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Abstract
A reinforced short-side-chain perﬂuorosulfonic acid (PFSA) Aquivion® membrane with equivalent weight (EW) of 980 g/eq and 50 μm thickness produced by Solvay Specialty Polymers was investigated for operation in polymer electrolyte membrane (PEM) water electrolysis. The membrane produced by a dispersion casting process was reinforced by introducing polytetrafluoroethylene (PTFE) fibres in order to enhance mechanical and dimensional stability properties while keeping high conductivity and decreased ohmic drop for operation at high current density. A conventional extruded PFSA Aquivion® membrane with similar EW and thickness was investigated for comparison under similar operating conditions. Membrane-electrode assemblies (MEAs) made of reinforced membranes were tested in a single cell and compared to extruded membranes bared MEAs. All MEAs consisted of home-made unsupported IrRuOx anode and carbon-supported Pt (40%) cathode electrocatalysts. Electrochemical tests showed better water splitting performance for the reinforced Aquivion® based membrane-electrode assembly as compared to the benchmark based MEA. At 90 °C, a current density of 5 Acm-2 was recorded at 1.8 V (~ 80% voltage efficiency vs. Higher Heating Value (HHV) with the reinforced Aquivion® membrane. The cell voltage for the reinforced membrane-based cell was about 50 mV lower than the extruded one during a 3500 h durability test. Moreover, lower recoverable losses were observed for the reinforced membrane based MEA during steady-state durability tests and no membrane thinning appeared after prolonged operation. 
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1. Introduction
Among various hydrogen production processes, water electrolysis supplied by renewable energy appears as one of the most promising in terms of sustainability and reliability. However, water electrolysis does not yet contribute significantly to the main hydrogen production (only 4% of the worldwide hydrogen production) despite its excellent dynamic behaviour and the capability of producing pressurised and extremely pure hydrogen (>99.99%) [1 -4].
The electricity necessary to produce green hydrogen by electrolysis can be provided by renewable power. Hydrogen production, storage and utilization can help in minimizing seasonal variations in the energy supply, and provide support for grid balancing [5-6]. Hydrogen  production  from electrolysis assisted by  solar  and  wind energy does  not  contribute  to  CO2     or other green-house gases emissions into the atmosphere thus mitigating the effects of climate change and global warming [7-11]. 
Among various electrolysis technologies, proton exchange membrane water electrolysis (PEMWE) possesses suitable properties to operate in combination with on intermittent energy production from renewable sources [12-18]. 
PEM electrolysers show advantages with respect to traditional alkaline electrolysers, such as high degree gas purity, smaller mass-volume characteristics, high efficiency, rapid start-up/response, eco-friendly device (no caustic electrolyte recirculating). However PEMWE technology operates at low pH. This requires appropriate materials with suitable corrosion resistance [17-22]. 
Nafion®, a perfluorosulfonic acid solid polymer electrolyte, is the benchmark membrane in PEM electrolysers due to its chemical stability, mechanical strength and proton conductivity [17-18]. 
Regarding the electrocatalysts, iridium or ruthenium oxides are used for the oxygen evolution reaction (anode side) whereas platinum supported on carbon is typically used (cathode side) for the hydrogen evolution reaction [17-18, 23-31]. Titanium-based porous transport layers and bipolar plates are used to manage the harsh acidic environment. Moreover, proper mechanical resistance and low gas cross-over are required for the membrane.
Operation of electrolysis devices at high current density brings the advantage of reducing capital costs. However, since the cost of renewable energy is still relatively high, operation at high current density should not compromise voltage efficiency. Keeping the operational cell voltage of electrolysis cells in an appropriate range is also needed to avoid exacerbating corrosion effects.
In  order to  reduce  ohmic  losses  at high  current  densities  and  the  associated energy  losses, an important option  is  to  reduce  the membrane thickness. However, the reduction of membrane thickness should not increase significantly gas crossover and degrade mechanical properties [32-35].
For the next generation PEM electrolysis, a robust and highly performing proton exchange membrane, with improved ion exchange properties for operation at high current densities with the ability to operate over a wide temperature range, is required.  
With this aim, a thin reinforced Aquivion® short-side-chain PFSA membrane, characterised by high conductivity, high crystallinity, high glass transition temperature and good capability to operate in a wider temperature range for PEM electrolysis was investigated [16, 21, 27-30, 36-42]. Stack operation at higher temperature allows a better thermal managements at high current density and reduces the energy required for system cooling.
A shorter side chain membrane structure leads to higher crystallinity in comparison to a longer side chain PFSA (Nafion®) membrane, giving significant advantages in terms of mechanical properties and extended operational temperature range, that are both key aspects in electrolysis applications. Aquivion® has higher crystallinity than Nafion® due to the shorter side chain as well as higher heat of fusion for similar EW values [21].
As reported in the literature, several approaches have been investigated to reduce ohmic losses and improve the stability of membranes for electrochemical applications [42-45], including fuel cell systems [40, 46-64] and PEM electrolysis; however, these new developments have not been supported by long-term durability tests e.g.  > 1000 h [41, 65-66]. 
Cavaliere et al. [40] proposed a new class of reinforced membranes based on nanofibers  of  polysulfone  (PSU)  functionalized  with  4-heptyl-1,2,3-triazole  (PSUT)  likely  interacting via hydrogen bonds or ionic cross-linking with a short-side-chain type perfluorosulfonic acid (Aquivion®) matrix. These membranes have been tested in a fuel cell device. By incorporating an Aquivion® membrane, reinforced with PSUT, in a membrane electrode assembly, a superior durability (450 h steady state test) was demonstrated with respect to a non-reinforced Aquivion® membrane.
Giancola et al. [41] analysed an electrospun PSU fibre web as reinforcement of a short-side-chain Aquivion® membrane for application in PEM water electrolysis. They reported electrical, mechanical and dimensional properties of these membrane as well as polarization curves in an electrolysis environment. 
Giancola et al. [42] investigated a thermal annealing process for Aquivion® by the Ionomer nc analysis (INCA) method. They demonstrated that a thermal treatment can improve the mechanical properties of this membrane.
Antonucci et al. [65] developed a composite Nafion® - SiO2 membrane for PEM electrolysis operating at 120 °C. The performance of the electrolyser based on this composite membrane was better than Naﬁon 115® with comparable thickness. However further improvements of the MEA appeared necessary to ameliorate the electrochemical stability at these temperatures.
The objective of this work was to study the properties of a thin (50 µm), polytetrafluoroethylene (PTFE)-reinforced short-side-chain Aquivion® membrane for stable operation at high current density in a PEM water electrolyser. The membrane was produced by casting the ionomer dispersion onto a PTFE fibre net used as reinforcement. This process allowed to increase membrane conductivity, decrease of ohmic drop during operation at high current density and provided an enhancement of mechanical and dimensional stability.
The novel membrane was assessed in a wide range of temperatures (30 - 90 °C). Moreover, a performance comparison between reinforced and extruded Aquivion® membranes of similar thickness for PEM electrolysis operation was made. In-house prepared nanosized Pt/C and IrRuOx electrocatalysts were used in combination with the Aquivion® ionomer to prepare the electrocatalytic layers that were deposited onto the membrane to form the MEA. The thin reinforced Aquivion® membrane revealed interesting properties for operation in PEM electrolysis at high current density showing superior performance with respect to the extruded membrane of similar thickness.

