
Water electrolysis using fluorine-free, reinforced sulfo-phenylated 
polyphenylene membranes

Franklin O. Egemole a, Ana Laura G. Biancolli a,b, Steven Holdcroft a,*

a Department of Chemistry, Simon Fraser University, Burnaby, BC, V5A 1S6, Canada
b Nuclear and Energy Research Institute, IPEN/CNEN, 05508-000, São Paulo, Brazil

A R T I C L E  I N F O

Keywords:
Proton-exchange membrane water electrolysis
Green hydrogen
Catalyst coated membranes
Reinforced membrane
Pemion™
Sulfo-phenylated polyphenylene

A B S T R A C T

Fluorinated proton-exchange membranes (PEMs), such as Nafion™, which is the current state-of-the-art polymer, 
present environmental challenges, driving the need for more sustainable alternatives for proton-exchange 
membrane water electrolysis (PEMWE) systems. However, fluorine-free membranes like sulfo-phenylated pol
yphenylene biphenyl (sPPB-50) often suffer from mechanical instability, excessive swelling, and limited cell 
durability, which hinder their practical applications. This study explores reinforced fluorine-free sulfo-pheny
lated polyphenylene membranes (Pemion™) with thicknesses of 15 µm (Pemion-15) and 40 µm (Pemion-40) as a 
potential solution to these issues. Pemion membranes were compared with both sPPB-50 and Nafion™ 112 
(N112), focusing on key properties such as water uptake, dimensional swelling, proton conductivity, and 
durability in PEMWE applications. The results show that Pemion-reinforced membranes exhibit good perfor
mance for PEMWE allowing high current densities at lower voltages. Pemion-40 exhibited a low hydrogen gas 
crossover compared to sPPB-50 and N112. Under a constant current of 1 A cm− 2, Pemion-40 exhibited a voltage 
loss rate of 1.46 mV h− 1 over 100 h of operation. This study highlights the importance of structural reinforcement 
in enhancing the stability and efficiency of fluorine-free membranes, providing a promising route for sustainable 
alternatives in PEMWE systems.

1. Introduction

In addition to fuel cell technology, proton-exchange membranes 
(PEM) have gained increasing attention due to their potential use as 
solid polymer electrolytes in proton-exchange membrane water elec
trolysis (PEMWE) for producing high-purity hydrogen [1–5]. The use of 
thin membranes in PEMWE reduces ohmic losses at high current den
sities, thereby leading to high energy efficiencies [6–8]. Per
fluorosulphonic acid (PFSA) based membranes, such as Nafion™, are the 
technological and commercial standard, as they offer the combination of 
stability, proton conductivity, mechanical strength, and they are widely 
available [9–11]. Their drawbacks include toxicological concerns sur
rounding their manufacture, and high hydrogen crossover because of the 
combined high gas solubility and diffusivity [12–14]. As in the corollary 
case of PEM fuel cells, robust, fluorine-free, membranes are highly 
sought after since fluorine-free polymers often possess an inherent lower 
gas permeability, higher proton conductivity, higher glass transition 
temperature, and can be produced from environmental-friendly feed
stocks [15–17].

Several reports focusing on investigating fluorine-free polymers 
(often referred to as hydrocarbon PEMs) as solid polymer electrolyte 
membranes for PEMWE applications have been reported [18–21]. The 
significant drawback, however, is that all fluorine-free PEMs to date 
exhibit much lower stability during water electrolysis than incumbent 
PFSA ionomer membranes due to their inherent poor mechanical 
properties, which are exacerbated by their intrinsic chemical in
stabilities and excessive swelling [22–24]. Several strategies have been 
employed to increase the mechanical stability of fluorine-free PEMs. 
These include chemical strategies such as chemical crosslinking, or 
physical reinforcement such as the introduction of nanoparticles or 
reinforcing layers to produce nanocomposite membranes [25–27]. For 
example, the incorporation of mechanically robust porous poly(tetra
fluoroethylene) (PTFE) into sulfonated poly(arylene ether sulfone) 
(SPAES) ionomer was reported to have resulted in improved dimen
sional and mechanical properties compared to the pristine membrane, 
while also lowering the voltage degradation rate during a 100-hour 
durability test at a constant current of 2 A cm− 2 [27]. Another work 
reported a composite hydrocarbon membrane made from sulfonated 
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poly(arylene ether sulfone) with a sulfonation degree of 50 mol% 
(SPAES50) reinforced with liquid crystal polymer (LCP)-nonwoven 
fabrics that demonstrated superior mechanical strength, dimensional 
stability, and enhanced cell efficiency and durability compared to the 
pristine hydrocarbon membrane in PEMWE [28].

