAES ionomers is less than that of PFSA ionomers, even in a highly 
swollen state [19,62,63]. For example, at 80 ◦C and 100% RH, the H2 
permeability (P) of Nafion 211 was 117.1 barrer while that of highly 
swellable SPAES60 was 63.6 barrer (Fig. S11). The good gas barrier 
property of the SPAES ionomers was further improved through the 

reinforcement, as shown in Fig. S11. The H2 permeability values of 
Teflon and dried Nafion, which had the same chemical structure as the 
PTFE supports, were not sufficiently low at approximately 60 barrer 
[64] to reduce the H2 permeability of the composites. Thus, the reduc-
tion in the H2 permeability for the composites was attributed to the 
decrease in the water volume fraction due to the reinforcement. The 
enhanced gas barrier property of the composite membranes was also 
supported by the results shown in Fig. 8 through the relation ix ~ P/t 
[65]. The low gas permeability could be effective in increasing the 
lifetime of PEMs by reducing the concentration of O2, which is a reactant 
for the generation of active hydroxyl radicals (HO•). After the PEMWE 
performance test, a constant current (2 A/cm2) was applied to monitor 
the degradation rate (rate of voltage increase) of the membranes, as 
shown in Fig. 8b and c. In the case of the most H2-permeable SPAES60, 
cell failure occurred because of an electric shortage, as indicated by the 
abrupt voltage drop (red arrow in Fig. 8c) after 30 h. The internal short 
circuiting of the membrane leads the current flows without ionic cur-
rent, even under a hydrogen evolution potential, resulting in a higher 
current density at a certain voltage compared to a membrane without an 
electric shortage [66]. Therefore, at a constant current density, the 
electric shortage is observed by the voltage drop, similar to the study of 
Klose et al. [63]. The electric shortage was confirmed from the polari-
zation curves of SPAES60 before and after the durability test (Fig. S12). 
Hence, the degradation rate was evaluated during the initial 30 h of 
operation for an accurate comparison. The degradation rates of 
SPAES50 and SPAES60 were 323 and 1140 μV/h, respectively, and they 
were considerably reduced to 229 and 744 μV/h for 50/F and 60/F, 
respectively. After 100 h, the durability of 50/F was better than that of 
SPAES50 (Fig. 8b). It should be noted that there were voltage fluctua-
tions for all the samples during the test, as shown in Fig. 8b and c, 
probably due to the accumulation and release of gas bubbles. The 
presence of gaseous products in PEMWE can alter the mass trans-
portation and affect the overpotential even at a constant current oper-
ation [67–70]. However, the in situ degradation rate did not follow the 
trend of the H2 permeability (Fig. S11). The membrane with lower 
dimensional stability (Fig. 2a and b) and higher ex situ chemical 
degradation (Fig. 5) exhibited poor durability in the in situ degradation 
profile (Fig. 8b and c). This strongly indicated that the chemically 
weighted PEM durability was affected by the chemical and mechanical 
stability of the membranes. 

4. Conclusions 

Hydrocarbon-based SPAES ionomers were constrained by PTFE 
networks to enhance the dimensional stability of highly swellable SPAES 
ionomers. The constrained ionomers imbibed less water compared to the 
freely swollen ionomers because of the mechanical resistance of the 
PTFE networks. Newman’s membrane model and the experimental 

Fig. 8. a) Current density induced by H2 crossover (ix) of the membranes during the wet and dry cycling test at 80 ◦C. Transient voltage profile at a constant current 
density of 2 A/cm2 in PEMWE single cells with (b) SPAES50/50/F and (c) SPAES60/60/F membranes at 80 ◦C for 100 h. The red arrow indicates the point cell failure 
due to an electrical shortage. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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water uptake values were used to show that the reinforcement through 
PTFE supports provided a stress of approximately 28 MPa, which was 
equivalent to the external mechanical stress required for preventing the 
swelling of the ionomers. This synergistically enhanced the chemical 
and mechanical durability of the ionomers in moisture involved PEMFCs 
and PEMWEs. Specifically, the dimensional stability, mechanical 
toughness, and oxidative resistance were noticeably improved in liquid 
water after the infiltration of the SPAES ionomers into the PTFE sup-
ports. These enhanced mechanochemical stabilities increased the 
durability of PEMFCs by 3− 4-fold during wet–dry cycles and decreased 
the degradation rate of PEMWEs by approximately 1.5 times during 
long-term operation. 
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