2. Experimental

Membrane preparation and characterization
Aquivion® extruded membrane, named E98-05S (EW: 980 g/mol, thickness: 50 m and end-capped with -CF3 groups), Aquivion® water-based dispersion, named D98-25BS (EW: 980 g/mol, solid content: 25 wt% end-capped with -CF3 groups) and Aquivion® hydroalcoolic dispersion, named D98-06AS (EW: 980 g/mol, solid content: 6 wt% end-capped with -CF3 groups) were available from Solvay Specialty Polymers. Expanded PTFE (Tetratex 3101) was purchased from Donaldson Inc. Chemicals for reinforced membrane preparation were used without further purification. 
Commercial Aquivion® dispersion, named D98-25BS, was prepared under stirring at room temperature till obtaining a mixture having the following composition: Aquivion® polymer (22 wt%, deionized water (36 wt%), 1-propanol (32 wt%) and N-methyl pyrrolidone (10 wt%).
An expanded PTFE layer was mounted on a rectangular frame (20 cm x 30 cm) and immersed into the mixture described above for 2 min at room temperature. The specimen was then placed in a vent oven and heat treated at 65°C  for 1 h, 90°C for 1 h and 190°C for 1 h. In order to remove any residual N-methylpyrrolidinone, detrimental for the cell performance, the membrane was soaked in diluted HNO3 (20 wt. %) / deionized water (80 wt. %) solution at 80°C for 2 h and then dried in a vent oven. The thickness of the final membrane was 50 ± 5 µm. 
Stress-strain curves were recorded in accordance with the ASTM D638 type 5 protocol using an Instron 5965 dynamometer with a cell loading of 100 N and a BlueHill 3 software for data analysis. Specimens having a dog-bone shape (initial length: 80 mm and grip distance: 80 mm for the Young’s modulus measurement and initial length: 50 mm and grip distance: 50 mm for measurement of stress and strain at break) were tested at 23°C and 50% relative humidity with a traction speed increasing from 8 mm/min (for the Young’s modulus evaluation) to 500 mm/min (for the evaluation of the stress and strain at break). The reported curves and data are the average of measurements done on at least three different specimens. 
In-plane conductivity was measured through a four-electrode Bekk-Tech BT-112 cell working at 80°C and within a relative humidity (R.H.) range between 20 and 120%. Humidified hydrogen (1000 sccm) and heating were supplied using a 1 kW Greenlight Power Technologies FCATS-E fuel cell test station. Membrane conductivity was calculated considering the geometrical parameters of the samples and the cell resistance obtained from the slope of the cell voltage vs. current plot using a Metrohm Autolab PGSTAT-30 potentiostat/galvanostat. The cell was conditioned at the working temperature for 1 h prior the measurements.   
Membrane samples were cut with a die (7 x 7 cm) and dried in a vacuum oven at 105°C. After 2 h the samples were carefully weighed, the dimensions (length, width and thickness) measured and the samples were soaked in a deionized water bath at 80°C for 4 h. Membranes were then cooled by dipping them into a deionized water bath at room temperature and weight (after wiping off the water droplets from the surface) and the dimensions were measured.
Water uptake and dimensional changes were calculated accordingly the following equation (1):
[image: ]    (1)
Where Mdryis the measure taken on the sample after drying in the oven and Mwet is the measurement taken after immersion in water.
 