We have reported extensively on the use of fluorine-free, proton- 
conducting sulfo-phenylated polyphenylene biphenyl membranes 
(sPPB-H+, Fig S1) in fuel cells [29,30], demonstrating beginning of life 
performance comparable to PFSA ionomer membranes. The perfor
mance and durability of those membranes are rapidly improving [31], to 
the point they are being considered as replacements for PFSA ionomers 
in some applications [32]. It is logical, therefore, to examine similar 
materials in PEMWE applications. In this context, sPPB-H+ membrane 
(50 µm of dry thickness, sPPB-50) was used in a PEM water electrolyzer 
and reported to support a current density of 1 A cm− 2 at 1.66 V [33]. The 
sPPB-50 PEM exhibited a high proton conductivity which resulted in a 
lower ohmic resistance when compared to Nafion-112™ (N112) mem
brane of similar thickness (50 µm). However, like other non-PFSA based 
PEM electrolyzers, the cell durability was lower than the N112-based 
electrolyzer. At an operational current density of 1 A cm− 2, the 
voltage rose by 2–3 mV h− 1 over the first 40 h, while hydrogen crossover 
reached >2.5 vol% within 60 h [33]. This was attributed to the lower 
mechanical strength and excessive swelling of the sPPB-50 membrane, 
which also resulted in the delamination of the catalyst layers. Since this 
initial work, sulfo-phenylated polyphenylene-based PEMs have been 
commercialized under the trade name “Pemion” by Ionomr Innovations 
Inc.. Reinforced versions, “Pemion™ reinforced”, are also available and 
have been reported to have enhanced ex-situ thermo-mechanical sta
bility, exhibiting a temperature-independent Young’s modulus and 
strain hardening, maintaining stability at 110–120 ◦C and 40–50 % RH 
[34].

The objective of the current study is to address these durability issues 
by investigating reinforced versions of fluorine-free membranes, 
particularly “Pemion-reinforced membranes”. The reinforcement layer 
is intended to enhance mechanical stability and mitigate the durability 
issues identified in the previous study, ultimately establishing fluorine- 
free membranes as a feasible alternative for PEMWE applications. The 
advancement of fluorine-free Pemion-reinforced membranes by 
enhancing their mechanical stability and operational efficiency for 
water electrolysis supports the UN Sustainable Development Goals - SDG 
7 (Affordable and Clean Energy) and SDG 13 (Climate Action) - by 
providing a sustainable substitute for traditional fluorinated PEMs, 
which are viewed as potentially environmentally harmful [35].

Two thicknesses of Pemion-reinforced provided by Ionomr In
novations Inc. were studied, 15 and 40 μm (Pemion-15 and Pemion-40, 
respectively), and compared to non-reinforced sPPB-50 membrane, 
previously synthesized in-house, and N112, in the context of water up
take, dimensional swelling, and proton conductivity. Subsequently, the 
water electrolyzer performance, hydrogen gas crossover, and durability 
of corresponding catalyst-coated membranes (CCMs) in 5 cm2 single 
cells were evaluated. The present work investigates Pemion-reinforced 
membranes as part of the effort to introduce fluorine-free membranes 
in electrochemical devices, which is a significant progression towards 
more sustainable and cost-efficient hydrogen production technologies. 
This research enhances the performance and durability of these mem
branes with the introduction of a reinforcement layer, contributing to 
the advancement of ongoing research on fluorine-free PEMs for water 
electrolysis, emphasizing the critical role of structural reinforcement in 
optimizing stability within such electrochemical systems.

2. Experimental details

The experimental ion-exchange capacity (IEC) values of the 
Pemion-15 and Pemion-40 membranes were determined by the acid- 
base titration method using an auto titrator (Metrohm 848 Titrino 
Plus) and calculated using Eq. S1, as described elsewhere [36].