Membrane-electrode assemblies preparation and characterisation
Both extruded and reinforced membranes were purified in concentrated sulfuric acid and then in distilled water before carrying out tests in PEM electrolysis cell.
The Aquivion® ionomer dispersion (D98-06AS) with composition similar to the extruded and reinforced membranes was used to favour bonding of the catalyst layers to the membrane.
The synthesis methods and the physico-chemical characterisations of anode and cathode catalysts have been reported in a previous paper [39].
A catalyst-coated membrane (CCM) technique was employed for manufacturing membrane-electrode assemblies. The spray deposition of the ink, composed by catalyst along with ionomer, was carried out directly onto the membrane. Each catalyst-ionomer ink was obtained by mixing ionomer and catalyst in the proper amounts (Table 1) in absolute ethanol in an ultrasonic bath. The prepared inks were sequentially sprayed onto the membrane placed on a metal plate at 80 °C. 
The composition and catalyst loading of the investigated MEAs are reported in Table 1.
Table 1 Composition and catalyst loading of the investigated MEAs.
	MEA
	Anode
	Membrane
	Cathode

	
	IrRuOx catalyst loading (mgIr+Ru/cm2)
	Aquivion® D98-06AS ionomer (wt.%)
	Aquivion®
	Pt/C catalyst loading (mgPt/cm2)
	Aquivion®
D98-06AS ionomer
(wt.%)

	Extruded
	0.37
	15
	E98-05S
	0.1
	28

	Reinforced
	0.37
	15
	R98-05S
	0.1
	28



[bookmark: _Hlk37070420]CCMs were finally hot-pressed at 190°C (above the polymer glass transition temperature) for 1.5 min to favour the catalytic adhesion onto the membrane. After an optimization study, compression value of 6 kN and 3 kN were used to achieve proper bonding of the catalytic layers onto extruded and reinforced membranes, respectively.
[bookmark: _Hlk38416146]A titanium ﬁber mesh (Bekaert Toko Metal Fiber Co., 78% porosity, 20 μm fibre diameter and 0.3 mm thickness) and a carbon cloth (GDL ELAT from ETEK) were used as gas diffusion layers (GDLs), for the anode and cathode, respectively. The electrolysis cell housing consisted of a titanium plate at the anode side and a graphite plate at the cathode side. The active area (geometrical electrode area) of the MEAs was 5 cm2.
Performance and stability of both MEAs were investigated at different temperatures (30-90 °C) and under ambient pressure conditions. Deionised water, milli-Q Integral, Millipore (~ 0.05 μS), further purified by an ion exchange resin cartridge, was recirculated by a pump at a flow rate of 1 ml min-1 cm-2 at the anode side. Polarisation curves and impedance spectroscopy (EIS) studies in the potentiostatic mode have been carried out using a power supplier and a Biologic potentiostat/galvanostat, respectively. The latter was equipped with a 100 A current booster (Metrohm) and a frequency response analyser (FRA). A cut-off voltage of 2.1 V was used for the polarisation curves, while the impedance measurements were carried out at 1.5 V and 1.8 V in order to evaluate the response in the activation and ohmic drop-controlled regions, respectively, using a 10 mV root-mean-square (rms) excitation voltage.
Cyclic voltammetry (CV) analysis of the anodic and cathodic catalyst layers was carried out before and after durability tests by feeding hydrogen to the cathode side and nitrogen to the anode side for the anode characterization and reversing gas feed to analyse the cathode. The selected scan rate was 20 mV s-1. The measurements were carried out between 0.4 and 1.4 V RHE and between 0.05 and 1.25 V RHE for the anodic and cathodic side, respectively. In the CV analysis of the anode, the cathode was used as both reference and counter electrode whereas the anode was the working electrode. This was reversed when the cathode was analysed.
The occurrence of membrane thinning was investigated by scanning electron microscopy (SEM) by using on FEI S-FEG XL30 microscope equipped with energy dispersive X-ray (EDX) spectrometer, this analysis served to carry out SEM cross-sections imaging of MEAs. 

3. Results and discussion
3.1 Membrane characterisation
Extruded and reinforced Aquivion®-based membranes had the same nominal EW (980 g/mol) and thus, as expected, they showed the same in-plane conductivity in the explored R.H. range (figure 1).
Proton conductivity sharply increased moving from 20% R.H. to 120% R.H. reaching about 170 mScm-1. The conductivity curves were similar within the overall R.H. range, overlapping in high humidification (R.H. > 80%) conditions. This result underlines that the manufacturing process (i.e. melt extrusion in precursor –SO2F form followed by hydrolysis to the final –SO3H [36] vs. support impregnation starting from ionomer dispersion already in the final acidic form) does not affect the ion exchange properties of the membrane surface which are mainly related to the number of -SO3H groups and their ability to hydrate and dissociate. 
At low R.H., there was a noticeable difference in conductivity between the two membranes (2 and 4 mScm-1 at 20% R.H.). The explanation of this behaviour is not yet clear but this condition is not relevant for the water electrolysis application. 

[image: ] 
Figure 1 In-plane conductivity at 80 °C of reinforced (red) and extruded (blue) membrane

The influence of the reinforcement was evident in limiting the dimensional change and water uptake of membranes upon soaking in hot deionized water. Although the ionomer EW (980 g/mol) and thus the number of polar –SO3H groups, able to coordinate water molecules, was the same, reinforced membranes showed a reduced water uptake than the extruded congener (figure 2). As previously reported [36], this enhanced water uptake is typical of extruded membrane, being most likely related to the strong orientation of the polymer chains during the melt extrusion processing. Reinforced membrane showed reduced swelling in machine direction, and in general more homogeneous swelling in hot water than extruded samples. This behaviour can be ascribed to the presence of PTFE fibers which increase the mechanical strength of the material opposing to the ionomer swelling induced by hydration. Beside polymer chain orientation, typically in machine direction of extruded membrane, dimensional integrity is often related to the semi-crystalline nature of the ionomer being the presence of crystalline domains associated to the limitation of over swelling and loss of mechanical properties.
[image: ]
Figure 2 Dimensional change and water uptake of reinforced (blue) and extruded (red) membrane upon soaking in water (80°C) for 4 h.

Stress-strain curves of both extruded and reinforced membranes are reported in figure 3. Mechanical properties of both samples were dependent on the direction of measurement. Extruded membranes exhibited anisotropic mechanical properties owing to the chain orientation when the polymer was processed in its molten state whereas anisotropy of reinforced membranes was due to the orientation of expanded PTFE support during its manufacturing process. In particular, extruded membranes showed the same Young’s modulus and a clear difference in strain and stress at break in the two directions whereas in reinforced membranes also an important difference in the Young’s module is evident especially when the two directions were compared (Table 2)
Table 2: Mechanical properties of reinforced and extruded membranes:
[image: ]
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Figure 3 Stress-strain curves (23°C and 50% R.H.) of reinforced membranes (red) and extruded (blue) membrane in Machine Direction (MD, solid line) and Transversal Direction (TD, dashed line). 