The water uptake (WU) and dimensional swelling of the mem
branes were determined by calculating the weight (W) and dimensional 
changes in area (A) and thickness (T) between their dry and wet states at 
room temperature (RT) using Eq. S2, Eq. S3, and Eq. S4.

The through-plane proton conductivities of the fully hydrated 
membranes were obtained using an in-house built two-point probe 
through-plane cell controlled with a dual-rod guided air cylinder at a 
constant gas pressure of 60 psi. To measure the membrane’s resistance, 
electrochemical impedance spectroscopy (EIS) analyses were carried out 
using Solartron S1 1260 Impedance/Gain-Phase Analyzer and operated 
via a galvanostatic method with an AC amplitude of 0.1 mA over a 
frequency range of 10 MHz to 100 Hz at RT. The ionic conductivity 
values (S cm− 1) were calculated by Eq. S5 using the membrane thick
ness, its surface area, and the measured ionic resistance. More infor
mation on the through-plane conductivity measurements is given in the 
supplementary information (SI).

Membrane/electrode assemblies (MEAs) containing Pemion-15, 
Pemion-40, and Nafion-112™ (N112) membranes were fabricated by 
the catalyst-coated membrane (CCM) method [37]. Catalyst inks for 
both electrodes were prepared as previously reported [33] and 
described in detail in the SI. All CCMs contained 3.0 ± 0.4 mg cm− 2 of Ir 
in the anode and 1.0 ± 0.1 mg cm− 2 of Pt in the cathode. Water elec
trolysis analyses were performed by sandwiching CCMs in a 5 cm2 

electrolysis cell (FuelCellStore, USA) using Ti felt as the porous transport 
layers (PTL) and Ice Cube Sealing, 35 FC-PO 100 (QuinTech, Germany) 
as the gaskets in the anode and cathode compartments. Electrochemical 
measurements were conducted using a Greenlight Innovation E20 water 
electrolysis test station equipped with a Gamry Interface 5000 poten
tiostat. Deionized water (< 0.5 µS cm− 1) was fed at a rate of 200 mL 
min− 1 to the anode and cathode compartments of the cell at a temper
ature of 70 ◦C under ambient pressure. The cell conditioning, polariza
tion curves, EIS, durability (100 h), and gas crossover tests were 
performed as reported [33]. A detailed description of the experimental 
methods is provided in the SI.

Scanning electron microscopy (SEM) cross-sectional images of the 
CCMs were taken before and after the durability studies using a FEI Nova 
NanoSEM 430 SEM system at an accelerating voltage of 5 kV and a 
working distance of 10 mm to observe any catalyst delamination. The 
SEM samples were prepared by freeze fracturing the CCMs in liquid 
nitrogen.

3. Results and discussion

Water uptake (WU) and dimensional swelling of proton-exchange 
membranes are influenced by the nature of the polymer or composite, 
the ion-exchange capacity (IEC), the method of the membranes’ casting, 
and the thermal history of the membrane [27,38]. In this work, these 
properties were determined by the nature of the polymer received, and, 
as in the vast majority of membrane studies, no provision was made to 
take into account considerations of the casting and thermal history. The 
thickness, IEC, WU, and dimensional swelling of the membranes are 
listed in Table 1. Pemion-15 and Pemion-40 possessed IEC values of 2.56 
and 2.85 mmol g− 1, respectively, which are at least 2.5 times higher 
than N112. The values were slightly lower than the previous published 
sulfo-phenylated polyphenylene biphenyl, sPPB-50 PEMs (IEC = 3.19 
mmol g− 1) [36]. The greater IECs values observed in non-PFSA mem
branes result from the necessity of hydrocarbon polymers to have a 
significantly higher number of functional groups to establish a contin
uous ionic path within the membrane [32,39]. The increased WU and 
through-plane swelling (Sz) in Pemion-15 and Pemion-40, as compared 
to N112, is consistent with their higher IEC and the absence of highly 
hydrophobic perfluorinated chains [40]. On the other hand, Pemion-15 
and Pemion-40 exhibited reduced WU and in-plane swelling (Sx,y) when 
compared to sPPB-50, with Sx,y values similar to that of N112. This 
feature ensures enhanced mechanical stability on the in-plane direction, 
and it is attributed to the reinforcement within the membranes [41,42].
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Proton transport in a water electrolyzer occurs in the through-plane 
direction of the membrane, thus through-plane proton-conductivities of 
the PEMs under fully hydrated conditions at RT (⁓25 ◦C) were deter
mined and are shown in Fig. 1a. The conductivity of each membrane at 
RT is calculated using the area-specific high frequency resistance (Eq. 
S5), which is displayed in Fig. 1b. The through-plane conductivity of 
polymer electrolytes is highly dependent on the cell design [43], and 
significantly variable with the pressure in the wet state [44]. In addition, 
anisotropic behaviour has been observed in several literature reports on 

the proton conductivity of PEMs, with in-plane conductivity values 
typically different from the through-plane conductivity values [45,46]. 
In this work, membranes were measured in both directions 
through-plane and in-plane. The in-plane proton-conductivities of the 
Pemion membranes under fully hydrated conditions at 30 ◦C and 70 ◦C 
are shown in Fig. S2 and compared to N112. The through-plane con
ductivities of the three hydrocarbon membranes (Fig. 1) possess similar 
values at RT (124–130 mS cm− 1) and are at least three times greater 
than the N112 value (37 mS cm− 1), which is consistent with their high 
IEC and WU at RT [47,48]. The through-plane conductivity of the N112 
membrane obtained is within the range of literature conductivity results 
where different pressures were applied (16–45 mS cm− 1) [44]. It is 
worth noting that the structural reinforcement layer integrated into 
Pemion-15 and Pemion-40 membranes does not compromise their ionic 
conductivity. This is supported by the comparable values of ionic con
ductivity observed in Pemion-15 and Pemion-40, and the non-reinforced 
sPPB-50 membranes. A recent report [49] observed the same behaviour 
in the through-plane ionic conductivity of a multilayered 
PTFE-reinforced hydrocarbon membrane consisting of a sulfonated 
(arylene ether sulfone) (SPAES) copolymer with 50 % degree of sulfo
nation (SPAES50). The ionic conductivity of pristine SPAES50 was re
ported to be 158 mS cm− 1 at 80 ◦C and 100 % RH, while the 
multilayered PTFE-reinforced SPAES50 possessed a similar value of 149 
mS cm− 1. To minimize the decrease in ionic conductivity, the hydro
carbon ionomer should be able to effectively penetrate through the 
reinforcement layer, even if it is made of a non-conductive material 
[49].

Pemion-15 and Pemion-40 PEMs were examined in a single water 
electrolysis cell (5 cm2) and their performances were compared to N112 
in Fig. 2a. The standard deviation between three measurements of 
identical samples is represented by the error bars in the plot. sPPB-50 
membrane was examined in a previous work [33], and the reported 
data was added to the Figure for reference. All the CCMs were fabricated 
using Nafion™ D520 dispersion in the catalyst layer (10 wt% Nafion™ 
for the anode and 20 wt% for the cathode) as discussed in detail in the SI 
[33,50]. The resistances of the CCMs, both the ohmic resistance (RΩ) and 
the charge transfer resistance (RCT) were extracted from the EIS data 
obtained at 100 mA cm− 2 (Fig. 2b) and are shown in Table 2.

The IV curves at 70 ◦C and ambient pressure (Fig. 2a) show that 
despite having different thicknesses, both Pemion-based MEAs (Pemion- 
15 and Pemion-40) exhibited similar performances for water electrol
ysis. In addition, Pemion-15 and Pemion-40-based MEAs allowed higher 
current densities at lower voltages in comparison to the N112 reference 
MEA (1.60 V vs 1.68 V at 1 A cm− 2, for example) under the same 
operating conditions. Also, the performances of cells containing Pemion- 
15 and Pemion-40 PEMs are improved over the sPPB-50 MEA (1.66 V vs 
1.60 V at 1 A cm− 2, and 1.80 V vs 1.99 V at 2.9 A cm− 2) [33]. Two 
overlapping semi-circles are observed in the Nyquist plots of Fig. 2b. RΩ 
was obtained from the Nyquist plot intercept on the real impedance axis 
in high frequency region, and RCT from the difference between 
high-frequency intercept and low-frequency intercept on the real 
impedance axis [51]. Due to the catalyst layers’ similar composition in 
both electrodes for all CCMs, RCT of the catalyst layers were similar, 

Table 1 
Properties of membranes used in this study at room temperature (RT).