3.2 Electrochemical characterization

Figure 4a shows the polarisation curves obtained in single cell for the reinforced membrane based MEA. The single cell measurements were carried out at temperature values ranging from 30 to 90 °C, under ambient pressure. These showed very good performance compared to the state of the art of the PEM electrolysis. An increase of current density was observed with the increase of temperature. At 90 °C, the reinforced membrane-based MEA achieved a current density of 10 Acm-2 at 2.1 V.
At a fixed voltage efficiency corresponding to about 80 % HHV, i.e. at 1.8 V cell voltage (thermoneutral potential Etn = 1.47 V at 90°C), the achieved current density was 5 Acm-2. It is assumed that, at a potential well above the thermoneutral potential, corresponding to at high current density operation, all the reversible heat (see equation 2) is provided by the exothermic process. 
[image: ] (2)
Thus, voltage efficiency is referred to the Etn value.
The impedance spectra of the MEA based on reinforced membrane were collected at two voltage values, 1.5 and 1.8 V, in order to study the behaviour of the electrolysis cell in the activation and ohmic-mass transfer controlled regions, respectively. As shown in figure 4b, series and polarisation resistances (Rs and Rp) diminished as the temperature increased at the potential value of 1.5 V that is close to the thermoneutral potential. The lowest Rs and Rp values at 1.5 were achieved at 90 °C i.e. 53 mΩcm2 and 37 mΩcm2, respectively (see inset of figure 4b). Impedance measurements carried out at 1.8 V (figure 4c) showed a significant decrease of polarisation resistance. The lowest Rp value was recorded at 90 °C (14 mΩcm2), while the series resistance values were similar to the slope observed at 1.5 V (53 mΩcm2 at 1.5 V and 49 mΩcm2 at 1.8 V, respectively). Interestingly, the series resistance did not increase with current density.
Very high current densities i.e. 10 Acm-2 at the cut off voltage value of 2.1 V were achieved in the present work thanks to the use of a thin reinforced membrane that reduces significantly the ohmic losses.
Operation at high current density reduces proportionally the capital costs of a PEM electrolysis system due to the linear increase in H2 production rate. However, operation at 2.1 V corresponds to a voltage efficiency of about 70 % HHV that further reduces in terms of overall system efficiency due to the energy consumption by the balance of plant. Moreover, corrosion effects are exacerbated by both operation at high current density and voltage [27]. This means that a practical operating current density for the system maybe 5 Acm-2 that still represents more than twice reduction in capital costs compared to state of the art of PEM electrolysis (~ 2 Acm-2) [9].



[bookmark: _Ref68252209][image: ]
Figure 4 Polarisation curves (a) and ac-impedance spectra at 1.5 V (b) and 1.8 V (c) at diﬀerent temperatures for the MEA based on reinforced membrane.
Figure 5 compares the polarisation curves and ac-impedance spectra at the beginning of life of MEAs equipped with extruded and reinforced membranes. The comparison is reported at two different operation temperatures i.e. 30 °C and 80 °C; the latter was selected for durability tests being the performance very similar at 80 °C and 90 °C. Figure 5a and Figure 5b show a comparison of the polarisation curves carried out at 30 °C and 80 °C, respectively, and reveal higher cell voltages for the extruded membrane based-MEA with respect to the reinforced membrane based-MEA that holds the best performance, at both temperatures.
Evident enhancements in the activation region of polarisation curves were noticed for the reinforced membrane-based MEA (compare figure 5a and figure 5b). This result was confirmed by the polarisation resistances at 1.5 V (figure 5c and figure 5d) showing Rp values of 320 mΩcm2 and 47 mΩcm2 at 30 °C and 80 °C, respectively, achieved with the reinforced membrane-based MEA. These are lower than the respective values obtained for the extruded membrane (760 mΩcm2 and 60 mΩcm2 at 30 °C and 80 °C, respectively).
Interestingly, a different activation behaviour is quite evident at 30 °C where activation effects are dominant. All these evidences indicate a better catalyst-electrolyte interface for the reinforced (recast) membrane-based MEA than the extruded membrane-based MEA. Similar evidences were observed in a previous work comparing extruded and cast not containing any reinforced membranes [36].  An AFM analysis of the surface roughness of different membranes suggested better penetration of the catalyst layer into the cast membrane surface with an enhancement of the reaction interface [36]. According to the present scanning electron microscope observations, this interpenetrated interface appears more accentuated for the reinforced cast membrane vs. the extruded membrane (see below).
Impedance spectra recorded in the ohmic-diffusion region (figure 5e and figure 5f) showed a significant reduction of the series resistance at 1.8 V for the reinforced membrane vs. extruded membrane (77 mΩcm2 VS 118 mΩcm2 at 30 °C). At higher temperature (80 °C), a similar difference between the Rs values of the two MEAs was still observed (54 mΩcm2 of reinforced vs. 70 mΩcm2 of extruded membrane).  This could be explained by the fact that a large penetration of the catalytic layer inside the membrane reduces the distance between the two electrode layers in the MEA. On the contrary, at 1.8 V, the polarisation resistances gave similar values for both membranes.
Stability characteristics represent a relevant aspect for electrolysis systems based on low catalyst loading and working at high current density as desired to reduce capital cost [27, 39]. A durability study allows to evaluate the stability of electrolysis components after thousand hours operation to provide an indication of the perspective lifetime of the electrolyser. The electrolysis system is subjected to a decay that involves an increase in the cell voltage, until the system reaches an equilibrium and the curve tends to flatten. Previous works demonstrated that a relevant degradation can be ascribed to the turnover frequency [27]. This phenomenon is accentuated by a low catalyst loading and a high current density operation since the turnover frequency for the catalytic sites increases under these boundary conditions [27]. For this reason, it is important to compare the stability of MEAs with different membranes using same catalysts loadings [28].
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[bookmark: _Ref68252899]Figure 5 Polarisation curves (a, b) and ac-impedance spectra at 1.5 V (c, d) and 1.8 V (e, f) at 30 °C and 80 °C of the MEAs based on extruded and reinforced membranes