PEM Dry thickness (µm) Wet thickness (µm) IEC 
(mmol g− 1)

WU (%) Sz (%) Sx,y (%)

N112 50 ± 1 56 ± 2 0.92 ± 0.02 12 ± 1 14 ± 1 15 ± 1
Pemion-15 15 ± 1 29 ± 2 2.56 ± 0.06 107 ± 2 89 ± 3 11 ± 1
Pemion-40 40 ± 3 75 ± 3 2.85 ± 0.06 104 ± 11 88 ± 5 17 ± 1

sPPB-50 46 ± 1 79 ± 1 3.19 ± 0.05* 132 ± 7 72 ± 1 25 ± 1

WU: Water uptake of fully hydrated membranes at RT.
Sz: Through-plane swelling, z-direction, of fully hydrated membranes.
Sx,y : In-plane swelling, x,y-direction, of fully hydrated membranes.

* Data from reference [36].

Fig. 1. a) Through-plane proton conductivity of Pemion-15, Pemion-40, sPPB- 
50, and N112 membranes measured ex-situ under fully hydrated conditions at 
RT. b) The ex-situ determined through-plane resistance of the various mem
branes at RT.
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ranging between 180 and 200 mΩ cm2, with the main differences seen in 
the CCMs RΩ values (Table 2). RΩ of Pemion-15 CCM (90 mΩ cm2) was 
47 % lower than for N112 CCM (169 mΩ cm2). Similarly, Pemion-40 
CCM showed an ohmic resistance of 101 mΩ cm2, which is 40 % 
lower compared to N112 CCM. The higher through-plane conductivity 
and IEC of these hydrocarbon PEMs explain the significantly lower 
ohmic resistance compared to N112, resulting in improved cell perfor
mance. In addition, RΩ values of Pemion-15 and Pemion-40 CCMs were 
29 % and 20 % lower, respectively, than the RΩ of the sPPB-50 CCM (126 
mΩ cm2) [33]. Despite exhibiting similar ex-situ through-plane con
ductivities, the greater water absorption of the sPPB-50 PEM appears to 
negatively impact its performance. This can be attributed not only to the 
substantial increase in WU when saturated with water during cell 
operation, but also to differences in membrane morphology. The orga
nization of ionic domains within the membrane, along with the 
hydrophilic-hydrophobic phase separation within the material, signifi
cantly influences water and proton transport through the membrane, 

thus impacting its overall performance [32]. The presence of the rein
forcement layer in Pemion-15 and Pemion-40 evidently affects these 
properties, promoting better water transport through the membranes. 
Further investigations on the morphology of these PEMs are warranted 
for a better understanding of the effects of incorporating a structural 
reinforcing layer. A detailed comparison of the water electrolyzer per
formance of the Pemion-based CCMs with other fluorine-free sulfonated 
polyarylene polymers in PEMWE is reported in Table S1.

The durability of Pemion-based and N112-based water electolyzer 
cells were compared by holding the current density at 1 A cm− 2 and 
monitoring the voltage changes for 100 h [52]. Previous reports have 
examined the use of various sulfonated polyarylene polymers for 
PEMWE, with a few mentioning the electrolyzers durability (Table S1). 
A 74 µm PEEK-Reinforced sulfonated poly(phenylene sulfone) mem
brane recently reported the lowest degradation rate (0.08 mV h− 1) for a 
hydrocarbon-based polymer after 649 h of operation in a PEMWE [53]. 
The corresponding voltage change for all the MEAs under study is shown 

Fig. 2. Effect of membrane type in the CCMs. a) Water electrolysis polarization 
curves performed at 70 ◦C and ambient pressure with a water flow rate of 200 
mL min− 1 for Pemion-15, Pemion-40, sPPB-50, and N112 membrane CCMs. b) 
Nyquist plots performed at 100 mA cm− 2 for the CCMs. All the MEAs contained 
~3.0 mg Ir cm− 2 + 10 wt% Nafion D520™ ionomer in the anode, and ~1.0 mg 
Pt cm− 2 + 20 wt% Nafion D520™ ionomer in the cathode catalyst layer. 
*Data from reference [33].