In this work, the stability of extruded and reinforced membrane have been compared through steady state tests of 3500 h at 80 °C and ambient pressure. The durability tests of extruded and reinforced MEAs, performed at 1 Acm-2 (~ 100 h) and subsequently at 4 Acm-2 (~ 3400 h), are reported in figure 6. After cell start up at 1 Acm-2 or after a switch to 4 Acm-2, the cell voltage increased quickly. This effect may be related to an eventual change of the oxidation state at the anode surface or to the formation of a diffusion barrier due to the release of gas molecules in the catalyst layer or in the porous transport layer [38, 67]. The increase of current density from 1 Acm-2 to 4 Acm-2 caused an increase of cell voltage for both MEAs and, in a small extent, also caused an increase of reversible losses due to mass transfer issues.
[image: ]
[bookmark: _Ref68253319]Figure 6 Steady-state durability test at 1 and 4 A∙cm-2 and 80 °C of the MEAs based on extruded and reinforced membranes.

During the durability test, the reinforced membrane-based MEAs was performing better than the extruded membrane at both current densities (Fig. 6). A larger slope was observed for the voltage vs. time curve of the reinforced membrane-based MEA from 100 to 1800 h until a technical issue related to water recirculation through the cell was solved. Thereafter, the stability at 4 Acm-2 of the electrolysis cell based on the reinforced membrane was excellent with the voltage remaining substantially lower than the extruded membrane-based MEA.
 The degradation rate was evaluated in these durability tests through a best linear fitting procedure. The calculated voltage loss for the extruded membrane was 21 µV/h at 4 Acm-2. The reinforced membrane based-MEA showed a milder performance decay of 13.4 µV/h, at the same current density. The degradation rate, recorded for these MEAs were in part affected by issues related to water recirculation or shut-down and start-up procedures sometime related to laboratory maintenance as it may occur during thousand hours (3500 h) operation [39]. By discarding the first 100 hours operation at 4 Acm-2, where reversible voltage losses are predominant, the degradation rates for both MEAs correspond to about 8 µV/h. The cell voltage along the durability test is about 50 mV lower for the reinforced membrane-based MEA compared to the extruded membrane- based MEA. This corresponds to about 4-5% voltage efficiency enhancement for the reinforced membrane.
In order to better understand the modiﬁcations occurring after the durability tests, the two MEAs with extruded and reinforced membranes were subjected to an electro-chemical analysis (polarisation and ac-impedance studies after the 3500 h steady state tests). The results are compared to the polarization curves carried out before the stability tests (figure 7 and figure 9). It is interesting to observe that the extruded membrane-based MEA maintained its performance after 3500 h operation at high current density (figure 7a) with moderate losses in the activation region and slight  enhancement in the mass transfer region. An increase of the cell voltage onset after a steady-state test, was also evident from polarization curves. On the contrary, the reinforced membrane MEA (figure 7b) showed a performance decrease as a consequence of increased activation losses at low current density and a larger slope for the voltage vs. current density curve at high currents. 
It is observed that some decay occurs in the activation region in both MEAs (figure 7a and figure 7b, orange curve). This is probably due to a decrease of catalytic activity or a change of the interfacial characteristics.
A comparison of the polarization curves for the MEAs with extruded and reinforced membranes subjected to steady-state durability test of 3500 h is reported in figure 7c. After the durability test, the cell voltage in the polarization curves is higher for the extruded membrane-based MEA.  In terms of efficiency, at 4 Acm-2, the cell voltage in the polarization curves of the extruded membrane-based MEA, after the durability test, was 50 mV higher than the reinforced membrane-based MEA. In particular, at 4 Acm-2, the voltage efficiencies with respect to the hydrogen high heating value were 77 % and 80 % after 3500 h steady-state tests for the extruded and reinforced membrane MEAs, respectively. However, after this prolonged operation, the performance gap between extruded and reinforced membrane was substantially reduced.

[image: ]
[bookmark: _Ref68253574]Figure 7 Polarisation curves before and after steady-state durability tests for the MEAs with extruded (a) and reinforced (b) membranes. Polarisation curves after steady-state durability tests for the MEAs with extruded and reinforced membranes (c).

Impedance spectra recorded after the durability tests indicate that the increase of the cell voltage onset in the polarization curves, after each durability test, is mainly associated to an increase of polarization resistance at low frequency. This is evident at 1.5 V for both MEAs (figure 8a and 8b). Such increase of cell voltage is mainly associated to a catalyst degradation. 
A reduction of the ohmic resistance for the extruded membrane-based MEA can be observed as well. This is probably caused by a slightly thinning of the membrane after 3500 h steady-state test (figure 8a); such effect is not observed in the case of the reinforced membrane (figure 8b). By comparing the ac impedance spectra at 1.5 V of both MEAs after the steady-state durability tests, it is observed a similar series resistance and a lower polarization resistance for the reinforced membrane based MEAs compared to the extruded membrane MEA (Rs = 58 mΩcm-2 and Rp = 172 mΩcm-2 for the extruded membrane and Rs = 57 mΩcm2 and Rp = 143 mΩcm2 for the reinforced membrane, respectively). A comparison with the results of figure 5d still indicates better interfacial characteristics between the catalysts and the reinforced membrane.


[image: ]
[bookmark: _Ref68253796]Figure 8 Ac-impedance spectra at 1.5 V before and after the steady-state durability test for the MEAs with extruded (a) and reinforced (b) membranes. Ac-impedance spectra at 1.5 V after the steady-state durability tests for the MEAs with extruded and reinforced membranes (c).

The ac impedance analysis at 1.8 V (figure 9a) clearly shows a decrease of the series resistance for the extruded membrane-based MEA after steady-state test compared to the fresh MEA. This is probably related to a slight thinning of the polymer electrolyte membrane as evidenced by post-operation SEM analysis of the MEA cross section as previously reported [39]. A higher polarization resistance is recorded for the extruded membrane-based MEA at 1.8 V (figure 9a) after the durability test. At high current density, the diffusion constraints related to the evolution of the produced gases are more critical when a continuous operation is applied. For the reinforced membrane based MEA, the ac impedance analysis of the fresh and used MEAs were similar with a slight increase of series resistance after operation. Instead no relevant increase of polarization resistance after the 3500 h durability test was evident in the Nyquist plot of the reinforced membrane-based MEA (figure 9b), but just a shift of the series resistance to higher value that had an impact on the polarization curve of the reinforced membrane-based MEA in the high current density range.
From the comparison of the ac impedance spectra at 1.8 V of both MEAs, after the steady-state durability tests (figure 9c), a similar series resistance was observed. However, the lower polarization resistance for the reinforced membrane-based MEAs had a positive impact on the performance achieved at 4 Acm-2. This means that the better interfacial properties of the MEA based on the reinforced (cast) membrane are still evident after the 3500 h durability test (see figure 5f for comparison). 





[image: ]
[bookmark: _Ref68254104]Figure 9 Ac-impedance spectra at 1.8 V before and after the steady-state durability test for the MEAs with extruded (a) and reinforced (b) membranes. Ac-impedance spectra at 1.8 V after the steady-state durability test for the MEAs with extruded and reinforced membranes (c).




The voltammetric curves before and after the durability test for the MEA equipped with the extruded membrane are shown in figure 10. The voltammetry charge corresponds to the electrochemical active surface area and is related to the number of active sites on the surface [68]. The cyclic voltammetry for the anode is reported in figure 10a showing large double larger capacitance and small surface redox processes. In this case, a high decrease of electrochemical surface area is observed and quantified in 48 % loss of active sites on the surface after 3500 h test. The cyclic voltammetry for the cathode before and after the durability test is shown in figure 10b. The typical adsorption – desorption profile of H-species (Pt + H+ 1e- ↔ Pt-H) is observed at low potential as well as the oxidation/reduction of the surface Pt layer at higher potentials (Pt + H2O ↔ PtO + 2H+ + 2e-) is evident [69].  Also in the case of the cathode (figure 10b), a high decrease of voltammetric charge is recorded (about 56 %).
This means that the first 3500 hours of the durability test at 4 Acm-2 have a large impact on the surface properties of the electrocatalysts. This is evident also from the activation losses in the polarization curves and the large increase of polarization resistance at 1.5 V for the extruded membrane-based MEA (see figure 8a for comparison).
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[bookmark: _Ref68254280]Figure 10 Cyclic voltammetry analysis (20 mV s-1) before and after the steady-state durability test for the MEA based on extruded membrane. a) IrRuOx anode; b) Pt/C cathode. 