Table 2 
Summary of the water electrolysis performance at 1 A cm− 2 extracted from the 
IV curves of Fig. 2 and resistances (RΩ and RCT) obtained from the EIS analysis of 
CCMs based on N112, Pemion-15, Pemion-40, and sPPB-50 CCMs.

PEM RΩ (mΩ cm2) RCT (mΩ cm2) Voltage at 1A cm− 2

N112 169 ± 14 189 ± 11 1.68 ± 0.03
Pemion-15 90 ± 8 199 ± 11 1.60 ± 0.01
Pemion-40 101 ± 5 180 ± 14 1.60 ± 0.01
sPPB-50* 126 ± 4 207 ± 4 1.66 ± 0.04*

* Data from reference [33].

Fig. 3. a) Durability at 1 A cm− 2 and 70 ◦C with ambient pressure, water flow 
rate of 200 mL min− 1 for Pemion-15, Pemion-40, sPPB-50, and N112 membrane 
CCMs. b) Gas crossover measurements of anodic gas using gas chromatography. 
The gas was collected during the durability studies at 10 h intervals. MEAs 
contained ~3.0 mg Ir cm− 2 + 10 wt% Nafion™ D520 dispersion in the anode, 
and ~1.0 mg Pt cm− 2 + 20 wt% Nafion D520™ dispersion in the cathode 
catalyst layer. 
*Data from reference [33].
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in Fig. 3(a). The Pemion-15 CCM initially displayed a minimal degra
dation rate of 0.002 mV h− 1 during the first 10 h, however, it consis
tently developed electrical short-circuiting after 20–40 h of operation. 
After analyzing four CCMs, 60 h was the longest stable data could be 
obtained without short-circuiting the cell. This issue can be traced back 

to the thin thickness of the Pemion-15 membrane, making it susceptible 
to pinholes due to its inherently lower quantity of material, leading to 
worsened structural integrity and diminished durability. The Pemion-40 
CCM exhibited a voltage evolution rate of 1.46 mV h− 1 during 100 h of 
operation, while the N112 CCM possessed a voltage evolution rate of 

Fig. 4. a) Cross-sectional SEM of fresh (left) and used (right) N112 CCM. The used CCM shows the catalyst layer and minimal loss of the catalyst layer after 100 h 
operation. b) Cross-sectional SEM of fresh (left) and used (right) Pemion-15 CCM. The CCM exhibited signs of catalyst layer delamination in the form of cracks after a 
60 h operation. c) Cross-sectional SEM of fresh (left) and used (right) Pemion-40 CCM. The CCM exhibited signs of catalyst layer delamination after a 100 h operation.
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0.06 mV h− 1. The Pemion-40 membrane CCM showed a significantly 
improved durability compared to the previously reported sPPB-50 
membrane which had a much higher voltage increase by 3.29 mV h− 1 

at 1 A cm− 2 over the first 40 h and degraded rapidly after 60 h [33]. The 
improved stability of the Pemion-40 membrane compared to sPPB-50 
can be attributed to its enhanced mechanical integrity, characterized 
by diminished in-plane swelling, as a result of the added reinforcement 
layer, leading to a reduction of catalyst layer delamination [27]. How
ever, the higher voltage degradation rate compared to N112 highlights 
the need for a more stable hydrocarbon-based ionomer for water elec
trolysis applications.

During water electrolysis operation, it is important to monitor the 
hydrogen crossover rate through the membrane, as it directly impacts 
cell performance [54,55]. To assess the crossover rate, the gaseous 
exhaust of the anode during chronopotentiometry at 1 A cm− 2 was 
collected to analyze the volume of H2 in O2 (vol%) over time, as depicted 
in Fig. 3(b). In the previous work, while the sPPB-50 membrane initially 
demonstrated low gas crossover, it increased substantially to approxi
mately 2.5 vol% after 30 h, which was attributed to its high dimensional 
swelling by the authors [33]. Similarly, in our study, Pemion-15 CCM 
showed a gas crossover of < 1 vol% within the first 10 h, which pro
gressively increased to ~2 vol% over time during the 60 h durability 
test, possibly due to pinholes formation [56], leading to the above 
mentioned short circuit. On the other hand, Pemion-40 CCM exhibited a 
significantly lower hydrogen crossover (< 1 vol% of H2 in O2) during the 
100-hour durability test. This markedly reduced hydrogen crossover 
contrasts with Pemion-15, sPPB-50, and N112 CCMs, which all dis
played hydrogen crossover exceeding 1 vol%.

SEM cross-sectional images of the CCMs before and after durability 
studies are presented in Fig. 4. Post-durability images revealed re
ductions in the thickness of both the cathode and anode catalyst layers 
primarily attributable to delamination events within the CCMs. N112 
CCM (Fig. 4a) showed negligible catalyst layer delamination compared 
to Pemion CCMs, with preservation of the CCM after 100 h of cell 
operation. Pemion-15 (Fig. 4b) and Pemion-40 (Fig. 4c) CCMs possessed 
evidence of cracks and loss of catalyst layer after the durability studies. 
The SEM images also demonstrate that the initial dry thickness of 
Pemion-40 was 40 µm, increased to 61 µm after the 100-hour operation, 
whereas N112 maintained the same thickness. Although Pemion-40 
exhibited lower H2 crossover than N112, its high water uptake is pre
sumed to have led to increased mechanical stress on the CCM, resulting 
in catalyst layer disintegration, which contributes to degradation of the 
CCM [57]. In addition, upon cell disassembly, it was observed that a 
substantial fraction of the anode catalyst had migrated to the porous 
transport layer (Ti-felt), indicative of delamination from the Pemion 
CCMs; in contrast to the minimal delamination observed for the N112 
membrane CCM (Fig. S3). The delamination of the catalyst layer of 
hydrocarbon-based membranes utilizing Nafion-based ionomers in the 
catalyst layers has been reported to be a result of poor compatibility 
between the hydrocarbon membranes and the Nafion-based ionomers 
[58,59]. These findings suggest a promising prospect that enhanced 
durability of PFSA-free CCMs could be achieved if there was a more 
effective synergy between the membrane and ionomeric material in the 
catalyst layer. Further research on ionomeric materials in the catalyst 
layer is therefore warranted.

4. Conclusions

This study significantly contributes to advancing the development of 
sustainable proton-exchange membranes (PEMs) for water electrolysis 
through the introduction of “Pemion-reinforced” fluorine-free mem
branes. The study tackles both the key drawbacks of traditional fluori
nated PEMs, such as Nafion™ 112, which are potentially harmful to the 
environment, and the poor mechanical and electrochemical stability of 
current fluorine-free polymer membranes such as sPPB-50. Our study 
showcases that Pemion-40 exhibits improved performance and reduced 

hydrogen gas crossover, enhancing the efficiency of the water electro
lyzer device when compared to Nafion™ 112 (N112) membrane. It has 
also shown superior proton conductivity than commercial standard 
N112 and minimized water electrolyzer voltage loss during operation 
when compared to the non-reinforced sPPB-50 membrane. The 
enhanced durability is due to the structural reinforcement which does 
not compromise proton transport properties. Electrolysis cells contain
ing Pemion-15 and Pemion-40 membranes exhibited a voltage of 1.60 V 
at 1 A cm− 2 in comparison to 1.68 V obtained with the N112-based MEA 
and 1.66 V for non-reinforced sPPB-50-based MEA at the same current 
density. Over 100 h of operation at 1 A cm− 2, Pemion-40 catalyst coated 
membrane (CCM) exhibited hydrogen crossover below 1 vol. % with a 
voltage evolution rate of 1.46 mV hr− 1. Pemion-15 CCM initially dis
played a promisingly minimal degradation rate of 0.002 mV h− 1 during 
the first 10 h, however, it consistently developed electrical short- 
circuiting after a few hours of operation due to its very thin thickness. 
Challenges related to water uptake and catalyst layer delamination were 
identified, indicating the need for further optimization to enhance the 
long-term durability of these materials. The results underscore the 
critical role of reinforcement supports in improving the performance of 
fluorine-free PEMs, offering a sustainable pathway for hydrogen pro
duction. Moreover, exploring the compatibility between membrane and 
ionomeric materials for catalyst layers holds promise for improving 
overall performance and extending the lifespan of PEMWE technologies.
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