Interestingly, the loss of active surface area, after 3500 h durability test, was much lower for the reinforced membrane-based MEA (about 35 % loss for the anode whereas a slight increase of voltammetry charge, about 10 %, was indeed observed for the cathode) (figure 11). This suggests that the larger interpenetration of the cathode layer with the membrane and the better interface properties in the case of the reinforced membrane can mitigate the decrease of the surface area after a prolonged operation. Polarization and series resistance data at the beginning of life and after 3500 h of operation at 80°C are summarized in Table 3.
Table 3. Polarization and series resistance of extruded and reinforced membranes at 80 °C 
	
	Beginning of life
	After 3500 h

	
	Rs @80°C 
(mΩcm2)
	Rp @80°C 
(mΩcm2)
	Rs @80°C 
(mΩcm2)
	Rp @80°C 
(mΩcm2)

	
	1.5 V
	1.8 V
	1.5 V
	1.8 V
	1.5 V
	1.8 V
	1.5 V
	1.8 V

	Extruded Membrane
	70
	70
	60
	12
	57
	58
	173
	15

	Reinforced Membrane
	53
	54
	48
	12
	56
	57
	143
	13
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[bookmark: _Ref68254469]Figure 11 Cyclic voltammetry analysis (20 mV s-1) before and after steady-state durability test for the MEAs based on reinforced membrane. a) IrRuOx anode; b) Pt/C cathode.

A SEM analysis was carried out on reinforced-based MEAs at the beginning of life and at the end of durability test (Figure 12). Fig. 12 shows strong interpenetration between catalytic layers and membrane for the used MEA.  MEA cross-section imaging before (fresh) and after 3500 h (used) durability study essentially highlights no variation of thickness for the reinforced membrane. This evidence is in accordance with the absence of series resistance variation after the durability test. Anode and cathode layers for the used MEA appeared slightly thinner after testing. However, this was just due to the MEA damaging during mechanical removal from the single cell hardware. This was confirmed also by the evidence that some catalytic layers delaminated from the MEA and remained attached to the Ti-mesh. Activation losses after the durability tests are thus more related to catalyst restructuring. A cross-sections analysis of the MEA equipped with the extruded membrane after testing for 3500 h at 4 Acm-2 was reported in a previous study [39]. As observed, previously, the extruded membrane suffered a slightly thinning after 3500 h operation [36]. This is in accordance with the decrease of series resistance shown in figure 8a and 9a. This essentially explains why the extruded membrane-based MEA did not change its performance at high current density after the durability test.
[image: ]
Figure 12 SEM in section view for the reinforced membrane-based MEA before and after 3500 h durability test.

Conclusions
The reduction of membrane thickness in PEM electrolysis provides an important route to achieve proper efficiency at high current density. However, a thinner membrane can bring the risk of an increase of gas cross-over and may compromise the mechanical stability of the MEA. Cross-over issues can be usually managed by using a recombination catalyst whereas the mechanical properties need to be properly improved using a specific reinforcement for the membrane.
In this work, it is shown that expanded PTFE-based thin (50 µm) reinforced Aquivion® membranes have appropriate mechanical properties and proton conductivity to be successfully used in high performance PEM electrolysis. A reinforced Aquivion® membranes has demonstrated better performance than its extruded counterpart and excellent stability in a 3500 h durability test. The achievement of high electrochemical performance e.g. at current densities larger than 5 Acm-2 at 1.8 V/cell, using a low PGM loading (< 0.5 mgcm-2), with a degradation rate < 8 µV/h suggests that this approach can provides a favourable route to decrease capital costs while assuring proper life-time for the electrolysis system.
The reinforced membrane allows the formation of a more extended interface with the electrocatalyst layers with respect to the extruded membrane. This characteristic, besides enhancing performance, also mitigates catalytic surface area losses in durability tests at high current density. Another important result of this study is the lack of observation of thinning for the reinforced membrane after 3500 h durability test at 4 Acm-2 as confirmed by SEM analysis and ac-impedance studies. Thus, reinforced Aquivion® membranes represent a highly robust and extremely performing option for next generation PEM electrolysers.
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 Young’s Modulus (MPa)  Stress at Break (MPa)  Strain at Break (%)  

MD  TD  MD  TD  MD  TD  

Extruded  305 ± 4  298 ± 3  35.5 ± 4.2  29.6 ± 1.6  106 ± 6  192   ± 11  

Reinforced  405 ± 23  797 ± 41  44.2 ±   1.8  78.3 ± 1.3  190 ± 10  45 ± 1  
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